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Preface

This is a collection of summaries for more than 1300 research projects funded by the Office of Basic
Energy Sciences (BES) in Fiscal Year 2011 at some 180 institutions across the U.S. This volume is
organized along the three BES divisions: Materials Sciences and Engineering (MSE); Chemical Sciences,
Geosciences, and Biosciences (CSGB); and Scientific User Facilities (SUF). Within the MSE and CSGB
divisions, the summaries are further organized by research activity. For the SUF division, summaries are

provided for the research projects in accelerator physics and x-ray and neutron detectors.

This is the inaugural issue of BES research program summaries. The volume covers core research
activities supported by BES. While every attempt was made to obtain a summary for each research
project supported in FY 2011, there may be some omissions. Some specific activities are not covered,
including the construction and operation of scientific user facilities, Energy Frontier Research Centers,

Fuels from Sunlight Energy Innovation Hub, the Experimental Program to Stimulate Competitive
Research (EPSCoR), and the Small Business Innovation Research (SBIR)/Small Business Technology
Transfer (STTR) program. Each project summary includes: title, point of contact (to whom questions

should be addressed), principal investigator, other senior investigators, postdoctoral fellows, graduate
students, approximate annual funding, and a brief description of the research project. This collection is
complementary to the Basic Energy Sciences 2011 Summary Report, which describes in detail how BES is

structured and managed and provides overviews of each of the three BES divisions and special research
activities. The Basic Energy Sciences 2011 Summary Report identifies the cover images and provides
related research highlights.
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I. MATERIALS SCIENCES AND ENGINEERING DIVISION

Biomolecular Materials

Institutions Receiving Grants

Protein-Templated Synthesis and Assembly of Visible-Light-Driven Semiconductor Nano-Architectures
for Efficient Hydrogen Production

Institution: ALABAMA, UNIVERSITY OF
Point of Contact: Gupta, Arunava
Email: agupta@mint.ua.edu

Principal Investigator: Gupta, Arunava

Sr. Investigator(s): Prevelige, Peter, ALABAMA, UNIVERSITY OF

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $220,000

This multidisciplinary proposal builds upon a strong scientific foundation and proven multidisciplinary
teams for the development of protein-based templates that create novel photocatalytic materials
through hierarchical assembly and molecular-level integration of light harvesting chromophores with
semiconducting nanoparticles. Two teams, one at Montana State University (MSU) and one at the
University of Alabama (UA), will pursue the biomimetic synthesis of materials with advanced light
harvesting and catalytic properties. This DOE team has a proven track record of success in understanding
protein supramolecular protein assembly and using these architectures for inorganic nanoparticle
synthesis, as well as the development of active materials for solar energy conversion, and interrogation
of the photophysical properties using ultrafast spectroscopy. The MSU team will focus on utilizing the
interior of the P22 capsid for coordination polymer and semiconductor nanoparticle synthesis and
characterizing the resulting materials via time-resolved spectroscopy. The UA team will emphasize the
protein supramolecular assembly, synthesis of inorganic light harvesting materials using biomimetic
methods on both the interior and exterior surfaces of P22, and evaluation of the photocatalytic activity
of these materials. Both teams will take advantage of the unique symmetry-broken architecture
available in P22 to produce Janus and Gemini particles with multiple nanoparticle components that can
be brought into close proximity for light harvesting and photochemical reactivity. These parallel tracks
capitalize on the demonstrated strengths of MSU and UA researchers and provide a broad spectrum of
interdisciplinary expertise and experience that will be shared among the team members.

The biological world is an important inspiration and source of raw materials for nanomaterials
fabrication. The high fidelity and specific activity of biological materials is made possible through
hierarchical assembly of organic and inorganic components, mediated by molecular interactions that
span the molecular to macroscopic length scales. From the nanomaterials point of view, a truly unique
aspect of biological systems is that they are both active and responsive. The inspiration for the proposed
“hard materials” research activity is derived from biomineralization where phase, crystallinity,
morphology, and particle size determine material properties. Virology is the inspiration for the "soft
materials.” Virus protein cage architectures provide the opportunity for the creation of multifunctional
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nanomaterials based on the inherent multi-valency, precise spatial arrangement of ligands, and the
incorporation of catalytic activity on robust, high-symmetry viral architectures. Our understanding and
control of these systems allows us to proceed well beyond the bounds of biology into purely synthetic
systems that take advantage of the design, hierarchical ordering, and functionality characteristic of
biological systems. In particular, the ability to template materials of different composition and to
arrange them in a spatially defined manner is a hallmark of the proposed research. Together, the
biological and synthetic approaches offer new opportunities for generating advanced materials that will
play a transformational role in the development of materials with unique optical properties for light
harvesting and photocatalytic applications.

The Specific Aims of this proposal are (1) direct encapsulation of materials on the interior of the P22
protein cage; (2) modification of the exterior surface of P22 protein cages; (3) use of alternative
architectures based on symmetry broken P22 capsids, with portal complex, as templates; and (4)
probing of the spectroscopic characteristics of P22 templated materials.

Success of this proposal is enhanced by the integration of the research teams through exchange of
personnel, materials, results, and expertise between labs, developed over the last four years and a
management structure that is top-down in resource allocation and research emphasis, but bottom-up in
fostering and consolidating student and post-doc interactions between labs.

Engineering the Interface Between Inorganic Materials and Cells

Institution: CALIFORNIA, UNIVERSITY OF BERKELEY
Point of Contact: Schaffer, David
Email: schaffer@berkeley.edu

Principal Investigator: Schaffer, David

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $185,000

This proposal is motivated by the goal of interfacing biological and non-biological components to create
“living materials.” A recent report from the Basic Energy Sciences Advisory Committee noted that
building functional interfaces between the living and nonliving may make it possible to harness the
unmatched capabilities of living systems and apply them to our own purposes. Indeed, the adaptation of
cells to DOE goals — for example biosensing, environmental bioremediation, and energy harvesting — will
require cells to function outside of their native environment, as components of hybrid cell-material
systems. Since most interfaces of cells with inorganic materials are “unnatural,” engineering of both the
inorganic surface and the cell are required to ensure optimal cellular behavior. However, the majority of
prior studies have focused on engineering the surface chemistry of the material. In contrast, our
proposed work will focus on cellular engineering efforts to integrate cells with pristine inorganic
materials, and to endow cells with the capability to respond to novel signals. Specifically, we will
investigate a cellular engineering approach for promoting the adhesion and survival of neurons on
inorganic surfaces. We will explore two complementary approaches for engineering neurons to respond
to light as a signal. We will also engineer a light amplification “circuit” inside a neuron. While our
proposed cellular engineering efforts are not focused on a specific application, one downstream target
application involves the development of biosensors that use cells as the detection element and
inorganic structures for signal transduction and display. However, our general cellular-engineering-
based approaches to promote cell viability and function on inorganic materials will likely be broadly
applicable to DOE mission goals.
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Dynamical Self-Assembly: Structure- Dynamics-Function Relations in Heterogeneous Phospholipid

Membranes

Institution: CALIFORNIA, UNIVERSITY OF DAVIS
Point of Contact: Parikh, Atul

Email: anparikh@ucdavis.edu

Principal Investigator: Parikh, Atul

Sr. Investigator(s): Sinha, Sunil, CALIFORNIA, UNIVERSITY OF SAN DIEGO
Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 2 Undergraduate(s)
Funding: $327,000

The enormous compositional complexity of cellular lipidome naturally raises a fundamental question:
How are membrane components organized? A simple application of Gibb’s phase rule (P= C-F+2, where
P, C, and F represents number of independent phases, components, and variables respectively) predicts
an unusually large number of co-existing independent phases within the equilibrated membrane
medium. Experimentally, however, the number of co-existing phases in cellular membranes is almost
invariably limited. A plausible hypothesis, in this regard, is that the membrane’s compositional
heterogeneity is effectively reduced because many membrane components do not exist as chemically
independent species and exhibit preferential associations forming structural (e.g., curvature-dependent)
and compositional (e.g., micro-domains) complexes and assemblages. These compositional and
structural biases, or organized heterogeneities in membranes, then couple with in-plane and out-of-
plane dynamics (itself spanning a broad range of length- and time scales) to produce the array of
spatially and temporally distinct membrane functionalities (e.g., molecular recognition, energy
transduction, and transport). In this regards, it appears that the coupling of compositional heterogeneity
and dynamics confers living systems a significant evolutionary advantage in placing function before
structure.

From the vantage of materials science, such dynamic self-assembling systems — those that develop local
temporal organizations to perform time-dependent tasks — offer a tremendous opportunity to devise
entirely new classes of complex materials with dynamic properties. Over the past funding cycles, we
have been developing model membrane configurations and characterization capabilities to abstract
design principles of dynamic self-assemblies such as forms in synthetic, fluid lipid bilayers. We have now
developed many classes of interface-templated membrane configurations and adapted many optical
and fluorescence based techniques for characterization of their spatial and temporal dynamics over a
range of length- and timescales. In particular, quantitative applications of fluorescence photobleach
recovery, total internal reflection fluorescence, and time-resolved aqueous phase imaging ellipsometry
provide diffraction-limited spatial resolutions. Smaller spatial resolutions are achieved by adapting X-ray
photocorrelation spectroscopy, neutron spin-echo, and off-specular measurements spanning a broad
range of time scales.

In the present proposal, we focus on three dominant classes of dynamic self-assemblies and their
functional reorganizations within the membrane media. Specifically, we examine composition,
curvature, and interface-templated dynamic organizations and their reorganizations following specific
physical and biochemical stimuli. Specific complex systems chosen include (1) the studies of hierarchy of
dynamic (and stimuli adjusted) organization of cholesterol-enriched nanoscale dynamic assemblies
within lipid bilayers and (2) curvature-dependent localization of specific lipid-types such as in bacterial
and plant photosynthetic membranes. Interplay of curvature, composition, interfacial hydration, and
elastic properties of the membrane media afford a tight synergy between the specific aims.
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Beyond membrane dynamics, we expect that these studies will contribute further, toward developing a
general understanding of dynamic self-assembly mechanisms in broader classes of interfacial complex
fluids. We also expect that these studies will allow for the abstraction of design rules toward the
synthesis of useful biomimetic systems with designed synthetic and possibly biological functionality. This
research profits from the co-Pls expertise in molecular self-assembly, membrane-mimetic chemistry,
optical and vibrational spectroscopy and microscopy, and a suite of structural and dynamical
characterization tools based on X-ray and neutron scattering based methods. The project provides
dissertation opportunities for graduate students at the interface between physical and biological science
with an emphasis on materials science. The proposal recognizes that advanced characterization of
complex materials increasingly relies upon access to state-of-the-art characterization techniques such as
at DOE national user facilities. The work offers our students opportunities to work with Advanced
Photon Source at Argonne (APS), National Institute for Standards & Technology (NIST), Center for
Integrated Nanotechnologies (CINT), and Los Alamos Neutron Scattering Center (LANSCE) via their user
programs.

Biomimetic 3D Network Polymers Containing Reversibly Unfoldable Modules (RUM's) for Strong and
Tough Materials

Institution: CALIFORNIA, UNIVERSITY OF IRVINE
Point of Contact: Guan, Zhibin
Email: zguan@uci.edu

Principal Investigator: Guan, Zhibin

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $154,000

The goal of this project is to develop strong H-bonding-mediated self assembly of nanomaterials having
adaptive and dynamic properties for energy relevant applications. Inspired by natural dynamic and
adaptive materials, we propose to use strong, reversible H-bonding mediators to achieve dynamic
assembly of nano-objects. The dynamic nature of hydrogen bond arrays are proposed to introduce
adaptive, autonomically responsive, and self healing properties to the nanomaterials. Our progress in FY
2011 is briefly summarized below.

PROGRESS DURING FY 2011

First, we have succeeded in designing stiff and autonomous self-healing polymers that do not require
any external stimuli, healing agents, or solvents/plasticizers. Our approach is to incorporate
programmed dynamic interactions (H-bonds, etc.) into different polymer architectures to achieve self-
assembled, multi-phase dynamic nanocomposites. The microstructure in bulk is analogous to that of
conventional thermoplastic elastomers (TPEs) whose superior mechanical properties result from a self-
assembled nanostructure consisting of stiff, glassy domains permanently connected by a flexible matrix.
In our design, the covalent connections are replaced by dynamic supramolecular connections based on
polyvalent dynamic interactions. Unlike covalent bonds, which rupture irreversibly due to highly reactive
fracture intermediates, these dynamic connections can reform quantitatively after damage without
external stimuli.

Second, for dynamic nano-assembly, we have successfully functionalized C60 with symmetrically spaced
well-defined molecular recognition motifs. Assembly of nano-objects into better-defined 3-D structures
is also of great importance for the “bottom-up” manufacturing of macroscopic materials from nano

I-4 | MSE Summaries



building blocks. C60 is interesting for constructing 3-D dynamic assemblies due to its well-defined
nanostructure, excellent mechanical properties, and well-developed functionalization methodologies.
We have synthesized UPy-functionalized C60, and observed their controlled self-assembly into ordered
nanosheets. We have also successfully demonstrated the synthesis of hydrogen-bond-grafted silica
nanoparticles, which self-assemble into mechanically robust, highly ordered bulk materials.

Bio-Inspired Routes for Synthesizing Efficient Nanoscale Platinum Electrocatalysts

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Cha, Jennifer
Email: jencha@ucsd.edu

Principal Investigator: Cha, Jennifer

Sr. Investigator(s): Wang, Joseph, CALIFORNIA, UNIVERSITY OF SAN DIEGO
Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $230,000

The overall objective of the proposed research is to use fundamental advances in bionanotechnology to
design powerful platinum nanocrystal electrocatalysts for fuel cell applications. The new economically-
viable, environmentally-friendly, bottom-up biochemical synthetic strategy will produce platinum
nanocrystals with tailored size, shape, and crystal orientation, hence leading to a maximum
electrochemical reactivity. There are five specific aims to the proposed bio-inspired strategy for
synthesizing efficient electrocatalytic platinum nanocrystals: (1) isolate peptides that both selectively
bind particular crystal faces of platinum and promote the nucleation and growth of particular
nanocrystal morphologies, (2) pattern nanoscale 2-dimensional arrays of platinum nucleating peptides
from DNA scaffolds, (3) investigate the combined use of substrate patterned peptides and soluble
peptides on nanocrystal morphology and growth, (4) synthesize platinum crystals on planar and large-
area carbon electrode supports, and (5) perform detailed characterization of the electrocatalytic
behavior as a function of catalyst size, shape, and morphology.

Inorganic Control of Biological Self-Assembly: Engineering Novel Biological Architectures and Redox-
Active Protein Assemblies

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Tezcan, Akif
Email: tezcan@ucsd.edu

Principal Investigator: Tezcan, Faik
Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 3 Undergraduate(s)
Funding: $200,000
GOALS

The goals of our project are to (1) utilize combined inorganic and protein engineering approaches for the
construction of discrete or 1- 2- and 3-D protein superstructures and frameworks and (2) exploit the
extensive non-covalent interactions formed around the interfacial metal sites within these protein
frameworks to control the metal reactivity.

These goals combined will lead to the chemically controllable self-assembly of well-ordered
superstructures under ambient conditions that will be used for light-harvesting and redox catalysis.
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These structures also will provide a framework for a fundamental understanding of protein self-
assembly as well as crystal nucleation and growth.

HIGHLIGHTS
Some highlights from the last funding period include the following:

We have our inorganic and protein design toolkits, with which we can better control the coordination
chemistry of metal ions on protein surfaces and interfaces. This was achieved through the synthesis of
various non-natural metal-chelates that can be appended to surface cysteine residues and through new
protein design strategies.

One of the goals of our project is to internalize metal centers in completely unbiased/uniformed protein
interfaces and design metal-based functions, particularly redox catalysis, from first principles. Using our
approach of Metal-Templated Interface Redesign (MeTIR), we constructed a stable, tetrameric assembly
of cytochrome cb562 monomers that were templated by tetrahedral Zn(ll) coordination. The engineered
hydrophobic interactions and disulfide bonds around the Zn templates resulted in an assembly that is
one of the most stable protein complexes ever engineered (Kd ~ 50 nM), and binds Zn(ll) more
selectively over other divalent metal ions than any small molecule ligand platform. In its interfaces, this
tetrameric scaffold can stably house Cu in +1 and +2 oxidation states as well as in a dinuclear
arrangement, which is highly reminiscent of Cu-enzymes involved in dioxygen binding and activation.

Symmetrical, homooligomeric protein assemblies are highly prevalent in nature. For a major fraction of
these proteins, their homooligomeric nature (and thus their shape) are intimately linked to their
function. Using Metal-Directed Protein Self-Assembly, we were able to assemble cyt cb562 derivatives
into open pentagonal or closed, tetrahedral architectures via directed Zn coordination, and thoroughly
characterize their structures. We were further able to trap flexible and thus crystallographically
unwieldy species (a heme microperoxidase) on the inside of the tetrahedral cage, which allowed its
atomic structure to be resolved for the first time.

In the field of Supramolecular Coordination Chemistry, inorganic chemists have been particularly
successful in exploiting the directionality and reversibility of metal coordination to construct stable 1-, 2-
and 3-D coordination polymers through careful ligand design. Inspired by these efforts, we designed a
dimeric cyt cb562 derivative (termed RIDC3) that presents a pair of three-coordinate Zn-binding sites,
whose coordination vectors are orthogonally oriented. Using the Zn-RIDC3 dimer as a corner-like
building block allows the Zn-dependent formation of uniform 1-D nanotubes (60 nm width, several
microns long), and 2- and 3-D sheets (microns long/wide, nanometers thick) with crystalline order. The
full structural characterization of these architectures through X-ray crystallography, transmission
electron microscopy and cryo-electron microscopy has allowed a detailed structural understanding of
how these various architectures form through Zn coordination and interconvert amongst themselves.
This study, to our knowledge, represents the first example where a monomeric protein can be designed
to yield (with 2-D constraints or templating) crystalline nanotubes and 2-D sheets.
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Rigid Biopolymer Nanocrystal Systems for Controlling Multicomponent Nanoparticle Assembly and
Orientation in Thin Film Solar Cells

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Cha, Jennifer
Email: jencha@ucsd.edu

Principal Investigator: Cha, Jennifer

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

The focus of the proposed research is to direct the assembly of single or binary nanoparticles into meso-
or macroscale three-dimensional crystals of any desired configuration and crystallographic orientation
without using prohibitively expensive lithographic processes. The epitaxial nucleation of defect-free,
surface-bound bulk single crystals will revolutionize technologies for energy to generate new types of
solar cells that yield maximum conversion efficiencies. It has been proposed that having a
nanostructured bulk hetero-interface will enable efficient charge-carrier separations, similar to organic
based heterojunction cells but with potential improvements, including thermal and long-term stability,
tunability of energy levels, large adsorption coefficients, and carrier multiplication. However,
engineering such devices requires nanoscale control and ordering in both two and three dimensions
over macroscopic areas, and this has yet to be achieved. In nature, bulk organic and inorganic materials
are arranged into precise and ordered programmed assemblies through the sequestration of raw
materials into confined spaces and association through highly specific non-covalent interactions
between biomolecules. Using similar strategies, the proposed research will focus on confining metal and
semiconductor nanocrystals to pre-determined surface patterns and controlling their arrangement
through tunable, orthogonal biomolecular binding. Once a perfect two-dimensional seed layer has been
constructed, successive layers of single nanocrystals will be nucleated epitaxially with long-range order
and tunable crystallographic orientations.

The proposed research exploits the ability of biomolecules to bind specific targets in a tunable,
orthogonal, multivalent, and reversible manner to the arrangements of DNA-nanoparticle conjugates on
chemically defined surfaces. Through careful balance of the attractive and repulsive forces between the
particles, the array, and the outside surface, it is envisioned that single or mixed nanoparticles can be
packed to adopt uniform crystal orientation in two and three dimensions from simple mixing and
annealing of biomolecule-nanoparticle conjugates with biomolecule-stamped surfaces. To control the
crystallographic alignment of each particle with its neighbors, the nanoparticles will be assembled using
a mixture of non-covalent biomolecular interactions. To create solar cells in which layers of donor and
acceptor nanocrystals that are not only oriented normal to the top and bottom electrodes but are also
arranged in a checkerboard pattern, multicomponent nanocrystals (e.g., CdSe, CdTe) will be conjugated
with biochemical linkers such that only interactions between the CdTe and CdSe promote particle
packing within the array. The proposed research will (1) elucidate the role of single and binary
cooperative particle-DNA interactions in influencing nanoparticle crystallographic orientation in two and
three dimensions, (2) understand how confinement of nanoparticles on patterned arrays of
biomolecules and modification of the surrounding substrate can nucleate long-range order over
macroscopic areas via predefined grain boundaries, and (3) synthesize and characterize DNA conjugated
semiconductor nanocrystals and assemble them into 2-D and 3-D binary superlattice arrays for
photovoltaics.
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Biological and Biomimetic Low-Temperature Routes to Materials for Energy Applications

Institution: CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Point of Contact: Morse, Daniel
Email: d_morse@lifesci.ucsb.edu

Principal Investigator: Morse, Daniel

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 2 Undergraduate(s)
Funding: $350,000

New materials are needed to radically transform the efficiencies of energy harnessing, transduction,
storage, and delivery for military and civilian applications; yet the synthesis of advanced composites and
multi-metallic semiconductors with nanostructures optimized for these functions remains poorly
understood and even less well controlled. To help address this need, we developed a new, biologically
inspired, low cost, low temperature method for the kinetically controlled catalytic synthesis of
nanostructured materials optimized for energy applications. Specifically, we accomplished three major
goals:

(1) We used our bio-inspired, kinetically controlled catalytic synthesis method to produce, optimize and
characterize novel nanocrystalline tin-in-graphite and tin-in-carbon nanotubes composites that yield
exceptionally high power, high energy and excellent cyclability as high-performance anodes in lithium
ion batteries. We used this synthesis method to investigate the fundamental and still poorly understood
mechanisms and structural consequences of the alloying and de-alloying of lithium ions into and out of
the nanocrystals of tin (and silicon) that we grew catalytically in situ within the compliant, conductive
matrixes to better understand the rate- and capacity-limiting factors governing the performance of
these composites as high-capacity and high-power anodes in lithium ion batteries In related work, we
used a kinetically controlled catalytic synthesis method to produce a high power, high voltage spinel-
carbon nanotube nanocomposite cathode for lithium ion batteries.

(2) We used our kinetically controlled catalytic synthesis method to control the structures and
properties of the layered cobalt hydroxides and related materials. We analyzed these structures at the
atomic level at DOE synchrotron and neutron diffraction facilities, proving that we can use this synthesis
method to predictively control the local ordering and the distribution of metal-coordination states to
better understand and optimize the structural basis of their magnetic, photovoltaic and photomagnetic
behavior (potentially offering a revolutionary approach for harnessing solar energy).

(3) We conducted further molecular and genetic analyses and engineering of Silicatein, the self-
assembling, structure-directing, silica-synthesizing enzyme that we previously discovered and
characterized, in order to better understand and manipulate in this model system the genetically
encoded structural determinants of hierarchical self-assembly and the resultant emergent properties of
catalysis and templating of semiconductor synthesis. We conducted genetically engineered, DNA-
directed protein expression and enzymatic mineralization on polystyrene micro-beads in water-in-oil
emulsions, yielding synthetic surrogates of biomineralizing cells that were screened by flow sorting, with
light-scattering signals utilized to differentially sort the resulting mineralized composites. We
demonstrated the utility of this platform by evolutionarily selecting new recombinant silicateins with
specific structural and catalytic properties to make new semiconductors never made in living systems.
Our demonstration of this bioengineering route to new materials introduced in vitro enzyme selection
as a viable strategy for mimicking genetic evolution of materials as it occurs in nature.
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The materials synthesis methods we are developing are low-cost, low temperature, and operate without
the use of polluting chemicals. The near-term application of the results of these studies includes the
improvement of batteries and related energy technologies. The broader impact of the proposed
research includes a deeper fundamental understanding of the factors governing the control of synthesis,
the assembly and performance of a wide range of semiconductors, and other valuable inorganic
materials, in order to enable their more economical and more efficient use for energy technologies
including energy harvesting, transduction, and storage.

Mechanistic Studies of Charge Injection from Metallic Electrodes into Organic Semiconductors Mediated
by lonic Functionalities

Institution: CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Point of Contact: Nguyen, Quyen
Email: gquyen@chem.ucsb.edu

Principal Investigator: Nguyen, Thuc-Quyen

Sr. Investigator(s):

Students: 3 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $300,000

During this fiscal year, we have established an understanding of the charge injection mechanism in
multilayer polymer light emitting diodes (PLEDs), the effect of thermal annealing of cationic conjugated
polyelectrolytes (CPEs) on the device performance, and surface reconstruction in conjugated
oligoelectrolytes (COEs). Improving the device turn-on time by molecular design and processing
conditions has been demonstrated.

Although the performance of PLEDs with CPE ElLs/Al cathodes are comparable or even better than
devices with Ba cathodes having no electron injection barrier, the devices can exhibit long turn-on times
attributed to slow ion migration. Luminance response times in the order of seconds can be observed in
PLEDs with CPE ElLs thus hindering application in display technologies. Thus, it is important to tune the
chemical structure of CPE EIL to facilitate ion migration, and hence, improve the luminance response
time. This past year, we focused on the control of ion motion to improve the device response time by
using CPE ElLs with polyethyleneoxide (PEQO) unit. An anionic CPE containing substituents derived from
PEO was used as an EIL in PLEDs. To facilitate ion transport and accelerate the PLED response time, we
first thermally annealed the device at temperatures above Tm, while applying a small bias and then
cooled the device rapidly while still under an applied bias to “freeze” or “lock” the ions at the interfaces.
Subsequent operation of the device shows much faster luminance temporal responses. The reversibility
of these devices, important for long term applications, was also studied. The performance of devices
with “locked” ions remained unchanged after one week, exhibiting similar luminance response times as
the initial conditions. The faster luminance temporal response and stability open the possibility of using
CPE injection layers not only in lighting applications but in display technologies as well.

The effect of thermal annealing on the performance of PLEDs with a cationic CPE was also investigated.
We identified a thermal-induced process of chemical transformation that reduces the ionic component
of CPEs. The loss of intrinsic charge and ionic properties results in dramatic shift of the turn-on voltage
of the annealed devices. By pre-annealing and post-annealing experiments, we propose that the
thickness of ElLs influences the preferred operating mechanisms for electron injection in multilayer
PLEDs. A mechanism where ion migration plays the major role appears to be dominant in thick EIL
PLEDs, while the interfacial dipole model is the main effect in thin EIL PLEDs. These results are important
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for long term applications of PLEDs with CPE ElLs in lighting and display technologies. Annealing must be
avoided in these devices or CPEs with more stable functional groups should be used.

Miniaturized Hybrid Materials Inspired by Nature

Institution: CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Point of Contact: Safinya, Cyrus
Email: safinya@mrl.ucsb.edu

Principal Investigator: Safinya, Cyrus

Sr. Investigator(s): Ewert, Kai, CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Li, Youli, CALIFORNIA, UNIVERSITY OF SANTA BARBARA

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 2 Undergraduate(s)

Funding: $250,000

Our objectives are to develop a fundamental science base for the understanding of lipid- and protein-
based assembly in reconstituted biological systems and biomimetic systems with custom-synthesized
functional molecules. Our goals are achieved by studying complex collective interactions and their
resulting structures in systems mimicking assembly processes occurring in cells on multiple length scales
from angstroms to micrometers.

Recently we discovered an entirely new class of liposomes, termed block liposomes, resulting from a
stimuli-induced membrane shape evolution process. Block liposomes are comprised of distinctly shaped,
yet connected, nanoscale spheres, tubes, or rods. The dynamical membrane shape evolution process
leading to their formation results from a custom-synthesized, highly charged dendritic lipid (i.e., the
stimulus). It remarkably mimics similar membrane shape changes occurring in cells—far from
equilibrium—as a result of the action of curvature-generating proteins, which enable specific cell
functions such as vesicle budding in endocytosis and intra-organelle trafficking. One of our aims is to
elucidate the physical-chemical properties of the novel lipids responsible for block liposome formation.
In particular, a series of custom-synthesized lipids will be used to distinguish between the separate
contributions of lipid headgroup charge and steric size in stabilizing block liposomes.

The cytoskeleton of neurons consists of a striking array of assembled bundles and networks of the
structural proteins filamentous actin, microtubules (MT), and neurofilaments. The nature of the
interactions leading to their hierarchical structures, and the structure-function correlations are,
however, not understood. In earlier work, using a combination of synchrotron x-ray scattering, electron
microscopy, and optical imaging, we discovered how MTs (highly charged nanotubes) are assembled in
the presence of counter-ions, either in two-dimensional sheet-like bundles or in three-dimensional
close-packed bundles through a competition between short-range attractions and long-range
repulsions. Another one of our aims is to further elucidate in a reconstituted biological system, and to
mimic, in a synthetic system, the rules of higher-order-assembly resulting from a competition between
long-range repulsion and short-range attraction. The proposed systems include microtubule-associated-
protein (MAP)-tau directed assembly of MTs. Variations in the six wild-type MAP-tau isoforms leading to
changes in the interactions between MAP-tau coated MTs with tunable long-range repulsion and short-
range attraction, are expected to clarify the contributions of distinct interactions in the formation of
different structures. Such an understanding will allow us to develop more robust biomimetic versions of
directed higher-ordered-structures.

The projects utilize the broad spectrum of expertise of the Pl and senior investigators in biomolecular
self-assembling methods, synchrotron x-ray scattering, electron and optical microscopy characterization
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techniques, the application of the small-angle x-ray scattering (SAXS)-osmotic pressure technique for
direct force measurements, and custom organic/polymer synthesis and purification of biological
molecules. The results of the research should aid in the development of nanoscale biomimetic materials
with potential applications including templates for nanostructures (e.g., building blocks for hierarchical
nanomaterials, nanowires, tips, needles), chemical encapsulation systems, and biosensors.

RNA Mediated Synthesis of Catalysts for Hydrogen Production and Oxidation

Institution: COLORADO, UNIVERSITY OF
Point of Contact: Feldheim, Daniel
Email: Daniel.Feldheim@Colorado.edu

Principal Investigator: Feldheim, Daniel

Sr. Investigator(s): Eaton, Bruce, COLORADO, UNIVERSITY OF

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $250,000

We are developing new methods for the discovery of catalyst materials for use in the production and
utilization of alternative fuels. The central premise of the project is that biological macromolecules can
evolve in response to selection pressures to synthesize materials with desired catalytic activities. The
biological macromolecule used in the project is RNA and RNA containing key chemical modifications that
enhance its catalytic activity. Through a process known as RNA in vitro selection, we have shown that
RNA sequences can evolve to mediate the formation of new materials. Our primary objective is to apply
these methods to the discovery of materials for H, production and oxidation and the conversion of CO,
to hydrocarbon fuels.

Optimizing Immobilized Enzyme Performance in Cell-Free Environments to Produce Liquid Fuels
Institution: COLUMBIA UNIVERSITY

Point of Contact: Kumar, Sanat

Email: sk2794@columbia.edu

Principal Investigator: Kumar, Sanat

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)

Funding: $120,000

We propose to synergistically combine theory and experiments to understand the stability and activity
of immobilized enzymes on supports of different curvature with the goal of optimizing their stability and
activity.

In specific examples of applied biotransformation, enzymes immobilized on/in solid/porous supports
offer potential advantages over their use free in solution or in whole-cell expression systems. Enzyme
immobilization has been a topic of study for decades, although only recently have these efforts focused
more on understanding and improving enzyme performance at the support surface and influencing
enzyme function. Previous research has led to the observation that surface curvature and chemistry are
important, perhaps as they relate to protein-protein interactions at the surface, to protein-surface
interactions, and in addition to intrinsic protein stability. The ability to control nm-level surface
properties and the availability of different surface chemistries provide motivation to study the effect of
these parameters on enzyme function in more detail. Different surface curvatures and enzyme packing
densities will be studied, and enzymes will be adsorbed to the surface or covalently tethered. Finally, the
arrangement of two different enzymes catalyzing a series reaction (conversion of 2-keto-isovalerate to
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isobutanol) will be studied to better understand how various spatial criteria influence the series
reaction. A variety of theoretical and computational tools will be intimately connected and used to
develop models that capture relationships between surface properties and protein thermodynamics
(e.g., to understand the role of curvature on unfolding).

Rationale: Short life-time and low power density are major limitations to a successful, competitive
enzyme-based biofuel cell. Low volume capacity and slow reaction kinetics with feed-back inhibition
could inhibit the economic production of high-carbon number alcohols using modern genetics in
microbes in conjunction with fermentation. For both these applications, bio-catalyst or enzyme stability
critically determines performance. While this topic is thus of broad-based interest in the context of
alternative fuels, for the sake of focus, we limit our attention in this proposal to the production of
biofuels. While the enzymatic production of biofuels is typically conducted via fermentation with
bacteria (e.g., E. coli.), or more recently with yeast, it has been argued that much more efficient
methods can be devised in a cell-free environment. It has been suggested that many of the limitations
associated with the use of enzymes in free solution (e.g., low productivity and low stability) could be
overcome by immobilizing them. Germane examples of success using this strategy are in sensors, in bio-
fuel cells, in large scale industrial use (amino acid production, separation of racemates), and in
household applications for cleaning and food applications.

(Bio)Chemical Tailoring of Biogenic 3-D Nanopatterned Templates With Energy-Relevant Functionalities

Institution: GEORGIA TECH RESEARCH CORP
Point of Contact: Kroger, Nils
Email: nils.kroger@chemistry.gatech.edu

Principal Investigator: Kroger, Nils

Sr. Investigator(s): Sandhage, Kenneth, GEORGIA TECH RESEARCH CORP
Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $300,000

Progress has been made in all aspects of the project. Regarding in vivo enzyme immobilization, we have
focused on (a) investigating the scope of the LiDSI method for enzymes that require oligomerization,
cofactors, and posttranslational modifications for activity, and (b) identifying and functionally analyzing
a targeting signal for intracellular delivery of proteins to the SDV (i.e., the silica-forming organelle).
Regarding in vitro enzyme immobilization, our efforts have been directed towards (c) understanding the
mechanism(s) of BASIC conversion and (d) developing methods to generate high surface area C and Au
replicas for subsequent attachment of energy-relevant enzyme glucose oxidase (GOx).
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Hyperbranched Conjugated Polymers and Their Nanodot Composites as Universal Bioinspired
Architectures

Institution: GEORGIA TECH RESEARCH CORP
Point of Contact: Tolbert, Laren
Email: laren.tolbert@chemistry.gatech.edu

Principal Investigator: Bunz, Uwe

Sr. Investigator(s): Rotello, Vincent, MASSACHUSETTS, UNIVERSITY OF
Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 2 Undergraduate(s)
Funding: $218,000

We will systematically investigate the electronic interactions between gold nanoparticles, (ANP) and
conjugated materials of the poly-(phenyleneethynylene) (PE) type to obtain a road map for the
successful “hardwiring” ANPs to conjugated polymers. We will investigate the interaction by the ability
of the ANPs to quench the fluorescence of both linear and hyperbranched PEs.

(1) The synthesis of hyperbranched conjugated polymers (HCP) of the PE type is proposed. These
bioinspired and biomimetic polymers should provide valuable scaffolds that will allow efficient
volume/volume connection to probe the interactions of peripheral clients such as ligands for the ANPs
with the fluorescent/chromic HCP scaffold for efficient signal transduction and resonance energy
distribution.

The synthetic scheme is based upon the Pd-catalyzed monoalkynylation and further elaboration of
unsymmetrical 1,2,4-triiodobenzene derivatives that carry an additional solubilizing auxiliary group in
the 3-position. The Pd-catalyzed polymerization of these y-shaped monoalkynyl-diiodo-monomers will
lead to HCPs that have an equal number of aromatic iodide end groups the number to the degree of
polymerization. This approach will furnish a universal backbone to be elaborated further by the coupling
to functionalized aromatic alkynes that contain amino, thiol, cyano, isocyanato, nitro, etc. substituents.

(2) We will equip the HCPs with suitable mannose and sialic acid substituents and explore their
multivalent binding towards bacteria, proteins and toxin models as a continuation of our program
dealing with bio-inspired conjugated polymers. We expect exceptionally high binding constants between
the now densely-functionalized mannosylated HCP and the bacterial or protein-based sugar glyco-
receptors as these HCPs support three dimensional multivalent interactions between the sugar moieties
and their receptors.

(3) We will investigate the complexation of differently end capped HCPs, side-chain functionalized linear
CPs, and small molecule ligands with ANPs of different size. Through this semi-systematic three-pronged
approach we hope to establish a simple “periodic table” of NP/chromophore interactions and identify
magic combinations of size, ligand and scaffold architecture in which the electronic interaction between
chromophore and NP are maximized/optimized. The interactions will be probed by optical and
electronic spectroscopy in thin films and in solution as well as by conductivity measurements and Stern-
Volmer quenching. This approach will guide the synthesis of NP-based CP hybrids. Such materials are
expected to display superior performance in photovoltaic cells and in light emitting diodes and tunnel
diodes.
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Actuation of Bioinspired, Adaptive High-Aspect-Ratio Nano- and Micro-Structures Powered by
Responsive Hydrogels: Synthesis and Modeling

Institution: HARVARD UNIVERSITY
Point of Contact: Aizenberg, Joanna
Email: jaiz@seas.harvard.edu

Principal Investigator: Aizenberg, Joanna

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $410,000

The goal of this project is to develop materials, strategies, and architectures for hybrid
nano/microstructured surfaces which sense and autonomously respond to a changing environment. We
undertake a bio-inspired approach to the design of such systems by combining the unique properties of
nanoscale structures with the responsive behavior of hydrogels in order to create hybrid surfaces with
tunable and dynamic properties; we have termed such surfaces hydrogel-actuated integrated
responsive systems (HAIRS).

HYDROGEL-ACTUATED POLYMER MICROSTRUCTURES OPERATING IN RESPONSE TO pH

To generate HAIRS applicable in fluidic environments, we integrated a pH-responsive poly(acrylic acid-
co-acrylamide) hydrogel with polymeric high-aspect-ratio microstructured surfaces. We studied the
actuation kinetics as well as demonstrated actuation of asymmetric fin-shaped structures which, due to
their preferential bending direction, allow for the fabrication of large areas (cm?) of highly uniform
actuation. Additionally we have demonstrated actuation these microfin HAIRS with microfluidic
channels.

CONTROLLING THE STABILITY AND REVERSIBILITY OF MICROPILLAR ASSEMBLY BY SURFACE CHEMISTRY

Instead of using hydrogels as the force for structure actuation, we used capillary forces to drive their
initial self assembly, and we examined how the surface chemistry of the structures affects the stability
and reversibility of clustering as well as their adhesion in different solvents.

STRUCTURAL TRANSFORMATION BY ELECTRODEPOSITION ON PATTERNED SUBSTRATES (STEPS)

Polypyrrole was electrochemically grown to user-defined thicknesses on gold electrodes patterned in
various ways on original epoxy nano/microstructures. STEPS therefore allows us to systematically vary
geometric characteristics of our structures that we use for HAIRS quickly and cheaply therefore letting
us experiment with a wide range of geometries that would have otherwise been prohibitively expensive
and time consuming to produce by traditional fabrication techniques.

DIRECT WRITING AND ACTUATION OF 3D-PATTERNED HYDROGEL PADS ON MICROPILLAR SUPPORTS

We have developed methods for patterning pH-responsive and temperature-responsive hydrogels in
three dimensions with microscale precision using multiphoton lithography. Hydrogels of only a few
microns in thickness are tethered near the tips of microstructures and therefore the gels are left
relatively unconstrained and retain large swelling ratios necessary for actuation. We also demonstrated
that multiple kinds of gels can be patterned in sequence with precise registration of materials; we are
now able to affect actuation of structures using two "muscles" meaning that surfaces can now respond
to multiple combinations of independent stimuli.
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FUTURE PLANS

We are currently exploring the use of temperature-responsive hydrogel to create surfaces with unique
responsive optical and thermal properties. By metal-coating the sides of the microstructures, we are
able to create surfaces showing reversible reflection and transmission properties. Additionally, we are
continuing to investigate the use of HAIRS within microfluidic environments. Specifically, we aim to
create a responsive system capable of a feedback mechanism which controls a chemical reaction in situ.
We also are exploring the use of the HAIRS as anti-fouling surfaces and prevention of biofilm growth.
Other stimuli, including light, redox states, and biological molecules are also of interest.

Dynamic Self-Assembly, Emergence, and Complexity

Institution: HARVARD UNIVERSITY
Point of Contact: Whitesides, George
Email: gwhitesides@gmwgroup.harvard.edu

Principal Investigator: Whitesides, George

Sr. Investigator(s):

Students: 5 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $200,000

The focus of this research program is the study of complex systems (We define a complex system —
following the definition common in physics — as one comprising "components" "interacting"
dissipatively. Components and interactions can be virtually anything; the “dissipative” constraint
ensures that the system is out of equilibrium, and almost certainly shows — for some number of
components — the influences of nonlinear effects.) Complex systems — as they evolve — commonly show
unexpected (often called “emergent”) behaviors. Understanding these behaviors illuminates the nature
of such dissipative, out-of-equilibrium systems, and also serves as a superb tool for a discovery.

GENERAL GOALS

(1) To build (e.g., in chemical terms, to synthesize) complex systems, by selecting and characterizing
individual components, adding them to the system one at a time, and observing the appearance of
unexpected behaviors and phenomena.

(2) To rationalize — in so far as possible — these behaviors/phenomena, and to build quantitative or semi-
guantitative analytical models for them that reveal the underlying nonlinearities and the physical
processes that give rise to them.

(3) To develop a mechanistic understanding (which will often combine analytical, physics-based
approaches with more physical-organic, chemically based approaches) of the systems to the point
where it is possible to use it to design and build new systems, and to control them rationally, by design.

(4) To identify areas and problems where these systems might be applied, and to prototype (but not
fully develop) these applications.

SIGNIFICANCE

(1) It is clarifying the characteristics of complexity: that is, the relations between interactions and
properties in physical (e.g., not theoretical or computer-based) systems that are tractably simple
(relatively small numbers of simple components) but still show emergent behaviors.
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(2) It has proved successful in generating new phenomena and materials that can be developed to
understand materials, and to solve problems in chemical, materials, and biological science. Examples
include systems of bubbles in microchannels, electrets and electrostatically charged matter, flames, and
others.

(3) It is developing physical systems that can provide tests of theory in fields such as self-assembly:
“electrostatic matter” based on electrets is the most advanced of these systems.

(4) It is focusing attention on dissipative and out-of-equilibrium systems. Much of science is based on
the study of systems at equilibrium or at steady state, but many of the most interesting phenomena in
nature are dissipative. This work is contributing to building an intellectual bridge between the two.

Observation and Simulations of Transport of Molecules and lons Across Model Membranes

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Murad, Sohail
Email: murad@uic.edu

Principal Investigator: Murad, Sohail

Sr. Investigator(s): Jameson, Cynthia, ILLINOIS, UNIVERSITY OF

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $60,000

We have developed a robust methodology for investigating a wide range of properties of phospho-lipid
bilayers. The approach developed is unique because despite using periodic boundary conditions, we can
simulate an entire experiment or process in detail. For example, we can follow the entire permeation
process in a lipid-membrane. This includes transport from the bulk aqueous phase to the lipid surface,
permeation into the lipid, transport inside the lipid, and transport out of the lipid to the bulk aqueous
phase again. We studied the transport of small gases in both the lipid itself and in model protein
channels. In addition, we have examined the transport of nanocrystals through the lipid membrane,
with the main goal of understanding the mechanical behavior of lipids under stress. Finally we have also
examined in detail the deformation of lipids when under the influence of external fields, both
mechanical and electrostatic (currently in progress).

We have also carried out some related fundamental level studies on the flow of polar fluids like water in
nanochannels to understand the molecular principles that govern such flow. More details are given in
our published reports. Our results have shown some rather interesting behavior. We have looked at
both the effect of surface characteristics (hydrophobic or hydrophilic) and channel geometry on such
flow. Our results have shown, for example, that free (capillary) flow is enhanced if the surface is
hydrophilic and closely follows Young's equation. On the other hand, forced (pressure driven
accomplished by compressing the fluid to force it into the channel) flow is higher if the surface is
hydrophobic. This is because a hydrophobic surface minimizes the interaction between water and the
surface, which results in almost frictionless flow, while hydrophilic surfaces can offer significant
resistance to flow in nanochannels.
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Structure, Stabilized Phospholipid Vesicles

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Granick, Steve
Email: sgranick@uiuc.edu

Principal Investigator: Granick, Steve

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $229,000

This proposal has the objective to develop the science basis needed to deploy phospholipid bilayers as
functional materials in energy contexts. Specifically, in the presence of nanoparticles and other
adsorbates, we aim to (1) develop an integrated molecular-level understanding of what determines their
dynamical shape, phase behavior, and spatial organization and (2) develop understanding of their
diffusion in crowded environments, which our preliminary measurements suggest to be fundamentally
more rapid than traditional solid particles of the same size. The methods to do this largely involve
fluorescence imaging and other types of fluorescence spectroscopy involved single particles and
nanoparticles, vesicles, and liposomes. Some of the specific objectives of this renewal proposal are the
logical next step of research on which this laboratory embarked 2 % years ago. Others are fundamentally
new. While fundamental understanding is the main goal, integrated understanding will be useful for
rational design of biologically-inspired materials function, as the proposed experiments are generic in
scope.

Self-Assembly of PI-Conjugated Peptides In Aqueous Environments Leading To Energy-Transporting
Bioelectrical Nanostructures

Institution: JOHNS HOPKINS UNIVERSITY
Point of Contact: Tovar, John
Email: tovar@jhu.edu

Principal Investigator: Tovar, John

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $190,000

Pi-conjugated organic materials are the subject of intense research on account of their strong prospects
to revolutionize efficient lighting and energy generation with materials castable over large areas, flexible
electronics for sensor applications, lightweight materials for energy storage, and nanoscale electronic
materials that mimic biological function and interface with living cells. The efforts described here will
focus on our group’s established interests in the control of intermolecular interactions dictated by
peptide-based self-assembly schemes. In the present research plan, we will develop a broad-array of
biologically relevant pi-electron materials capable of self-assembly into well-defined one-dimensional
nanostructures. We emphasize throughout the prospects for meeting several DOE priority needs in
regards to (1) exploratory synthesis and understanding of new forms of matter, (2) the development of
biologically-inspired hierarchical materials with capabilities to bridge the biotic-abiotic interface, and (3)
the interdisciplinary training of students fluent in soft materials-related energy research.

We previously reported the self-assembly properties of a unique class of biomolecules consisting of pi-
conjugated oligomers embedded directly in the backbones of peptide chains. Self-association resulted in
well-defined one-dimensional nanostructures with delocalized electronic properties arising from
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intermolecular pi-stacking among the embedded oligomers. We will advance our work towards this goal
in the following specific tasks: (1) the synthesis of new pi-electron units to embed within self assembling
peptides, (2) the detailed characterization of the internal structure of the aggregates necessary for
energy transport using appropriate spectroscopies and optoelectronic measurements, and (3) the
exploration of the surface chemistry presented by these nanostructures as relevant for inorganic
semiconductor synthesis or for interfacing with membrane-bound cell surface proteins. We will use
specific peptide sequences (a) as nucleation sites for metal or semiconductor nanoparticles that will
encourage exciton dissociation from mobile carriers within internal pi-stacked regions and (b) to
encourage the adhesion of integral membrane proteins as a first step to using these materials to
interface with living cells.

Designing Two-Level Biomimetic Fibrillar Interfaces

Institution: LEHIGH UNIVERSITY
Point of Contact: Jagota, Anand
Email: anj6@lehigh.edu

Principal Investigator: Jagota, Anand

Sr. Investigator(s): Hui, Chung-Yuen, CORNELL UNIVERSITY

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $285,000

Our aims are to fabricate, study, and model bio-inspired architectures for controlled surface mechanical
properties such as adhesion, friction, and surface compliance. The focus of our current work is on:

e Active control of adhesion and friction by designing a mechanically bistable surface based on a film-
terminated architecture. This surface can be switched repeatedly between an adhesive/high friction
and non-adhesive/low friction state.

e Adhesion Selectivity in Surfaces by (a) shape, and (b) electrostatic complementarity. We have
demonstrated selectivity by shape complementarity using rippled and channel/pillar surface
architectures. We have also shown theoretically how surfaces with stripes of charge can lead to
highly selectivity of adhesion.

High Efficiency Biomimetic Organic Solar Cells

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Baldo, Mark
Email: baldo@mit.edu

Principal Investigator: Baldo, Marc

Sr. Investigator(s): Van Voorhis, Troy, MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $275,000

Unlike conventional solar cell materials, organic semiconductors generate localized excitons when they
absorb light. But the binding energy of these excitons is so large that they cannot be split into charge by
the electric field inside a solar cell. Consequently, organic materials require a fundamentally different
architecture. The donor-acceptor interface solves this problem by dissociating excitons into a hole in the
donor and an electron in the acceptor. The driving force for the reaction can be controlled by tuning the
energy levels of the donor and the acceptor.
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Recently, however, it has been recognized that the combination of the hole and electron at the donor-
acceptor interface also forms a bound charge transfer (CT) state. Although smaller than the binding
energy of an exciton, the CT binding energy is still likely much greater than the thermal energy (~ 0.1
eV). The binding energy of a CT state opposes the generation of free charge, and encourages an
important loss process — the recombination of the CT state into a neutral ground state. Thus, organic
solar cells must overcome the binding energy of both the exciton and the CT state.

In this proposal, we address two key questions:
(1) How do excitons and CT states dissociate in organic solar cells?

(2) Will a biomimetic architecture help overcome the CT state binding energy? The biomimetic approach
draws upon photosynthesis. In photosynthetic reaction centers, exciton dissociation is achieved through
a multi-step electron transfer rather than a single donor-acceptor junction. A multi-step electron
transfer can destabilize the CT states and rapidly separate the charge carriers. Indeed, the quantum
efficiency of reaction centers is believed to exceed 95%.

Self Assembly & Self-Repair of Novel Photosynthetic Reaction Center/Single Walled Carbon Nanotube
Complexes for Solar Energy Conversion

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Strano, Michael
Email: strano@mit.edu

Principal Investigator: Strano, Michael

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 3 Graduate(s), 1 Undergraduate(s)
Funding: $210,000

Plants have evolved highly sophisticated self-repair mechanisms that allow them to adapt and
regenerate under otherwise dire conditions. These self-repair processes enable plants to not only adapt
in a manner that minimizes damage, but also fully recover from a state of excessive protein
denaturation. Without these self-repair processes, plants would produce less than 5% of their typical
photosynthetic yields with lifetimes on the order of minutes under intense illumination.

The focus of this project is to incorporate these natural mechanisms of self-repair into biomimetic, light-
harvesting devices capable of autonomous and continual regeneration. Thusfar, we have developed the
first synthetic photoelectrochemical complex capable of mimicking key aspects of the plant self-repair
process. Under an illumination of 785 nm, this complex demonstrates a 40% per complex efficiency.
Utilization of a biomimetic regeneration cycle has been shown to increase efficiency by over 300% over
168 hours of illumination and prolong solar cell lifetime indefinitely.

Our most recent efforts have focused on extending this platform to study the effects of nano-particle
addition for plant-based regeneration. Specifically, we are developing and examining the preventative
role of nanoparticulate-based radical oxygen scavengers in protein photodamage. The ability to
incorporate such regeneration mechanisms into synthetic devices would allow for the development of
low-cost biofuel cells with enhanced stabilities and indefinite lifetimes.
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Self-Assembling Biological Springs: Force Transducers on the Micron and Nanoscale

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Benedek, George
Email: benedek@mit.edu

Principal Investigator: Benedek, George

Sr. Investigator(s): Wang, Ying, MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Lomakin, Aleksey, MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $200,000

The purpose of this project is to demonstrate the applicability of cholesterol helical ribbons for
measuring forces between biological objects and for mapping the strain fields in hydrogels under stress.
To achieve the objectives of the project as specified above, the following experiments will be performed.

For objective (1), we shall prepare cholesterol helical ribbons coated with a uniform layer of
polydopamine. This coating is amenable to further modification. In particular we will explore metal
plating as a means of stabilizing these ribbons within and outside of an aqueous solution. The properties
of these coatings will be characterized using atomic force microscopy and by X-ray photoelectron
spectroscopy. The spring constants of the modified helical ribbons will be measured using
nanofabricated silicon-nitride cantilevers. By achieving objective (1), we will produce robust helical
ribbons which can be readily tethered to various objects.

To achieve objective (2), we will prepare hydrogels containing embedded helical ribbons. We will
measure the strain distribution within a stressed hydrogel by observing the changes in pitch angle of
embedded helical ribbons. Specifically we shall investigate elastic and plastic deformation as well as the
swelling of collagen gels. These properties of collagen gels are important in physiology and tissue
engineering.

For objective (3), we will tether one end of the helical ribbon spring to a stationary post, and the other
end to a functionalized polystyrene bead. The force exerted on the bead can be determined directly
from the deformation of the spring. The utility of this micro-device will be tested in two sets of
experiments. First we shall functionalize the bead with streptavidin. We will then measure the force
required to detach the bead from a biotin activated surface. Second, we will functionalize the
polystyrene bead with Act-A, the protein which facilitates actin polymerization. We will then measure
the force produced by actin fibers growing next to the bead surface.

Our project underpins several energy-related areas. One key element of our project is to develop tools
for measuring force between biological molecules. Forces generated in biological systems are associated
with energy transfers. Thus, our tools will be useful in investigation of the energy transfer processes in
biological systems. Another key objective of our proposal is to develop a method for monitoring stress
and strain in biologically compatible matrixes (hydro-gels). There is great merit in exploring
biocompatible matrixes capable to accommodate biomolecules with desired catalytic functions such as
light-harvesting. In large-scale, industrial implementation of such “living” materials, the stress and strain
generated in them become essential. It is thus clear that our project is fully compatible with the mission
of MSE Biomolecular Material Research Area.
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Simulation of Self-Assembly of Tethered Nanoparticle Shape Amphiphiles

Institution: MICHIGAN, UNIVERSITY OF
Point of Contact: Glotzer, Sharon
Email: sglotzer@umich.edu

Principal Investigator: Glotzer, Sharon

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $160,000

Self-assembly of nanoparticle building blocks, including nanospheres, nanorods, nanocubes, nanoplates,
nanoprisms, etc., may provide a promising means for manipulating these building blocks into functional
and useful materials. Using computer simulation to elucidate the principles of self-assembly and develop
a predictive theoretical framework is the central goal of this project.

Recently we used computer simulation and free energy calculations to demonstrate a simple design
heuristic for assembling quasicrystals and approximants in soft matter systems. The surprising recent
discoveries of quasicrystals and their approximants in soft matter systems poses the intriguing
possibility that these structures can be realized in a broad range of nano- and micro-scale assemblies. It
has been theorized that soft matter quasicrystals and approximants are largely entropically stabilized,
but the thermodynamic mechanism underlying their formation remains elusive. Previously we reported
on simulation studies of the self-assembly of dodecagonal quasicrystals and approximants in minimal
systems of spherical particles with complex, highly specific interaction potentials. We can now
demonstrate an alternative entropy-based approach for assembling dodecagonal quasicrystals and
approximants based solely on particle functionalization and shape, thereby recasting the interaction-
potential-based assembly strategy in terms of simpler-to-achieve bonded and excluded-volume
interactions.

Spherical building blocks were functionalized with mobile surface entities to encourage the formation of
structures with low surface contact area, including non-close-packed and polytetrahedral structures.
The building blocks also possess shape polydispersity, where a subset of the building blocks deviates
from the ideal spherical shape, discouraging the formation of close-packed crystals. Our results show
that three different model systems with both of these features — mobile surface entities and shape
polydispersity — consistently assemble quasicrystals and/or approximants. We theorize that this design
strategy can be widely exploited to assemble quasicrystals and approximants on the nano- and micro-
scales. In addition, our results further elucidate the formation of soft matter quasicrystals in experiment.

Protein Architectures for Photo-Catalytic Hydrogen Production

Institution: MONTANA STATE UNIVERSITY
Point of Contact: Douglas, Trevor
Email: douglas.msu@gmail.com

Principal Investigator: Douglas, Trevor

Sr. Investigator(s): Kohler, Bern, MONTANA STATE UNIVERSITY

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $328,000

Virus capsids are remarkably homogeneous in size, can be produced in large quantities, and are
amenable to selective deposition of organic or inorganic materials (by design) at specific locations on
the protein cage. This affords precise control over the size, spacing, and assembly of nanomaterials,
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resulting in uniform and reproducible nano-architectures. This multidisciplinary effort is aimed towards
the development of a biomimetic approach to materials synthesis utilizing the bacteriophage P22 for
coupled light harvesting and catalysis.

(1) PROGRAMMED CO-ASSEMBLY AND ENCAPSULATION USING THE P22 PROTEIN CAGE

The bacteriophage P22 assembles with the assistance of a scaffold protein (SP) into a T = 7 60 nm
icosahedral shell with a 50 nm central cavity. Only the C terminal region of the SP is necessary for capsid
assembly while the N-terminus can be truncated or fused to other proteins or polypeptides, with no
effect on assembly. We have demonstrated the fusion of two different protein and polypeptides to the
SP and demonstrated assembly of the P22 and encapsulation of the fusion product. The fusion of green
fluorescent protein and a red fluorescent protein (mCherry) to the SP results in assembly of the P22
capsid with the GFP or mCherry encapsulated on the inside. Co-encapsulation of a triple fusion SP-GFP-
mCherry (with a variable length peptide linker between the two fluorescent proteins) results in very
efficient energy transfer when forced into the crowded environment of the capsid but complete loss of
FRET when these are released from the capsid. This clearly demonstrates the effects of molecular
crowding on the properties of the encapsulated cargo.

(2) TEMPLATED SYNTHESIS OF POLYMERS WITHIN PROTEIN CAGE ARCHITECTURES

When initiated inside the P22 capsid hyper-branched polymers structures can be grown from the walls
of the capsid. We have incorporated metal coordination complexes into the polymer resulting in control
over metal adjacencies and a high degree of polymer crosslinking. Initial photophysical studies of the
light harvesting Ru(ll) phenanthroline complexes as well as small molecule mimics of the polymer,
incorporating both Ru(ll) and Co(ll) centers, are underway.

Electronic Interfacing Between a Living Cell and a Nanodevice: a Bio-Nano Hybrid System

Institution: NEBRASKA, UNIVERSITY OF
Point of Contact: Saraf, Ravi
Email: rsaraf2@unl.edu

Principal Investigator: Saraf, Ravi

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $240,000

Interfacing nanostructured and living systems are compatible at both the dimensional and energetic
level. Electrochemical processes in living cell and nanostructures are both, in principle, sensitive to
modulations by single electron. However, in aqueous media with ions, compartmentalizing local
charging by single electron and transport remains a challenge in physical systems. This year, we made
the following progress with respect to the above goal of developing and characterizing a physical system
operating in agueous media that can interface with living cells.

(a) A novel architecture composed of network of one dimensional nanoparticle was designed,
developed, and studied. The network demonstrated single electron effect.

(b) Bio-gating in air was achieved. Microorganism Pichia pistoris was interfaced in air to demonstrate bio
gating.

(c) A packaging scheme was developed to operate the nanoparticle necklace in aqueous media.
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(d) A single electron device operating in agueous media was demonstrated. A special optical method
was developed to study the Fermi level and potential of zero charge of the network in aqueous media to
understand the single electron effect. This, to our knowledge, is the first demonstration of single
electron gating in aqueous media.

(e) Preliminary results indicate it is possible to electrochemically couple the network to E. coli in
aqueous media.

Material Lessons of Biology: Structure-Function Studies of Protein Sequences Involved in Inorganic-
Organic Composite Material Formation

Institution: NEW YORK UNIVERSITY
Point of Contact: Evans, John
Email: jsel@nyu.edu

Principal Investigator: Evans, John

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 2 Undergraduate(s)
Funding: $250,000

Although extensive development has been witnessed in the molecular biomaterials field, much of this
development is empirical in nature (i.e., methods for material synthesis and molecular assembly are
tested and found to work), but very little understanding emerges about how they work. This means we
are limited in our ability to improve upon these methods or tweak them for other purposes. In other
words, we can make things using biomimetic principles, but our comprehension of why they work or
how to make them work better is lacking.

The main strength of our group is that we are investigating how Nature uses proteins to build inorganic-
organic composites and control the nucleation of these composites. Our work is basic science in nature
and we have developed a number of paradigms which describe the biological process of polymorph
selection and composite formation within the mollusk shell. This information will speed the
development of new methods in materials construction.

Room-Temperature Synthesis of Semiconductor Nanowires by Templating Collagen Triple Helices and
Their Precise Assembly Into Electrical Circuits by Bio

Institution: NEW YORK, CITY UNIVERSITY OF HUNTER C.
Point of Contact: Matsui, Hiroshi
Email: hmatsui@hunter.cuny.edu

Principal Investigator: Matsui, Hiroshi

Sr. Investigator(s): Khondaker, Saiful, CENTRAL FLORIDA, UNIVERSITY OF
Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $230,000

The ability to control self-assembly of complex 3D architectures from functional building blocks could
allow further development of complex device configurations. This year we developed peptide-based
assembly technology enabling the precise 3D superlattice assembly of metal nanoparticles. We did this
in defined 3D shapes in unusual larger scale (from pum?® to mm?®), with higher vyield, and with higher
reproducibility. In this work, nanoscale collagen peptides and ligand-functionalized gold nanoparticle
joints were self-assembled into micron scale 3D cube-shaped crystals, creating a physical framework for
the proposed biomimetic assembly strategy. Due to the design of amino acid sequence, this 3D
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superstructure can be reconfigured into other shapes triggered by pH change. Peptide assemblies that
program the growth of the specific type of metal were also applied to biomimetic materials synthesis
(PbSe) and sensor (heavy metal detection). The metal-coated peptide assembly showed interesting
electron transport property and this mechanism was analyzed through various electric measurements.

Electrostatic Driven Self-Assembly Design of Functional Nanostructures

Institution: NORTHWESTERN UNIVERSITY
Point of Contact: Olvera de la Cruz, Monica
Email: m-olvera@northwestern.edu

Principal Investigator: Olvera de la Cruz, Monica

Sr. Investigator(s): Bedzyk, Michael, NORTHWESTERN UNIVERSITY

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $175,000

Nature utilizes charged molecules to self-assemble its components. In particular, crystalline shells made
of protein with various charged groups, including organelles, viral capsids, and halophilic organism wall
envelopes, adopt various regular and irregular polyhedral shapes to compartmentalize matter in
unknown ways. The envelope of halophilic microorganisms, for example, takes a square geometry in
natural brines though the cell wall is actually composed of a hexagonal lattice. Self-assembled, strong,
and salt-stable shells are essential for the development of technological processes, such as targeted
delivery of materials into cells. We have developed a sophisticated multipurpose Monte Carlo code
which allows us to rapidly generate and analyze shapes and patterns of multicomponent elastic shells
that arise as a result of the self-assembly of ionic amphipiles with different charge ratios. The shells are
assumed to consist of a thin solid membrane. Thus, next to the consideration of the bending
contributions to the free energy, a proper description of these quasi two-dimensional systems requires
introduction of the elastic terms that penalize stretching. The coupling between bending and stretching
necessarily present in the spherical topology leads to a rich set of phenomena even in our minimal
coarse-grained model. Our Monte Carlo code has elucidated the gallery of shapes of a two-component
elastic shell assembled of two elastic materials with substantially different elastic properties, like
bending rigidity and Young’s modulus, i.e., one component is set to be very stiff and therefore hard to
bend, while the other is soft and easily accommodates large deformations. Such soft regions are
believed to naturally arise at the contacts of the crystalline domains present on the surface of an ionic
vesicle. In contrast to similar techniques used in the literature to study optimal shapes of various elastic
sheets and shells, our approach makes no assumptions on either shape or component distribution, but
uses a simulated annealing method to concomitantly optimize the shape and the distribution of the
components.

The observed buckling mechanism is very different than the commonly reported icosahedral
deformation located at the twelve topological disclination defects responsible for the transition from a
spherical shape for small shell radii to an icosahedron for larger shells (e.g., as observed when studying
shapes of various viruses). In the case of a two-component system, there is a separate pathway for the
shell to relieve some of its stress. Instead of buckling at the effects, such shell can form very sharp ridges
of the soft component. Those ridges are substantially bent with most of the curvature concentrated
along them. As a result, nearly flat facets of the hard component are formed and the shell takes a
polyhedral shape. The exact number of facets as well as the optimal shell shape is determined by the
relative fraction of the two components and the ratio of their elastic constants. It is worth noting that
while vast majority of obtained shapes are irregular with a carefully tuned set of elastic parameters and
component fractions, one can obtain regular Platonic and Archimedean solids.

[-24 | MSE Summaries



Despite a very rich variety of observed polyhedral shapes, including highly symmetric Platonic
structures, the model described does not include energy penalty for mixing of the components, i.e., no
line tension is associated with the boundary between the soft and hard domains. As such domains in
principle can arise by mixing chemically different amphiphiles, it is natural to expect a certain degree of
mixing penalty. In an expansion or our model, it is extended to include line tension between soft and
hard components. The gallery of the resulting optimal shapes is even richer than with no line tension,
with various polyhedral and Janus-like shell structures.

In addition to the crystallization of the lipid molecules for very small shells (diameter ~20nm), the
electrostatic interaction can lead to a reversible collapse of the structure. Our work has shown that for
weak electrostatic interactions, the elastic energy wins and electrostatics only slightly perturb the shell
shape. As the strength of the electrostatic interaction is increased (e.g., by tuning pH or the salt
concentration of the surroundings), the shell can undergo a full collapse. We have also recently
generated a large variety of shell geometries, either fully faceted polyhedral or mixed Janus-like vesicles
with faceted and curved domains that resemble cellular shells by co-assembling a water-insoluble
anionic (—1) amphiphile with cationic (+2 and +3) amphiphiles. Our electron microscopy, x-ray scattering,
theory, and simulations works demonstrate that the resulting faceted ionic shells are crystalline and that
they are stable at high salt concentrations. Elastic inhomogeneities resulting from the competition of
ionic correlations with charge-regulation explain the unusual shapes. This work promotes the design of
faceted shells for various applications and improves our understanding of the origin of polyhedral shells
other than icosahedra in nature.

Nanoengineering of Complex Materials

Institution: NORTHWESTERN UNIVERSITY
Point of Contact: Stupp, Samuel
Email: s-stupp@northwestern.edu

Principal Investigator: Stupp, Samuel

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 4 Undergraduate(s)
Funding: $500,000

This ongoing research program has been focused on the development of supramolecular self-assembly
strategies to create soft materials and their hybrids with inorganic phases. We are particularly interested
in biomimetic pathways that lead to complex materials with hierarchical organization of nanoscale
components across scales. The functions guiding the materials design include the transduction of
energy, catalytic activity, environmental stability of materials, and biomolecular structures that can
interact with biological systems. Over the past funding period we discovered the first example of
reversible x-ray induced crystallization using charged filamentous assemblies of small molecules. We
also investigated further self-assembly between small molecules and oppositely charged
macromolecules. This work included the formation in these systems of complex structures with external
fields, and microscopic structures that resemble cells. Other important achievements include a pathway
that improves the macroscopic orientation required in photovoltaics of hybrid lamellar materials, and
organic systems designed molecularly for an n-type component to bind into cavities of p-type organic
assemblies in order to optimize exciton splitting.

We propose here a research plan on three topics: (1) self-assembly of hierarchically organized structures
formed by small molecules alone or in some systems macromolecules as well, (2) organic-inorganic
hybrid lamellae, and (3) artificial environments to host bacteria. In the self-assembly section, we
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describe dynamic self-assembly of large and small molecules into closed structures to create cell-like
objects, filamentous crystals, or open membranes. The targeted structures of the proposed plan were
selected to investigate catalytic microstructures, model systems to harvest solar energy, or synthesis of
new materials. In the second area, we investigate pathways to organize p-type and n-type
semiconducting lamellae on macroscopic scales, which is a critical structural feature in photovoltaic
cells; we also investigate chemistry within these systems that could be useful for energy storage. The
third part of the research plan proposes to investigate the recently discovered aqueous monodomain
gels with orientational order on macroscopic scales to host bacteria and explore the possibility of
changing their behaviors with features of the external environment. These recently developed
monodomain gels can direct cell migration and diffusion of molecules and offer the opportunity to study
chemical signaling among bacterial populations.

Multi-Responsive Polyelectrolyte Brush Interfaces: Coupling of Brush Nanostructures and Interfacial

Dynamics

Institution: NOTRE DAME, UNIVERSITY OF
Point of Contact: Zhu, Yingxi Elaine

Email: yzhu3@nd.edu

Principal Investigator: Zhu, Y. Elaine

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

This project is proposed to, at a molecular level, understand and effectively control the dynamics of
charged and neutral molecules at polyelectrolyte (PE) brush surfaces of tunable chain nanostructures
and interfacial interactions under external stimuli. Specifically, the Pl aims to quantify and optimize the
conformational nanostructures of PE brushes to consequently enhance interfacial molecular dynamics
under varied solution pH, added salts and applied ac-electric fields. The objectives of this proposal
include (1) investigating the coupling of brush conformations and local counterion concentration of PE
brushes of varied grafting density and thickness in response to solution pH and added salts; (2)
examining the interfacial dynamics of single probe molecules, neutral versus charged, on weak PE brush
surfaces; and (3) actively tuning the conformational dynamics of weak PE brushes by nanoscaled ac-
electric manipulation to effectively enhance interfacial ion and molecular transport. In this project, weak
PE brushes of poly2-vinylpyridine (P2VP) will be mainly investigated with comparison to strong PE
brushes of poly([2-methylacryloyloxyl ethyl] trimethylammonium chloride) (PMETAC), both of which will
be grafted from a solid substrate via surface-initiated atom transfer radical polymerization (SI-ATRP) to
precisely control their grafting density and thickness. Fluorescence correlation spectroscopy (FCS) with
photon counting histogram (PCH) analysis will be used to determine the interfacial diffusive dynamics of
single fluorescence molecules and local proton concentration at PE brush interfaces, respectively.

The uniqueness and novelty of this research relies on single-molecule characterization with in-situ ionic
and ac-electric manipulations to actively modify the nanostructures of PE brushes and thereby
effectively control interfacial molecular dynamics. The detailed molecular information obtained from
this endeavor, unavailable from coarse-grained simulation modeling and ensemble-averaged
characterization, makes this project a distinct contribution to the research on developing “smart” or
adaptive materials and surface coatings. A new paradigm in molecular design of PE based multi-
responsive polymer thin films with tunable interfacial nanostructures will be established to effectively
control interfacial interactions as well as interfacial energy and molecular transport. Hence, the
knowledge gained from this endeavor can be employed by DOE to design and synthesize novel

[-26 | MSE Summaries



functional materials for broad energy-related applications ranging from polyelectrolyte multilayer
assemblies as energy storage membranes, lubricious and fouling preventive coatings, to biomimetic and
adaptive materials synthesis for controlled chemical release and energy conversion. When combined
with current microfluidics technology, nanoscaled ac-electric manipulation of PE brushes can be
developed as a novel and viable approach for constructing switchable engineering surfaces as well as
controlling specific molecular recognition.

A Hybrid Biological/Organic Half-Cell for Generating Dihydrogen

Institution: PENNSYLVANIA STATE UNIVERSITY
Point of Contact: Golbeck, John
Email: jhg5@psu.edu

Principal Investigator: Golbeck, John

Sr. Investigator(s): Bryant, Donald, PENNSYLVANIA STATE UNIVERSITY
Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 1 Undergraduate(s)
Funding: $250,000

The goal of our BES-funded program in Materials Science and Engineering is to develop a hybrid
biological/organic photo-electrochemical half-cell that couples a photochemical module, Photosystem |
(PSI), which captures and stores energy derived from sunlight, with a catalytic module, hydrogenase
(H,ase), which catalyzes H, evolution with an input of two electrons and two protons. The challenge is to
deliver electrons from PSI to the H,ase rapidly and at high quantum vyield, thereby overcoming diffusion-
based limits on electron transfer. The strategy to achieve this goal is to employ a technology based on
directly connecting surface-located redox centers with a molecular wire, which serves to tether the
photochemical module to the catalytic module at a fixed distance so that an electron can quantum
mechanically tunnel between the Fg cluster of PSI and the distal [4Fe-4S] cluster of a H,ase enzyme at a
rate faster than the competing charge recombination between P;y" and Fg . To link the photochemical
and catalytic modules of our half-cell, a short aliphatic or aromatic dithiol molecule forms a coordination
bond with an exposed Fe of the F; cluster of a PSI variant and with an exposed Fe of the distal [4Fe-4S]
cluster of a H,ase variant. This is practically achieved by changing a ligating Cys residue of the [4Fe-4S]
cluster of each protein to a Gly, thereby exposing the Fe atom for chemical rescue by the added
dithiolate-containing molecular wire. By using a highly active hydrogenase variant from Clostridium
acetobutylicum, we have achieved a very high rate of light-driven H, evolution. This success was due to a
combination of several factors: (1) use of a highly active H,ase variant that had been expressed in C.
acetobutylicum rather than E. coli; (2) the use of phosphate buffer at pH 6.5 instead of Tris-HCI buffer pH
8.3 to increase the concentration of available protons; (3) the use of 1,8-octanedithiol instead of 1,6-
hexanedithiol as the molecular wire to avoid steric hindrance; and (4) using cross-linked Cyt cg as the
electron donor to minimize the diffusion barrier to P;". Our results show that when ascorbate is the
sacrificial donor, the PSI—wire—[FeFe]-H,ase construct evolves H, at a rate of 2850 pmoles mg Chl™ h™,
which is equivalent to an electron transfer throughput of 5700 pmoles mg Chl™ h™, or 142 pmoles e” PSI
s, putting this into perspective, cyanobacteria evolve O, at a rate of ~400 pmoles mg ChI™ h™*, which is
equivalent to an electron transfer throughput of 1600 pmoles mg Chl* h™, or pmoles e PSI* s?,
assuming a PSI to PSII ratio of 1.8 as occurs in the cyanobacterium Synechococcus sp. PCC 7002. The
above rate is consistent with the assessment that the catalytic module is not the rate-limiting step in
light-driven H, evolution. (CaHyd is capable of evolving 6,000 H, protein™ s, which is equivalent to
12,000 electrons protein™" s when electrons are supplied by reduced methyl viologen.) Because PSI is
ultimately capable of transferring ~1000 electrons protein™ s, we can anticipate another 5-fold
improvement may be possible by further adjustment of these variables.
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In conclusion, the significantly greater electron throughput by our hybrid biological/organic
nanoconstruct over in vivo oxygenic photosynthesis validates the concept of tethering proteins through
their physiologically relevant redox cofactors to overcome diffusion-based rate limitations on electron
transfer.

Designing Smart, Responsive Communicating Microcapsules from Polymersomes

Institution: PENNSYLVANIA, UNIVERSITY OF
Point of Contact: Hammer, Daniel
Email: hammer@seas.upenn.edu

Principal Investigator: Hammer, Daniel

Sr. Investigator(s): Lee, Daeyeon, PENNSYLVANIA, UNIVERSITY OF

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $170,000

The goal of this project will be to design and understand responsive microcapsules that can respond to
changes in environmental stimuli and induce collective, smart behavior on length-scales well beyond
that of the capsule itself. The general principle that will be employed is particle taxis — or directed
motion — in response to nanoparticles that are released from a source capsule in response to light or
change in pH. Much of the theory for interparticle communication and collective response has been
developed by Dr. Anna Balazs at the University of Pittsburgh. It is our goal is to test these predictions
experimentally. Central to our design are polymersomes — vesicles whose outer membrane is assembled
from block-co-polymers. We have shown that we can make large, uniform populations of polymersomes
and have designed these capsules to encapsulate and release active agents such as nanoparticles or
molecules in response to stimuli such as light. In these proposed experiments, we will release
encapsulated nanoparticles from photo-sensitive polymersomes, and induce the motion of target
particles through haptokinesis (by making a gradient of particles on a surface) or chemokinesis (making
a gradient of particles in solution). By constructing spatial, ordered arrays of microcapsules using micro-
contact printing, and by using nanoparticles and surfaces with tailored adhesiveness, we will make a
direct test of the principles of collective smart particle motion predicted theoretically. The long-term
impact of this work will be to develop autonomous, self-regulating motion of microcapsules that can
communicate, mimicking biological activity.

The specific objectives of this work will be the following:
(1) Encapsulate and release nanoparticles from polymersomes in response to light and pH.

(2) Use specific adhesion and micro-contact printing to make specific spatial arrays of polymersomes
and microparticles.

(3) Demonstrate the collective motion of micron-sized particles in response to light and pH. We will
adhere particles on printed arrays. We will combine photoresponsive or pH sensitive polymersomes,
equipped with nanoparticles, as signaling particles, and vary the density and spacing of target receiving
particles. Upon change in stimulus, we will use video microscopy to observe the collective motion of
particles on the surface. Collective motions will be catalogued as a function of interparticle spacing,
nanoparticle density, and particle size.

(a) We will perform experiments with multiple signaling particles, with intervening fields of target
particles, to understand how competitive fields of stimuli can induce motion of particles in the field.
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(b) Additionally, we will compare haptokinesis (in which signaling particles emit nanoparticles that
adsorb to substrates) to chemokinesis (in which soluble molecules adsorb to the surface of the surface
of the target particles). The latter is potentially more useful, since it is easier to encapsulate and secrete
molecules than nanoparticles from signaling vesicles, without any loss of potency.

Thus far, we have successfully made uniform microcapsules with controlled numbers of embedded
nanoparticles, and demonstrated that the particles can be released in response to optical illumination.
Furthermore, we have shown that by tuning down the adhesion of the substrate, we can make vesicles
that migrate over the surface. In the next period, we envision combining these two concepts to test the
concepts of particle communication.

Modular Designed Protein Constructions for Solar Generated H, From Water

Institution: PENNSYLVANIA, UNIVERSITY OF
Point of Contact: Dutton, P. Leslie
Email: dutton@mail.med.upenn.edu

Principal Investigator: Dutton, P. Leslie

Sr. Investigator(s): Moser, Christopher, PENNSYLVANIA, UNIVERSITY OF
Discher, Bohdana M., PENNSYLVANIA, UNIVERSITY OF

Students: 1 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)

Funding: $245,000

OVERVIEW OF RESEARCH AIMS

Abundance of solar power has turned attention toward engineering and constructing molecular devices
that convert sunlight energy into stored chemical energy useful to mankind. This grant aims to engineer
and construct from-scratch novel protein molecules equipped with light-absorbing pigments and redox
cofactors organized to promote efficient light-driven splitting of water and catalyze the generation of
hydrogen for fuel. The longer-term plans extend to the design of alternative reductive catalytic sites for
reduction of carbon dioxide and nitrogen for fuels and valuable chemical resources.

PROGRESS DURING FY 2011

Progress in laboratories across the globe that are aiming to create molecular systems that harvest
sunlight for the generation of renewable fuels and green chemical resources have been hindered by the
absence of a clear set of generally applicable guidelines for design, engineering and assembly. While
biological photosystems continue to play important roles for inspiration and mimicry, they do not
illustrate what are the most efficient designs for photochemical energy conversion. This year we have
for the first time applied our principles of electron tunneling to create blueprints. These blueprints
demonstrate that photochemical efficiencies observed in existing natural photosynthetic reaction center
proteins and their synthetic photochemical mimics can be dramatically improved in simple cofactor
triads of electron donor, photoactive pigment and electron acceptor with prescribed inter-cofactor
distances and selected relative redox potentials.

The blueprints have been applied this year in our own work to the design of a new generation of simple
protein constructions (maquettes) developed to carry out a broad range of photochemical catalytic
reactions. These synthetic protein maquettes are proving to provide an adaptable scaffold in which to
accommodate triads of pigment and redox cofactors. We are working to reproduce in the maquettes the
inter-cofactor distances prescribed in triad blueprints. This has involved the redesign of our maquettes,
in particular focusing on the development of single chain four and eight a-helix bundles with helical
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lengths that extend beyond our first generations of synthetic protein maquettes. The longer maquettes
are designed to be half as long again as previous maquettes, to accommodate triads separated
sufficiently to generate charge separations for times long enough to promote high efficiency millisecond
multielectron oxidation-reduction catalysis. These larger proteins have now been demonstrated to be
expressible in E. coli.

Designing Colonies of Communicating Microcapsules that Exhibit Collective Behavior

Institution: PITTSBURGH, UNIVERSITY OF
Point of Contact: Balazs, Anna
Email: balazs@pitt.edu

Principal Investigator: Balazs, Anna

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $120,000

Our research is aimed at addressing one of the Grand Challanges for DOE-related research, as
articulated in the 2007 Basic Energy Science Advisory Board (BESAC) report: “master energy and
information on the nanoscale to create new technologies with capabilities rivaling those of living
things.” What is most gratifying in our recent efforts is that we collaborated with two experimental
groups to validate our predictions on the behavior of fluid-driven microcapsules on heterogeneous
surfaces. We also worked with Dr. Igor Aronson at Argonne National Labs to design biomimetic capsules
that undergo autonomous motion in response to mechanical deformation. In addition to the role
mechanical deformation, we examined how the mechanical properties of the underlying substrate affect
the bonding interactions between a mobile elastic microcapsule and a compliant substrate. Below, we
provide a brief summary of these various studies.

We collaborated with researchers at UMass Amherst to experimentally realize our predictions for
creating “repair-and go” microcapsules, which deliver nanoparticles to cracks on damaged surfaces and
thereby heal the substrate. In this joint effort, we now show experimentally that nanoparticle-
containing microcapsules probe a damaged (cracked) surface, and identify its imperfections by
depositing the nanoparticles into the cracks. This selective delivery is performed using a polymer
surfactant for stabilizing oil droplets in water, where CdSe quantum dots are initially encased in the oil
phase. The encased nanoparticles escape into the cracked regions of a SiO,-coated
poly(dimethylsiloxane) substrate as the droplets traverse the surface. This probing, identification, and
delivery motif borrows from repair techniques of cellular biology (i.e., the action of leukocytes),
replacing complex biological signaling with simple surface energy recognition. This paper will appear in
Nature Nanotechnology.

We also collaborated with Prof. Alan Russell’s group at the University of Pittsburgh to validate our
findings on the behavior of microcapsules on patterned surfaces and realize our predictions for creating
“on the fly” cell sorting devices. An emergent method of sorting cells based on differential rolling on
chemically patterned substrates holds potential benefits over existing technologies. To validate our
previous predictions and to better understand cell rolling on complex surfaces, a microfluidic device
with chemically patterned stripes of the cell adhesion molecule P-selectin was designed. The behavior of
HL-60 cells rolling under flow was analyzed using a high-resolution visual tracking system. This behavior
was then correlated to the findings from our computer simulations. The combination of computational
modeling and widely available fabrication techniques described in the resulting paper represents a
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crucial step toward the successful development of continuous, label-free methods of cell separation
based on rolling adhesion.

Theoretical Modeling, Synthesis and Characterization of Self-Healing Coatings

Institution: PITTSBURGH, UNIVERSITY OF
Point of Contact: Balazs, Anna
Email: balazs@pitt.edu

Principal Investigator: Balazs, Anna

Sr. Investigator(s): Matyjaszewski, Kris, CARNEGIE MELLON UNIVERSITY
Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $293,000

Our goal is to design and construct novel materials that undergo structural rearrangement in response
to mechanical stress and thereby exhibit self-healing behavior, preventing catastrophic failure of the
system. Our self-healing material is composed of nanogels that are crosslinked by both strong, stable
bonds and reactive, labile bonds; that is, this material exhibits a “dual-crosslinking.” One of the research
challenges was to formulate theoretical and computational models that could capture the behavior of
the dual-crosslinked nanogel material and quantify the mechanical performance of the sample. To
address this challenge, we developed new approaches for describing the behavior of soft materials that
are interconnected by both stable and reactive bonds. Specifically, we made key enhancements to our
previous model, resulting in important new theoretical formulations and computational approaches,
and significant new findings. First, we exploited the Hierarchical Bell Model (HBM) to simulate cases
where the ligands on neighboring nanogels interact through multiple sites and thus, we can more
accurately model the experimental systems synthesized by the Matyjaszewski group. The material is
roughly 200% stronger than a sample that is crosslinked solely by stable bonds and can still undergo self-
repair in response to the tensile deformation. Reports on our findings appeared on a number of web
sites, including www.sciencedaily.com, www.physorg.com, www.eurekalert.org, www.futurity.org, and
www.nanowerk.com. We also generalized the lattice spring model (LSM) so that the approach would be
applicable to a broader range of materials. Specifically, with this new LSM approach, we can model
materials with a wider range of Poisson’s ratios than was possible with the standard LSM approach. In
addition, we developed an approach for introducing the effects of viscoelasticity.

The main experimental studies were focused on self-healing networks prepared by ATRP using a
degenerative self-exchange process. The guidelines from the computational studies were essential for
designing and fine-tuning the molecular structures of these self-healing systems. To optimize the
performance of this system, we used a relatively soft matrix (poly(butyl acrylate) with Tg = - 50 C) and
UV light instead of a radical initiator. This enabled repeated self-mending processes of the bulk material
with exposure to UV light, rather than a constant supply of radicals from the initiator (that could be
totally consumed). Several cut and self-mending tests were shown to be highly successful. This process
received significant attention in various media:

http://www.gmed.com/mpmn/article/41660/self-mending-polymer-could-fix-future-implants
http://sevenhorizons.pbworks.com/w/page/38091623/Self-Healing%20Polymer
http://www.technologyreview.com/biomedicine/27113/?mod=chfeatured&a=f
http://news.softpedia.com/news/Experts-Create-Self-Healing-Polymer-179433.shtml
http://www.rdmag.com/News/2011/01/Materials-Polymer-shows-amazing-self-healing-properties/
http://www.physorg.com/news/2011-01-polymer-amazing-self-healing-properties.html
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Theoretical Research Program on Bio-Inspired Inorganic Hydrogen Generating Catalysts and Electrodes
Institution: PRINCETON UNIVERSITY
Point of Contact: Selloni, Annabella
Email: aselloni@princeton.edu
Principal Investigator: Selloni, Annabella
Sr. Investigator(s): Car, Roberto, PRINCETON UNIVERSITY
Cohen, Morrel H, PRINCETON UNIVERSITY
Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $225,000

The overall goal of the program is the theoretical design of a model electrocatalytic or photo-
electrocatalytic system for economical production of hydrogen from water and sunlight via the
hydrogen evolution reaction. The system we focus on is an FeS, (100) surface (the electrode) decorated
with a cluster derived from the active site of the di-iron hydrogenase enzyme (the catalyst). The di-iron
hydrogenases found in hydrogen-producing microorganisms have a turnover frequency of over 9000 H,
molecules per second at room temperature, almost an order of magnitude faster than Pt. Their
catalytically active site, the [FeFe]H cluster, could be an attractive candidate for a catalyst for hydrogen
production from water by electro- or photo-catalysis. It is composed of abundant elements and is small
enough to pack densely. The pyrite surface is chosen because its atomic structure is compatible with
that of the [FeFe]H cluster and a priori suggests the possibility of stable linkage and easy electron
transfer to the cluster.

The hydrogen production cycle of the [FeFe]H cluster and its coupling to a pyrite electrode have been
explored in earlier work funded under this program. We found that [FeFe]H does not remain structurally
stable in contact with acidified water during the course of the hydrogen evolution reaction. The cluster
has to be redesigned in order to be stably attached to the electrode surface and retain its catalytic
activity outside the enzyme. This goal has been achieved in more recent work based on ab-initio
molecular dynamics simulations. We have designed a catalytic cluster, [FeFe]P, obtained by modification
of the [FeFe]H cluster of the di-iron hydrogenase, and functionalized the pyrite (100) surface with it.
Remaining stable throughout, the [FeFe]P cluster produces hydrogen from acidified water with a free-
energy barrier of less than 8.2 kcal/mol in room temperature simulations. The rate-limiting step in the
cycle is the first protonation, subsequent steps are barrier free and fast. A detailed mechanistic analysis
of the oxidation-state changes and electron flow during that step has been carried out.

It is known that di-iron hydrogenases are inactivated by oxygen and pyrite decomposes in the presence
of oxygen and water. Work in progress on the O, sensitivities of [FeFe]P and FeS, (100) shows that
dissolved oxygen, which is inevitably present in the electrochemical cell, can attack and inactivate the
[FeFe]P/FeS, system as well. Our next goal is then to design a protective structure which inhibits the
attack of the clusters and the exposed FeS, sites by dissolved O,. At question are the optimal
composition and internal structure of suitable overlayer molecules as well as the nanoscale structure of
the overlayer into which those molecules pack. This overlayer should form densely in the interstices
between the clusters but leave open above each cluster nanoscale water channels through which
protons can reach the catalytic site.

The last part of our project will be devoted to the challenging task of characterizing the properties of the
H,-evolving catalyst inside the water-filled channels of the protecting overlayer on FeS, (100). The main
questions that need to be addressed concern the influence of the confining channel, including its length,
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on the structure and stability of the supported cluster, its sensitivity to O,, and finally its ability to
produce H,.

Engineering the Interface Between Inorganic Materials and Cells

Institution: RENSSELAER POLYTECHNIC INST.
Point of Contact: Kane, Ravi
Email: kaner@rpi.edu

Principal Investigator: Kane, Ravi

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $175,000

This proposal is motivated by the goal of interfacing biological and non-biological components to create
“living materials.” A recent report from the Basic Energy Sciences Advisory Committee noted that
building functional interfaces between the living and nonliving may make it possible to harness the
unmatched capabilities of living systems and apply them to our own purposes. Indeed, the adaptation of
cells to DOE goals — for example biosensing, environmental bioremediation, and energy harvesting — will
require cells to function outside of their native environment, as components of hybrid cell-material
systems. Since most interfaces of cells with inorganic materials are “unnatural,” engineering of both the
inorganic surface and the cell are required to ensure optimal cellular behavior. However, the majority of
prior studies have focused on engineering the surface chemistry of the material. In contrast, our
proposed work will focus on cellular engineering efforts to integrate cells with pristine inorganic
materials, and to endow cells with the capability to respond to novel signals. Specifically, we will
investigate a cellular engineering approach for promoting the adhesion and survival of neurons on
inorganic surfaces. We will explore two complementary approaches for engineering neurons to respond
to light as a signal. We will also engineer a light amplification “circuit” inside a neuron. While our
proposed cellular engineering efforts are not focused on a specific application, one downstream target
application involves the development of biosensors that use cells as the detection element and
inorganic structures for signal transduction and display. However, our general cellular-engineering-
based approaches to promote cell viability and function on inorganic materials will likely be broadly
applicable to DOE mission goals.

Optimizing Immobilized Enzyme Performance in Cell-Free Environments to Produce Liquid Fuels

Institution: RENSSELAER POLYTECHNIC INST.
Point of Contact: Belfort, Georges
Email: belfog@rpi.edu

Principal Investigator: Belfort, Georges

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $145,000

Active research to produce energy via biofuel cells, or through the bioconversion of sugars to liquid
fuels, offers exciting new alternates to fossil fuel. We focus on the bioconversion of sugars to butanol
using a two-enzyme system. While these enzymatic routes offer great promise and excellent selectivity
for the production of biofuels, enzymes exhibit slow kinetics, low volume capacity in solution, and
product feedback inhibition. These limitations have to be overcome so that biofuels can be produced in
an economically viable fashion. We utilize a novel approach to address these limitations. Here, we
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immobilize enzymes synthesized via recombinant DNA technology. This cell-free enzyme system will be
coupled with pervaporation to produce and continuously remove the desired butanol. As a model
enzyme with a simple color change for assessing reactivity, we first plan to immobilize beta-
galactosidase and determine the optimal substrate geometry (flat, convex, or concave). Preliminary data
indicate that crowding and orientation of the immobilized enzymes have a large effect on enzyme
kinetics. We will then study separate reactions of immobilized keto-acid decarboxylase and alcohol
dehydrogenase to produce butanol ex-vivo.

Biopolymers Containing Unnatural Building Blocks

Institution: SCRIPPS RESEARCH INSTITUTE
Point of Contact: Schultz, Peter
Email: schultz@scripps.edu

Principal Investigator: Schultz, Peter

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $500,000

The aim of this proposal is to further develop and apply methods to genetically encode unnatural amino
acids with novel chemical and physical properties in bacteria. The first effort will focus on the
challenging problem of generating metal ion binding sites in proteins. Specifically, we will use structure-
based design and molecular evolution methods together with metal ion binding unnatural amino acids
to create metalloproteins with novel redox, catalytic and structural properties. In a second effort, we
will generate and optimize additional orthogonal tRNA/aminoacyl-tRNA synthetase pairs that will allow
us to efficiently introduce multiple, distinct unnatural building blocks into proteins in response to
nonsense and frameshift codons. This work should ultimately allow structurally defined abiological
biopolymers with new materials properties to be synthesized using the cell’s templated biosynthetic
machinery.

Using In Vitro Maturation and Cell-Free Evolution to Understand (FeFe)hydrogenase Activation and
Active Site Constraints

Institution: STANFORD UNIVERSITY
Point of Contact: Swartz, James
Email: jswartz@stanford.edu

Principal Investigator: Swartz, James

Sr. Investigator(s): Cramer, Stephen, CALIFORNIA, UNIVERSITY OF DAVIS
Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $265,000

The first project objective is to elucidate the substrates and mechanisms for assembly and maturation of
the 6Fe-6S active site of [FeFe] hydrogenases. An early in vitro maturation method was developed using
an E.coli cell extract in which the three required maturases had been expressed and activated. The
extract was also dialyzed to remove small molecules. We showed, for the first time, that activation of
the purified apoenzyme was significantly enhanced by incubating this extract in the presence of S-
adenosyl methionine, Fe(ll), sulfide, and 20 amino acids. A design of experiment investigation then
showed that tyrosine was required and cysteine was beneficial for maturation. Further investigation
showed that the para-hydroxyl substituent of tyrosine was required for efficient activation. An improved
maturation procedure was then developed, in which the three maturase proteins were expressed
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separately to avoid in vivo maturase interactions. Such interactions were thought to be important for
function, and we sought to gain control over this portion of the maturation mechanism. In contrast to
previous inferences, efficient apoenzyme activation was observed using the separately produced
maturases. This new system enabled the production of much larger quantities of in vitro activated
[FeFe] hydrogenase. This, in turn, enabled high resolution Fourier transform infrared spectros-copy
(FTIR) analysis of the C-O and C-N stretches associated with the cyanide and carbon monoxide adducts
in the 6Fe-6S active site. Isotopic labeling of tyrosine then conclusively showed that all three of the CO
and both of the CN moieties in the active site are derived from tyrosine. Further evaluation has shown,
for the first time, catalytic function (i.e., multiple turnovers) for each of the maturases when functioning
in the in vitro maturation system.

The second project objective is to gain better understanding of the impact of the polypeptide scaffolding
on hydrogenase activity. The expression gene for the Cpl [FeFe] hydrogenase from Clostridium
pasteurianum was extensively mutated using nucleotide analogs, and isolates were identified that
retained at least partial activity and also displayed increased stability during oxygen exposure. The most
interesting isolate contained 13 mutations and was extensively analyzed. When two of the amino acid
changes were reversed, full activity was restored. Three different mutations increased oxygen tolerance.
Unexpectedly, none of these mutations are near the active site 6Fe-6S H-cluster, but four of the five
mutations are close to the proximal 4Fe-4S center that either donates electrons to the active site H-
cluster or receives them, depending on the direction of catalysis. These results suggest that the function
of this ancillary iron-sulfur center has a stronger than expected influence on enzyme function. During
this work, we also observed that oxygen inactivation of [FeFe] hydrogenases can be substantially
reversed in contrast to general belief. The reversibility also appears to be influenced by the ancillary Fe-S
center. A mutational library is now being constructed to assess the function of the amino acids
surrounding this ancillary center as well as those that support the active site.

During the course of these investigations, a number of methods were developed of general utility to this
field of research. These include (1) the in vitro hydrogenase maturation protocols, (2) a procedure for
producing high levels of maturases and hydrogenases in E.coli cultures, (3) improved methods for
producing and screening hydrogenase mutants, and (4) a new method for assessing sustained hydrogen
production activity while using a reduced ferredoxin protein as the electron donor. In particular, the last
method is very important as it will now allow us to screen for mutants with increased oxygen stability
while they are actively making hydrogen. In addition, this method suggests the feasibility for cost-
effectively producing hydrogen from biomass hydrolysates. A new research program has now been
initiated to develop technology for the large scale production of hydrogen from biomass hydrolysates.

Functional, Hierarchical Colloidal Liquid Crystal Gels and Liquid Crystal Elastomer Nanocomposites

Institution: WISCONSIN-MADISON, UNIVERSITY OF
Point of Contact: de Pablo, Juan
Email: depablo@engr.wisc.edu

Principal Investigator: de Pablo, Juan

Sr. Investigator(s): Abbott, Nicholas, WISCONSIN-MADISON, UNIVERSITY OF
Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $250,000

It is now broadly appreciated that microparticles dispersed in low molecular weight liquid crystals
(LMWLCs) generate topological defects within the LC phase. The topological defects can be point, Saturn
ring and boojum, depending upon factors such as the particle size and surface chemistry. It is also
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understood that the topological defects formed in the LC can mediate inter-particle interactions that
lead to the formation of particle arrays and formation of chains. Whereas past studies have focused on
LMWLCs, recent studies at UW-Madison have provided the first experimental characterization of an
investigation of the orientational ordering in liquid crystalline elastomers (LCEs) around microparticles. A
key accomplishment of the UW-Madison research has been the development of experimental
procedures that allow the incorporation of microparticles in LCEs. Using such procedures, we have been
able to demonstrate the presence of “soft elasticity” in these particle-containing LCEs.

The interpretation of the experimental results outlined above requires that new models be developed
for liquid crystalline elastomers. There are no such models available in the literature. Our first step has
been to develop a coarse grained representation of the elastomer in which the crosslinker molecules
have been represented by either flexible or rigid oligomeric units. In the latter case, crosslinker
molecules enhance the anisotropic nature of the LCE sample and provide stability to the material. In the
rigid case, the crosslinkers and the mesogens (LC) molecules are represented by ellipsoidal particles.

At equilibrium, in the absence of an applied stress, our model LCEs exhibit several nematic domains
whose directors are independent of each other. These results confirm that the proposed model is
capable of describing a polydomain state, as observed in our experimental studies. As a uniaxial stress is
applied, the system initially remains in a polydomain state, but these domains rotate about themselves
in order to accommodate the applied external stress at a local level. Above a critical, threshold value,
the system exhibits a transition from a polydomain to a monodomain state. The monodomain system
becomes uniformly nematic. The corresponding stress-strain curve for the model LCE is consistent with
those observed in our experiments. We have also observed that the domains rotate with the application
of stress, but they grow in size only marginally. This leads us to conclude that the polydomain-to-
monodomain transition occurs through a rotation of nematic domains, as opposed to a growth of such
domains. Consistent with experimental observations, we also find that nanoparticle addition does not
influence the overall soft-elasticity behavior of the LCE. However, at a local level, the nanoparticles
induce a strain in nearby mesogens that alters their orientation significantly.

Considerable progress has also been made in our ability to synthesize and model colloidal liquid crystal
gels consisting of colloidal particles. We have shown that by controlling the size of particles and their
chemistry, one can alter interactions between them over a range of energies that encompasses several
decades of magnitude in kT.

Optical and Electro-Optic Modulation of Biomimetically-Functionalized Nanotubes

Institution: WISCONSIN-MADISON, UNIVERSITY OF
Point of Contact: Gopalan, Padma
Email: pgopalan@wisc.edu

Principal Investigator: Gopalan, Padma

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $285,000

PROGRAM SCOPE
The goals of the program are to develop a fundamental understanding of the light-induced changes on
the electronic properties of functionalized carbon nanotubes through a combination of new

functionalization chemistry, probing the electrical and optical response of the nanotube/chromophore
hybrids, and interpretation of the results with theory/modeling. Nanotube-based electronic and electro-
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optic devices have long been cited as potentially revolutionary. Despite much initial progress, the
promised applications have been slow in coming, due first and foremost to the large diversity in size and
chirality of single-wall nanotubes and due to limitations in the strength of interaction with light. In our
work, we focus specifically on the development and understanding of functionalization for the
optimization of electro-optic properties. And we do so in the context of, and using methods compatible
with, the recent important advances in nanotube purification, and leveraging the long-standing
understanding and accomplishments in the creation of high-mobility nanotube devices. The project
utilizes a unique set of expertise covering materials chemistry, physics, and theory.

RECENT PROGRESS

To probe the chromophore/SWNT interface, we started with spectroscopic analysis the hybrid systems
using complementary experimental techniques and ab initio calculations. For the chromophore, we use
Disperse Red 1 (DR1), a well-studied and commercially available azobenzene chromophore, with a series
of three increasing tether strengths: (1) unmodified DR1 with no added tether (DR1U), (2) anthracene-
functionalized DR1 (DR1A), and (3) pyrene-functionalized DR1 (DR1P) (see Scheme 1). The first part of
our studies on thin-films shows that the binding energy and hence the surface coverage of the
chromophores on the nanotubes is strongly influenced by the strength of the tether; we also address
the question of the orientation of the molecules on the nanotubes by optical second harmonic
generation (SHG) measurements. The second part of our studies focuses on the solution
characterization of the hybrids to evaluate the nature of the electronic coupling.

DOE National Laboratories

Bioinspired Materials

Institution: AMES LABORATORY
Point of Contact: Johnson, Duane
Email: ddj@ameslab.gov

Principal Investigator: Mallapragrada, Surya
Sr. Investigator(s): Akinc, Mufit, AMES LABORATORY
Lamm, Monica, AMES LABORATORY
Nilsen-Hamilton, Marit, AMES LABORATORY
Travesset-Casas, Alex, AMES LABORATORY
Vaknin, David, AMES LABORATORY
Students: 3 Postdoctoral Fellow(s), 5 Graduate(s), 3 Undergraduate(s)
Funding: $749,000

The synthesis and characterization of novel bioinspired hybrid materials can mimic living systems in their
abilities to respond to the environment and self-assemble hierarchically. To facilitate a bottom-up
approach to nanocomposite materials design, these materials use (1) organic templates coupled with
mineralization proteins to direct the biomineralization processes and (2) aptamers for achieving
specificity of non-covalent binding. Understanding guiding mechanisms of assembly across multiple
length scales through combination of experiment and theory involves advanced solid-state NMR
techniques for investigating interactions of the organic templates with inorganic components.
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SPECIFIC THRUSTS

Development of multiscale self-assembling bioinspired hybrid materials using bottom-up approaches:
We are designing hierarchically self-assembling templates (synthetic polymers as well as protein and
peptide based templates), and using bioinspired methods for room temperature synthesis of several
energy-relevant hybrid materials with hierarchical order difficult to synthesize otherwise.

Development of techniques to probe assembly at multiple length scales and properties of these
nanocomposites: We are using a combination of solid-state nuclear magnetic resonance (NMR),
scattering, and electron microscopy techniques to investigate the nanostructure and composition, and
other characterization techniques to investigate the magneto-mechanical properties of these hybrid
materials. This will result in fundamental insights into the design principles for synthesizing and
organizing nanocrystals using bioinspired approaches.

Development of computational methods for understanding general design rules for self-assembled
polymer nanocomposites: We are developing and implementing molecular simulations using high
performance computational approaches as a powerful tool to understand the underlying principles of
self-assembly of complex structures, phase transformation between competing phases, as well as the
response of a self assembled system to external stimuli.

Early Career: Real-Time Studies of Nucleation, Growth and Development of Ferromagnetism in
Individual Protein-Templated Magnetic....

Institution: AMES LABORATORY
Point of Contact: Johnson, Duane
Email: ddj@ameslab.gov

Principal Investigator: Prozorov, Tanya

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 2 Undergraduate(s)
Funding: $500,000

Magnetic nanoparticles with narrow size distribution, large magnetic moment, and controlled magnetic
anisotropy have important technological applications in a wide variety of areas, ranging from data
storage and quantum computing, to magnetocaloric refrigeration and cancer therapy. Bio-inspired
synthetic routes offer room-temperature pathways to the production of a variety of magnetic
nanostructures with exceptional control over nanoparticle formation using biomolecules as matrices,
scaffolds and templating agents; thus permitting the fabrication of magnetic nanocrystals with shapes
and sizes not realizable via conventional inorganic chemical techniques. However, despite significant
research effort in this area, fundamental understanding of the microscopic mechanisms is lacking on
how the supramolecular assembly of biomolecules dictates shape, size and structure of the resulting
crystals and how the nucleation and growth processes in biomimetic systems affect functional
properties of resulting nanoparticles.

Utilizing advanced electron microscopy techniques, the proposed research offers an unprecedented
opportunity for determining the nature of macromolecule-mediated nanoparticle formation: i.e., the
mechanism of particle nucleation, growth, the emergence of crystal structure, and the development of
ferromagnetism in the individual bio-templated magnetic nanocrystal. Expected experimental findings
will be broadly applied to the synthesis of various biomimetic magnetic nanomaterials with controlled
and well-defined properties. The proposed work addresses one of the five “Grand Challenges” identified
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by the DOE BES Advisory Council, specifically: How do remarkable properties of matter emerge from the
complex correlations of atomic or electronic constituents and how can we control these properties? The
proposed work will lead to the further advancement of the bioinspired methods, and will facilitate
rational engineering of various biomimetic magnetic nanomaterials with the properties relevant to
DOE’s mission.

Dynamics of Granular Materials

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Aronson, Igor

Sr. Investigator(s): Snezhko, Oleksiy, ARGONNE NATIONAL LABORATORY
Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $1,006,000

Self-assembly, a natural tendency of simple building blocks to organize into complex architectures is a
unique opportunity for materials science. The in-depth understanding of self-assembly paves the way
for the design of tailored smart materials for emerging energy technologies, such as materials that can
self-regulate porosity, strength, water or air resistance, viscosity, or conductivity. However, self-
assembled materials pose a formidable challenge, as they are intrinsically complex, with often
hierarchical organization occurring on many nested length and time scales. Our approach is a
combination of in-depth theoretical and experimental studies of the dynamics of active self-assembled
material for the purpose of control, and the prediction and design of novel bio-inspired materials for
emerging energy applications.

In the past 3 years our program yielded discoveries of self-assembled magnetic swimmers, drastic
reduction of viscosity in suspensions of swimming bacteria, extraction of useful energy from chaotic
movement of swimmers, and correlations in active transport of cargo along cytoskeletal networks. For
all these model systems we have developed theoretical description leading to the prediction and control
of emergent self-assembled structures.

In the next 3 years we will explore new approaches to the synthesis and discovery of a broad range of
self-assembled bioinspired materials stemming from the advance of our program. Examples include
functional 2D and 3D dynamic colloidal structures built from elementary functionalized sub-units that
are transported into place and then assembled by self-propelled autonomous agents, such as swimming
bacteria or synthetic swimmers, that are controlled by electric or magnetic fields.

Nanostructured Biocomposite Materials for Energy Transduction

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Firestone, Milli

Sr. Investigator(s): Lee, Sungwon, ARGONNE NATIONAL LABORATORY
Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $650,000

The objective of this project is the design, synthesis, and characterization of nanostructured
biocomposite materials that exploit the native capabilities of biological molecules to store and transduce
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energy. A major research thrust in this work is the development of biologically-inspired synthetic soft
materials that stabilize, organize, and regulate the activity of a wide variety of proteins. The work
encompasses the design and synthesis of small organic molecules (e.g., amphiphiles, monomers) that
constitute the fundamental building blocks used to fabricate these materials. The molecules are
tailorable permitting re-programming their spontaneous organization into a variety of nanostructures.
Chemical moieties are also added to allow for capture of the self-assembled architectures in a durable
form by polymerization and/or crosslinking, rendering the materials environmentally stable and
mechanically durable.

A second thrust of the program is centered on synthetic modification of the soft materials to allow for
successful biotic-abiotic functional integration. The seamless integration of functional interfaces for
connecting protein input and output (e.g., light-generated electron flow) to enable connection of the
nanoscopically organized biomolecules to the macroscopic world is an important requirement if the
resultant composites are to find application in energy-related technologies. Photonic connections will be
achieved by co-integration of natural and artificial light-harvesting units, while electronic connections
are achieved by formation of nanoparticle-polymer composites or by inclusion of a polymerizable p-
conjugated moiety.

Bio-Inspired Programmable Assembly

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Gang, Oleg

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $345,000

The main focus of this effort is the development of novel bio-inspired approaches for the creation of
well defined nanoscale architectures, from clusters to 3D structures, that incorporate inorganic nano-
objects and biological molecules into a hybrid system. Our methodology toward this goal utilizes a
strategy of bio-programmable assembly, in which the high degree of selectivity and addressability of
biomolecules such as nucleic acids, peptides and proteins is used to guide interactions of encoded nano-
objects, thus, leading to structure formation.

PROGRESS

The first demonstration of designed self-assembled multicomponent system with tunable lattices. We
showed the first successful assembly of 3D multicomponent nanoscale superlattices with incorporated
particles and fluorescent ghost molecules and showed that assembled structures can be dynamically
tuned. The combination of synchrotron based structural methods and time-resolved optical imaging
techniques allowed for determination of the relationship between the structure and fluorescent
properties of 3D arrays. Our study tackles important questions about the self-assembly of systems from
components of multiple types.

Assemblies containing particles of different types and sizes. We initiated studies of systems containing
particles of different sizes and different DNA shells to probe how a balance between geometrical factors,
entropy and interactions affects a phase formation. This allows addressing a question about influence of
particle “softness” on a phase diagram of binary mixtures. We also started a study on the assembly of
binary systems comprised of particles with different inorganic cores, including gold particles with sizes
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ranges between 5 to 50 nm with thiol-bounded DNA, and particles of silver, iron oxide, or cadmium
selenide functionalized with complementary DNA strands. We developed a general strategy for DNA
functionalization of different type particles. Our preliminary results indicate that these particles can bind
tens of DNA strands using the developed functionalization method. SAXS and electron microscopy were
applied for the preliminary characterization of a phase behavior of assembled systems.

Anisotropic nano-objects: interactions and assembly behavior. We have started investigating a
relationship between geometrical factors of nano-objects and molecular effects, such as chain entropy,
chain-chain interactions and directional binding, on the formation of 3D phases. We have developed
methods of fabrication of nanoscale objects with rod- and cube- like shapes in the size regime from 10
nm to 65 nm for palladium, gold, gold/silver (core/shell) particles. Our experiments reveal a remarkably
unique behavior for rods interacting via DNA: 1D structures can emerge via spontaneous symmetry
breaking of underlying interactions. We observed a self-assembly of rods in a quasi-1D ladder-like
ribbons with a side-by-side arrangement, as well as in structures with alternating rods and spheres. We
also studied the phase behavior of cubes connected with DNA linker and organic linkers. The observed
diversity of 3d structures, including simple cubic, fcc, and bcc with different relative cube orientation.
The phase transformation in cubes assemblies induced by cube to sphere shape-shifts was
experimentally observed for the first time and in accord with theoretical predictions.

Soft Matter and Biomaterials

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Ocko, Ben

Sr. Investigator(s): Checco, Antonio, BROOKHAVEN NATIONAL LABORATORY
Fukuto, Masa, BROOKHAVEN NATIONAL LABORATORY

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $930,000

The primary goal of the program is to understand the effects of nanoscale confinement and the role of
self-assembly in soft and biomolecular materials through the use of patterned templates and well-
defined interfaces. We use synchrotron x-ray scattering, scanning probe and optical microscopy
techniques to study fundamental properties of complex fluids, simple liquids, macromolecular
assemblies, liquid crystals, polymers, and biomolecular materials. Key progress in FY 2011 include the
following:

(1) Grazing incident angle scattering studies of TMVY virus monolayers on a mixed lipid surface revealed
two new forms of 2D crystals of TYMV, one consisting of a square array with a double-square
rectangular unit cell and the other a centered-rectangular crystal. Comparison with the particle’s shape
and surface patchiness, deduced from the known atomic coordinates of the virus, indicate that these
structures are stabilized by both hydrophobic patch-patch attractions and interparticle contacts that
exhibit electrostatic and shape complementarity.

(2) X-ray reflectivity measurements have been carried out to determine the structure at the solid/liquid
(s/1) interface between a bulk alcohol (octadecanol: C180H) and sapphire, (0001), a solid support. Over a
range of temperature (about 30 °C) above the freezing point of the alcohol an extremely well defined
monolayer is stable at the solid interface, with surface-normal, rather than surface-parallel, molecules.
This reversible formation of an interfacial monolayer is reminiscent of surface freezing at the solid/vapor
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(s/v) interface where the much larger temperature range for the solid interface is consistent with the
much stronger surface interaction.

(3) The liquid/liquid interface between aqueous solutions containing mM quantities of Cetyl
trimethylammonium bromide (CTAB), a cationic surfactants, and n-alkanes has been investigated. At
high temperatures, the surfactants form a thin liquid-like monolayer at the bulk alkane/water interface.
Upon cooling, this layer undergoes a freezing transition well above the bulk freezing temperature of the
alkanes, surfactant and water, forming a solid monolayer of densely-packed, extended, surface-normal-
aligned molecules where the alkane and CTAB chains are interdigitated. This surface frozen state
represents the first example of surface freezing at a liquid/liquid interface.

(4) The trapping of air at the interface between water and a hydrophobic silicon surface decorated with
hexagonal arrays of ~20 nm-sized parabolic cavities prepared using diblock-copolymer lithography has
been investigated. We have found that air nanobubbles form inside the cavities where the bubble’s
shape depends on the geometry and hydrophobicity of the cavity wall. These results improve our
understanding of nanobubble formation and may guide the design of novel superhydrophobic
nanostructured surfaces.

Biomolecular Materials Program

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Alper, Mark

Sr. Investigator(s): Alivisatos, Paul, LAWRENCE BERKELEY NATIONAL LAB
Bertozzi, Carolyn, LAWRENCE BERKELEY NATIONAL LAB
Francis, Matthew, LAWRENCE BERKELEY NATIONAL LAB
Geissler, Phillip, LAWRENCE BERKELEY NATIONAL LAB
Groves, Jay, LAWRENCE BERKELEY NATIONAL LAB

Students: 4 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)

Funding: $850,000

Our underlying premise is that organisms evolved molecules, structures, processes, and approaches to
achieve functions that can be used or mimicked to form materials, devices, and concepts for application
in nonliving environments. This differs from Biomaterials work which seeks to develop solutions-
implants, artificial organs, drug delivery systems--to biomedical problems afflicting humans. The
program focuses on (1) the design and synthesis of proteins, dendrimers, DNA oligomers and biological
structures such as viral capsids for spatial patterning of organic and inorganic functional assemblies and
(2) studies of living/nonliving interfaces to develop materials with biological or similar materials serving
as coatings for non-living materials (and the converse), as well as for the development of hybrid
materials and devices that exploit the specific advantages of both living and nonliving materials. The
focus here is on lipid, carbohydrate and protein structures, including lipid bilayer membranes. Theory
work supports the experimental research in these areas. The program has completed another successful
year, with 12 publications, including one in Science, three in Nano Letters, four in JACS. The project is
being terminated at the end of 2012, and the focus will then be on completing work that has begun and
writing up the results for publication.
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Directed Organization of Functional Materials at Inorganic-Macromolecular Interfaces

Institution: LAWRENCE LIVERMORE NATIONAL LAB
Point of Contact: Mailhiot, Christian
Email: mailhiotl@lInl.gov

Principal Investigator: Van Buuren, Tony
Sr. Investigator(s): De Yoreo, Jim, LAWRENCE BERKELEY NATIONAL LAB
Noy, Alex, CALIFORNIA, UNIVERSITY OF MERCED
Gilmer, George, LAWRENCE LIVERMORE NATIONAL LAB
Francis, Matt, LAWRENCE BERKELEY NATIONAL LAB
Students: 0 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $900,000

The purpose of this project is to develop a quantitative physical picture of macromolecular organization
and its relationship to function and to use macromolecular organization to derive new functionality. The
research is divided into three subtasks: (1) the fabrication of bio-nanoelectronic devices based on lipid-
protein layers assembled on “1D” nanowires, (2) the creation of artificial light harvesting complexes
using virus-DNA origami arrays on 2D chemical templates, and (3) the determination of the mechanistic
controls on formation of extended 2D macromolecular structures in which conformational
transformations are an inherent feature of assembly and multiple order parameters evolve on distinct
timescales, using two self-organizing systems — S-layer tetramers and collagen triple helices. Through
these subtasks, we will utilize in situ characterization tools and simulations to develop an understanding
of assembly pathways and dynamics, and relate organization to function. Our goals are to:

¢ Determine the role of interface structure on organization dynamics

e Explore the impact of cooperativity arising from adsorbate-adsorbate and adsorbate-substrate
interactions

e Quantify the interfacial energies and kinetic barriers that drive organization

e Determine the effect of competing timescales for condensation, ordering and conformational
transformations on assembly pathways and dynamics

e Use organization to derive new functionality and explore the correlation between these two
phenomena

The proposed research directly addresses one of the five Grand Challanges identified in the BES report,
“Directing Matter and Energy: Five Challenges for Science and the Imagination” in that it seeks to
“...master energy and information on the nanoscale to create new technologies with capabilities rivaling
those of living things.”
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Cooperative Phenomena

Institution: LOS ALAMOS NATIONAL LABORATORY
Point of Contact: Sarrao, John
Email: sarrao@Ianl.gov

Principal Investigator: Dattelbaum, Andrew

Sr. Investigator(s): Gupta, Gautam, LOS ALAMOS NATIONAL LABORATORY
Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $80,000

The goal of this project, which is part of a larger project at Sandia National Laboratories, is to establish
the key scientific principles needed to design and fabricate molecular nanocomposite materials that
integrate functional molecular and/or biomolecular components with rigid nanostructured inorganic
architectures. To this end, our studies have previously been aimed at understanding the mechanisms of
templated composite material formation, the development of methods to create patterned thin films
with nanoporous architectures, and the creation of new material functionalities by incorporating active
molecular and/or biomolecular components into patterned and templated oxide materials.

Our current efforts are focused on understanding interfacial issues between encapsulated
nanomaterials and the surrounding matrix. This understanding will provide the fundamental knowledge
needed to control the properties of encapsulated nanomaterials. Such studies will lead to new
techniques for the characterization and preparation of functional composite materials with potential
applications in molecular and biomolecular sensing, as well as next generation photovoltaic materials.

Molecularly Engineered Biomimetric Nanoassemblies

Institution: LOS ALAMOS NATIONAL LABORATORY
Point of Contact: Sarrao, John
Email: sarrao@lanl.gov

Principal Investigator: Martinez, Jennifer S.

Sr. Investigator(s): Shreve, Andrew P., LOS ALAMOS NATIONAL LABORATORY
Wang, Hsing-Lin, LOS ALAMOS NATIONAL LABORATORY
lyer, Srinivas, LOS ALAMOS NATIONAL LABORATORY
Rocha, Reginaldo, LOS ALAMOS NATIONAL LABORATORY
Brozik, James, WASHINGTON STATE UNIVERSITY
Sasaki, Darryl, SANDIA NATIONAL LABS/ALBUQUERQUE
Parikh, Atul N., CALIFORNIA, UNIVERSITY OF DAVIS
Sinha, Sunil K., CALIFORNIA, UNIVERSITY OF SAN DIEGO

Students: 2 Postdoctoral Fellow(s), 6 Graduate(s), 1 Undergraduate(s)

Funding: $730,000

The program aims to develop self-assembly and biologically-assisted assembly methods for the control
of functional responses in complex, multi-component materials. The overall motivation is derived from
an examination of natural systems that demonstrate exquisite manipulation and transduction of optical
energy. We are interested in developing assemblies of nanomaterials that mimic two particular
functions of natural systems: (1) photo-induced charge separation and (2) control of light-harvesting (or
manipulation of electromagnetic fields). An important aspect of natural systems is their hierarchical
organization, which allows for control and manipulation of energy across multiple length scales in a
spatially directed manner. In many cases, this hierarchical organization is associated with complex
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membrane assemblies. Thus, we also explore the integration of functional synthetic nanomaterials with
complex membrane-based architectures in order to generate materials with energy-relevant functions
that demonstrate larger-scale organization similar to that found in natural systems. Functionally active
synthetic materials under study include conjugated polymers and polyelectrolytes, carbon-based
nanomaterials, and luminescent noble-metal nanoclusters. Approaches used include a combination of
material synthesis and fabrication, static and time-resolved spectroscopies, optical and scanning probe
microscopies, structural characterization, and modeling and analysis.

Active Assembly of Dynamic and Adaptable Materials

Institution: SANDIA NATIONAL LABS/ALBUQUERQUE
Point of Contact: Simmons, Jerry
Email: jsimmon@sandia.gov

Principal Investigator: Bunker, Bruce

Sr. Investigator(s): Bachand, George, SANDIA NATIONAL LABS/ALBUQUERQUE
Spoerke, Erik, SANDIA NATIONAL LABS/ALBUQUERQUE
Stevens, Mark, SANDIA NATIONAL LABS/ALBUQUERQUE
McElhanon, James, SANDIA NATIONAL LABS/ALBUQUERQUE
Liu, Haiging, SANDIA NATIONAL LABS/ALBUQUERQUE
Sasaki, Darryl, SANDIA NATIONAL LABS/LIVERMORE

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)

Funding: $1,290,000

The objective of this project is to exploit key strategies used by living systems to develop materials
whose transport, reconfiguration, and disassembly can be programmed or “self-directed” in controlled
environments. Our long-term goal is to learn how to develop robust, energy consuming “nano-robots”
that can duplicate many of the complex emergent behaviors of living systems within artificial
nanocomposites. Program components include Active Protein Assemblies, in which we are deploying
cellular proteins in artificial environments. Key proteins include tubulin, which can be programmed to
reversibly polymerize hollow cytoskeletal fibers called microtubules, and the motor protein kinesin,
which transports “nanocargo” by “walking” along microtubule networks. Program components also
include Artificial Microtubules, in which we are developing artificial monomers that incorporate key
design features of tubulin to create simple and robust programmable nanofibers.

Highlights in the Active Protein Assemblies task include the following:

e Motor Proteins — We are now exploring dynein motors that walk along microtubules in the opposite
polar direction than kinesin motors to facilitate “two-way” traffic in transportation systems.

e Microtubules — Microtubules are known to grow by adding or subtracting tubulin dimers from the
ends of the growing tube. We now have experimental evidence that very long microtubules can be
produced via the fusion and annealing of existing microtubule segments, which represents a new
mechanism for microtubule formation.

Highlights on the Artificial Microtubule task include the following:

e Dendrimers — We have produced dendrimeric “monomers” that can be thermally programmed to
polymerize and depolymerize much like natural microtubules based on reversible Diels-Alder
reactions.
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Theory/Modeling — We have developed molecular dynamics simulations to understand the basics of
microtubule assembly. Simulations show that microtubules only form for monomers that have the
proper shape, as well as the strength, distribution, and local symmetry of binding sites.

Peptides — We are experimentally testing the design rules derived from the Modeling task using
branched polypeptide “monomers.” By varying peptide sequences, we have systematically varied
the locations of acid-base, hydrogen bonding, and hydrophobic/hydrophilic sites. Assembly
experiments with the monomers have identified specific distributions that lead to fiber formation.

Proposed future work includes the following:

Active Protein Assemblies — We plan to investigate two demonstrations illustrating the use of active
proteins. We have created an “on-chip” switch-yard and transportation system in which electric
fields and motor proteins will be used to route cargo through a maze of interconnected
microchannels. We will integrate our polar artificial microtubule organizing centers with
microtubules, kinesin, and dynein to create programmable arrays of quantum dot “dyes” in analogy
to the color changing system of the chameleon.

Artificial Microtubules — (a) Dendrimers — Currently, our dendrimers only function in organic
solvents, so we plan to functionalize the dendrites so that their solubility and programmability can
be extended into aqueous environments. (b) Peptides — While current constructs form nanofibers,
their behavior is not programmable. Here we plan to incorporate switchable molecules that have
been developed in a sister BES-funded program (Molecular Nanocomposites) into the polypeptides
to program polymerization using heat, light, or electric fields.

Molecular Nanocomposites

Institution: SANDIA NATIONAL LABS/ALBUQUERQUE
Point of Contact: Simmons, Jerry
Email: jsimmon@sandia.gov

Principal Investigator: Voigt, Jim
Sr. Investigator(s): Bunker, Bruce, SANDIA NATIONAL LABS/ALBUQUERQUE

Huber, Dale, SANDIA NATIONAL LABS/ALBUQUERQUE
Sasaki, Darryl, SANDIA NATIONAL LABS/LIVERMORE
Stevens, Mark, SANDIA NATIONAL LABS/ALBUQUERQUE
Wheeler, Dave, SANDIA NATIONAL LABS/ALBUQUERQUE
Brinker, Jeff, SANDIA NATIONAL LABS/ALBUQUERQUE
Shelnutt, John, SANDIA NATIONAL LABS/ALBUQUERQUE
Fan, Hongyou, SANDIA NATIONAL LABS/LIVERMORE

Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 2 Undergraduate(s)
Funding: $1,495,000

The Molecular Nanocomposites project explores the assembly and unique emergent properties of
nanocomposite materials created using solution-based processing methods. The project develops
fundamental understanding of the principles that govern the formation and function of novel
nanocomposite materials. Scientific issues include (1) the synthesis of complex building blocks, (2) self-
and directed assembly, (3) dynamic reconfigurable materials assemblies, (4) interfacial phenomena in
organic-inorganic nanomaterials, and (5) properties of nano- to microscale materials assemblies (e.g.,
transport, electronic and optical behavior, interfacial chemistry, etc.). The project comprises two
subtasks: (1) Adaptive & Reconfigurable Nanocomposites, which explores the basic science associated
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with the use of energy consuming, switchable, and/or responsive components to create programmable
and/or reconfigurable nanocomposites, and (2) Complex Nanocomposites, whose goal is the discovery
and understanding of new chemical synthesis and assembly methodologies to construct and integrate
complex porous and composite materials exhibiting structure and function on multiple length scales.

Recent highlights of the Adaptive and Reconfigurable Nanocomposites sub-task include the following:

(1) Programmable Molecules — New classes of surfactants have been developed with head groups
whose interactions can be switched using a thermally activated phase transition.

(2) Programmable Assemblies — The thermally programmable surfactant has been inserted into lipid
bilayers. Head group switching has been shown to reversibly program the formation of lipid nanotubes
from vesicles and the switching of the architectures formed between gold nanorods.

(3) Magnetic Nanoparticles — New methods have been developed to synthesize monodisperse
magnetite nanoparticles for magnetically programmable nanocomposites.

(4) Theory/Modeling — Models have been developed to probe the mechanisms of the thermally-
activated transition in polymer head groups based on the competition between hydrogen bonding and
entropy.

Progress in the Complex Nanocomposites sub-task has advanced the field of molecular nanocomposites
in four substantive directions:

(1) Electrostatically Mediated Self-assembly — The first single crystal X-ray structural determination has
been made for nanosheets formed by assembly of oppositely charged porphyrin building blocks
(cooperative binary ionic, CBI, solids). Hydrogen generation has been demonstrated using hierarchical
hybrids consisting of catalytic nanoparticles grown on light-harvesting CBI substructures.

(2) Cooperative Self-assembly (CSA) — Well-defined porphyrin nanostructures within amphiphilic block
co-polymer micelles were prepared through the CSA of active and amphiphilic molecular building blocks.
The self-assembly process was used direct or confine nucleation and growth, allowing fine-tuning of 1-
3D active nanomaterials with controlled external morphology and hierarchical function.

(3) Pressure-directed assembly (PDA) — We showed for the first time that application and release of a
hydrostatic and/or uniaxial pressure field causes the unit cell of a 3D nanoparticle array to shrink or
expand, allowing precise tuning of interparticle symmetry and spacing, ideal for the controlled
investigation of distance-dependent energy interactions and collective chemical and physical properties.

(4) Protocellular Architectures - Architectures composed of fluid, dynamically reconfigurable
phospholipid bilayers supported on self-assembled nanoporous silica particles have been developed as
platforms in which to recapitulate the compartmentalized chemistry and function of living cells. By
incorporation of enzymes and molecular machinery within the ‘protocells’ and selective ion channels
and light harvesting complexes within the supported lipid bilayers, we expect to develop new classes of
protocells that perform rudimentary, self-sustaining life-like functions.

Future work in the Adaptive and Reconfigurable Nanocomposites sub-task will include the following:

(1) Programmable Molecules — Surfactants are being prepared that can be switched by light and
electrochemical voltages, with tails that are adapted for insertion into lipids and polymersomes.
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(2) Programmable Assemblies — Work will focus on understanding the mechanisms by which
programmable molecules induce the reversible formation of domains and 3D structures such as
nanotubes.

(3) Magnetic Nanoparticles — Switchable molecules will be introduced into nanoparticle surfaces to
explore what nanocomposite architectures can be achieved by coupling magnetic alignment with
programmable interparticle interactions.

In addition to continuing to extend our understanding of self-assembly, the Complex Nanocomposites
sub-task is adding a significant new direction through the addition of former SNL Truman Fellow, Bryan
Kaehr, to our team. Bryan, working with the Brinker group has developed Cell-Directed Assembly as a
general route to synthesize cell/silica composites (CSCs), wherein mammalian cells serve as templates to
direct their replication in silico. Inter- and intracellular structural heterogeneity and nano- to macro-
scale feature size is captured and preserved in CSCs following drying calcination and conversion to
conductive carbon replicas. The structural and behavioral malleability of the starting material (cultured
cells) provides enormous opportunities to develop robust and economical biocomposite materials with
programmed structures and functions.

Molecularly Engineered Biomimetric Nanoassemblies

Institution: SANDIA NATIONAL LABS/ALBUQUERQUE
Point of Contact: Simmons, Jerry
Email: jsimmon@sandia.gov

Principal Investigator: Sasaki, Darryl

Sr. Investigator(s):

Students: Postdoctoral Fellow(s), Graduate(s), 1 Undergraduate(s)
Funding: $70,000

The program aims to develop self-assembly and biologically-assisted assembly methods for the control
of functional responses in complex, multi-component materials. The overall motivation is derived from
an examination of natural systems that demonstrate exquisite manipulation and transduction of optical
energy. We are interested in developing assemblies of nanomaterials that mimic two particular
functions of natural systems, photo-induced charge separation and control of light-harvesting (or
manipulation of electromagnetic fields). An important aspect of natural systems is their hierarchical
organization, which allows for control and manipulation of energy across multiple length scales in a
spatially directed manner. In many cases, this hierarchical organization is associated with complex
membrane assemblies. Thus, we also explore the integration of functional synthetic nanomaterials with
complex membrane-based architectures in order to generate materials with energy-relevant functions
that demonstrate larger-scale organization similar to that found in natural systems. Functionally active
synthetic materials under study include conjugated polymers and polyelectrolytes, carbon-based
nanomaterials, and luminescent noble-metal nanoclusters. Approaches used include a combination of
material synthesis and fabrication, static and time-resolved spectroscopies, optical and scanning probe
microscopies, structural characterization, and modeling and analysis.

Sandia has a small part of the overall project, which is led out of LANL. At Sandia, over the past year we
have been studying the organization of molecular assemblies in supported lipid membranes and the
interfacial interaction of conjugated polymers with those assemblies. Optimized membrane
compositions and solution conditions enabled us to prepare domains enriched in negative charge
providing site selective adsorption of positively charged conjugated polymers. Further, through a CINT
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project we are developing patterned lipid-tethered surfaces using e-beam lithography to induce the
directed formation of membrane domains. Our future research will concentrate on combining these two
efforts to generate patterned assemblies of conjugated polymers and fullerenes.

Protein Biotemplates for Self-Assembly of Nanostructures from Clathrin Materials

Institution: SLAC NATIONAL ACCELERATOR LABORATORY
Point of Contact: Devereaux, Thomas
Email: tpd@stanford.edu

Principal Investigator: Heilshorn, Sarah
Sr. Investigator(s): Doniach, Sebastian, STANFORD UNIVERSITY
Melosh, Nicholas, STANFORD UNIVERSITY
Spakowitz, Andrew, STANFORD UNIVERSITY
Students: 2 Postdoctoral Fellow(s), 7 Graduate(s), 0 Undergraduate(s)
Funding: $681,000

The focus of this program is to identify self-assembly mechanisms and building-block properties for
deterministic formation of complex three-dimensional organic/inorganic constructs. By appropriate
selection of architecture, materials, and morphology, these materials will lead to fundamentally new
designs for bio-inorganic devices for energy storage, catalysis, solar cells, and fuel cells. The team
integrates a wide range of experimental and theoretical approaches to assemble, characterize, and
model the dynamic assembly of complex biopolymer architectures. While previous studies of
biotemplates have focused on the biochemical aspects of assembly at physiological conditions, our team
is focused on the wide diversity of assemblies that can be made under varying conditions by applying
insight into fundamental physical mechanisms. Our integrated approach offers a new range of
perspectives to address biopolymer assembly. Our recent collaborative effort has focused on
experimental and theoretical phase diagram predictions for the self-assembly of clathrin protein and the
non-covalent, site-specific functionalization of these protein assemblies to template the synthesis of
inorganic nanoparticles.

Electron and Scanning Probe Microscopies

Institutions Receiving Grants

Development and Application of In Situ Nanocharacterization to Photocatalytic Materials for Solar Fuel

Generation

Institution: ARIZONA STATE UNIVERSITY
Point of Contact: Crozier, Peter

Email: jcrozier@asu.edu

Principal Investigator: Crozier, Peter

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $145,000

The goal of this project is to determine the active atomic-level structure of photocatalytic nanomaterials
under near reaction conditions especially as it relates to solar fuel generation. The Pl proposes to modify
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an in situ environmental transmission electron microscope to allow light irradiation of photocatalysts in
the presence of reactive gases. Specifically the Pl will:

e Develop in situ instrumentation to permit atomic level observation of catalytically active
nanomaterials in the presence of reactive gases and heat under photon irradiation of variable
wavelength and intensity.

¢ Determine the phase transformations that take place in titania-based nanomaterials during in situ
photon irradiation at different wavelengths and intensities under gas conditions relevant to
photocatalytic conversion.

¢ Use monochromated electron energy-loss spectroscopy to investigate the changes in electronic
structure of titania-based photocatalysts during in situ photon irradiation at different wavelengths
and intensities.

This proposal addresses a research topic of significant interest to DOE. The proposed project provides a
new approach for characterizing active photocatalysts for solar fuel production.

Nanoscale Imaging of Electrostatic and Magnetic Fields

Institution: ARIZONA STATE UNIVERSITY
Point of Contact: McCartney, Martha
Email: martha.McCartney@asu.edu

Principal Investigator: McCartney, Martha

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $140,000

Nanoscale electromagnetic fields are essential for the function and operation of many nanostructured
objects and devices. Important examples include elemental and compound semiconductor p-n junctions
and non-volatile magnetic storage media. Theory and modeling can be used to estimate field strengths
but direct measurements are preferable for smaller dimensions, especially to understand and control
the effects of local inhomogeneities and two-dimensional dopant diffusion on macroscopic properties.
Our research program focuses on the observation and qualification of electrostatic potential
distributions in and around complex heterojunctions, and the micromagnetic structure of ferromagnetic
thin films and small particles. The primary characterization method is the technique of off-axis electron
holography, which provides access to the change in phase of the electron wave after it has passed
through the specimen region of interest. These phase changes can be directly related to the
electromagnetic fields of the object. Coupled with recent developments in digital recording and data
processing, electron holography can be used to extract quantitative details about electromagnetic fields
at the nanoscale, which can then lead to a better theoretical understanding of their effects.
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Quantitative Electron Nanodiffraction

Institution: ARIZONA STATE UNIVERSITY
Point of Contact: Spence, John
Email: spence@asu.edu

Principal Investigator: Spence, John

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

Artificial oxide heterostructures show great promise as a new generation of electronic materials, in
which novel electronic properties, such as high mobility, magnetism, and quantum 2D devices may be
engineered in a controlled manner using layer-by-layer growth. Over the past year, we have succeeded
in obtaining electron energy loss spectra from individual atomic columns across the interfaces in a
LaSrMnO Ruddleson-Popper manganite digital superlattice, together with atomic-resolution HAADF
STEM images. The material was grown by our collaborators in the Bhattacharya group at ANL. This EELS
data, in the near-edge fine structure, shows local changes in coordination, valence and chemistry at the
interface, possibly due to tilting of oxygen octahedra. A pre-edge feature, which occurs only between
double layers of La-0, is mapped out in real-space at atomic resolution for the first time. The Mn valence
is found to be modulated within the superlattice. Electron diffraction patterns were also analyzed as a
function of temperature, where superlattice reflections show the perfection of the superlattice, and a
structural phase transition at around 100 K correlates with bulk magnetization measurements. We are
particularly interested in the possibility of a 2D magnetic transition at the interface (indicated in bulk
magnetization measurements), which would cause localized astigmatism in atomic-resolution phase-
contrast images. An analysis of this effect, and of the effect of changes in the layer-by-layer stacking
sequence on forbidden reflections in oxide superlattices has also been presented. Work continues to
understand the detailed atomic nature of this low-temperature interfacial phase transition using the
very powerful combination of electron diffraction, imaging and energy-loss spectroscopy.

In addition, we have embarked on a study of the occupancy sites of Cu dopants in the new topological
insulator material Bi;Tes.

This work is in collaboration with the Z.X. Shen group at Stanford Applied Physics. Samples have been
obtained and prepared for TEM, which, for these layer structures, is extremely difficult. They show
remarkable persistent spin currents on all faces, which do not require atomic cleanliness, and which may
be useful as Qbits for quantum computing.

Structural Studies of Amorphous Materials by Fluctuation Electron Microscopy

Institution: ARIZONA STATE UNIVERSITY
Point of Contact: Treacy, Michael
Email: treacy@asu.edu

Principal Investigator: Treacy, Michael

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 2 Undergraduate(s)
Funding: $215,000

Fluctuation electron microscopy (FEM) is a relatively new transmission electron microscopy technique
for studying medium-range order (MRO) in amorphous materials. Medium-range order, at length scales
from 0.5 — 2.0 nm, is hard to quantify by diffraction alone, or by direct imaging in the TEM, because of
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the averaging that is inherent in the signals. The pair distribution function (PDF) obtained by diffraction
is sensitive to short-range order, out to ~1.0 nm. High-resolution imaging in amorphous materials is
inherently limited by the projection through the sample thickness, which is usually greater than 10 nm in
self-supporting films. FEM gains its sensitivity to MRO by using a hybrid of both diffraction and imaging.
Essentially, FEM examines the spatial variations (fluctuations) in diffracted intensity between small
volumes in the sample (essentially 0.5 — 2.0-nm-wide columns). The statistical variance of the scattering
is strongly dependent on the higher order, 4-body, pair-pair distribution function of atoms in the
sample. Diffraction alone is dependent on 2-body correlations, which become averaged away beyond
about 1 nm in amorphous materials. (In crystals the PDF range can extend much further.) It is this
sensitivity to higher-order correlations that gives the FEM variance the ability to detect the subtle
presence of medium-range order in the sample, despite all the averaging. However, so far it has not
been possible to invert FEM data to obtain the 4-body function directly. This lack of quantitative
methodology makes FEM data interpretation a matter of hit-or-miss model building and FEM simulation.
With skill and patience, this can be done. However, for FEM to become a mainstream tool, this needs to
be remedied.

The objectives of this proposal are to make FEM a more quantitative method and to apply it to a
number of technologically interesting amorphous materials.

The primary goals of the proposal are two-fold:

(1) Develop the quantitative aspects of the FEM technique. This will involve exploring new experimental
methods using the new aberration-corrected electron microscopes at ASU, as well as developing
advanced experimentally constrained molecular relaxation computational methods (ECMR) for data
analysis.

(2) Apply the FEM method to interesting and technologically important families of amorphous materials.
These include amorphous zircons (ZrSiO4) and related framework oxides for potential nuclear waste
storage, and negative thermal expansion tungsten bronzes (ZrW,0s). This will yield new knowledge
about the structures of these important complex oxide materials, and will help to focus the efforts of
goal 1 onto real-world problems.

An important outcome of this project will be a new quantitative analytical tool for exploring medium-
range ordering in amorphous materials, which will provide a much-needed complement to the PDF
technique obtained by diffraction for short-range ordering.

Materials Properties at Interfaces in Nanostructured Materials: Fundamental Atomic Scale Issues

Institution: CALIFORNIA, UNIVERSITY OF DAVIS
Point of Contact: Browning, Nigel
Email: nbrowning@ucdavis.edu

Principal Investigator: Browning, Nigel

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $160,000

The aim of this research program is to develop a robust method to quantify the atomic scale changes in
structure, composition and bonding that occur at grain boundaries. Although scanning transmission
electron microscopy has long had the ability to deliver atomic resolution Z-contrast images,
interpretation of the image contrast and subsequently the properties of the material being studied, has
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primarily been on an image by image basis — in some cases extrapolating a single image to represent the
properties of all grain boundaries in a materials system. However, to truly quantify the properties of
grain boundaries, any atomic scale study must give statistical relevance to the analysis. For example,
how many grain boundaries, dislocation cores, point defects were analyzed to produce the quoted
result? How were the grain boundaries produced and what beam conditions were used to make sure
the boundary was stable during the analysis? In addition to an increase in spatial resolution, the advent
of aberration correctors has provided a stability and robustness of experimental approach that means
the experiment can be precisely defined and the statistical variations across many images can be
correlated and quantified. This research will use these features of aberration correction to build on the
statistical crystallography methods developed for structural biology and applied previously in materials
science to study doping changes in bulk materials. This research program will significantly extend the
previous analysis by applying the methods to grain boundaries, i.e., extended defects where the
symmetry changes. Experiments will be performed on state-of-the-art aberration corrected microscopes
at UC-Davis and Lawrence Livermore National Laboratory and feature a set of unique in-situ stages that
will allow the chemistry of the grain boundaries to be modified inside of the microscope. Research will
focus specifically on [001] tilt grain boundaries in SrTiO; to act as a prototype system for perovskite
materials being developed as superconductors, ferroelectrics, and ionic conductors. These grain
boundaries will be fabricated through a collaboration with the University of Tokyo and feature both
pristine and doped grain boundary cores. Through such a detailed systematic analysis of grain
boundaries the most important compositional and structural effects controlling properties can be
ascertained, and the mechanism by which grain boundary properties can be manipulated on the atomic
scale will be determined.

New In Situ Analytical Electron Microscopy for Understanding Structure Evolution and Composition

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Meng, Shirley
Email: shirleymeng@ucsd.edu

Principal Investigator: Meng, Shirley

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $158,000

Materials for electrochemical energy storage, in particular those used in a rechargeable way, are
inherently complex. Novel oxides and multifunctional nanostructures of oxides are at the heart of
electrochemical energy storage technologies. Advances in understanding and controlling the dynamic
behaviors in these complex oxides, particularly at the interfaces, during electrochemical processes will
catalyze creative design concepts for new materials with enhanced and better-understood properties.
We have developed the novel in-situ analytical transmission electron microscopy (ATEM) for
understanding the chemistry and structure evolution of the electrode/electrolyte bulk and interfaces
during electrochemical process of all solid state batteries. Several major challenges have been tackled to
realize our proposed idea. We have used pulsed laser deposition technique to fabricate multi-layer
oxides batteries. We have set up an in situ TEM apparatus that enables vacuum transfer (controlled
atmosphere), temperature control and electric bias. The model system of spinel materials, whose
delithiation process during the charging of the lithium ion battery proceeds as a two-phase reaction, will
be studied. We will be able to obtain the time resolution and special resolution that are highly relevant
to the lithium ion batteries, to answer the scientific questions, such as how the two-phase boundary
move in the oxide when lithium is being removed, which have not been possible to explore with
conventional TEM. New materials systems that have complex composite structures will be explored
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using the newly developed tool. The capability developed in the proposed work will have broad and
significant impact on the in-situ characterization of electrochemical active materials in batteries, fuel
cells, supercapacitors etc.

Phonons and Electrons in Thin Complex Oxides

Institution: CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Point of Contact: Stemmer, Susanne
Email: stemmer@mrl.ucsb.edu

Principal Investigator: Stemmer, Susanne

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $180,000

The objective of this program is to develop new approaches to understand and control phase
transformations in complex oxide thin films as their dimensions approach the nanoscale. The project
focuses on epitaxial oxides with the perovskite structure, exhibiting ferroelectric and metal-insulator
transitions, respectively. A major goal is to provide a fundamental understanding of how these
transitions are controlled by film strain, the atomic structure of interfaces and dimensionality.
Perovskite titanates will be developed with high structural perfection, high purity and low intrinsic
defect concentrations by new oxide molecular beam epitaxy approaches. The project builds on the
unique capabilities of scanning transmission electron microscopy techniques, in particular, quantitative
high-angle annular dark-field imaging and diffraction techniques, which will be further developed in this
program. The combination of macroscopic and microscopic techniques will provide a wealth of
information about transport, vibrational modes and defects in ultrathin films.

Hydrogen Generation Using Integrated Photovoltaic and Photoelectrochemical Cells

Institution: CALIFORNIA, UNIVERSITY OF SANTA CRUZ
Point of Contact: Zhang, JinZ
Email: zhang@chemistry.ucsc.edu

Principal Investigator: Zhang, Jin

Sr. Investigator(s): Zhao, Yiping, GEORGIA, UNIVERSITY OF

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 3 Undergraduate(s)
Funding: $150,000

In the past year, we have continued our efforts on developing novel nanostructures of metal oxides
(MOs) for solar hydrogen generation based on photoelectrochemical (PEC). Materials investigated are
focused on 1D MO nanostructures of TiO,, W03, ZnO, and Fe,0; in conjunction with quantum dot (QD)
sensitization and doping to alter their electronic band structures for both visible light absorption and for
facilitating interfacial charge transport. Specifically, we have synthesized various nanostructures of a-
Fe,03 nanostructures and characterized their PEC and charge carrier dynamics. Even though the charge
carrier lifetime is generally very short (major decay in < 1 ps), strong photocurrent has been observed
and correlated to the small amplitude, slow delay component of the charge carriers.

Another major discovery is that hydrogen treatment of MOs can effectively alter their bandgap
structures to improve PEC performance, including TiO,, ZnO, and WOs;. This is attributed to increased
electron donor density due to increased density of oxygen vacancies as a result of hydrogen treatment.
Preliminary dynamics studies have been carried out to directly probe the bandgap states for the first
time and the results are in preparation for publication. In addition, we explored the possibility of using
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metal nanoparticles as sensitizers for MOs and found that under the conditions studied, no sensitization
is possible, in contrast to studies reported by others previously. The reason for the different
observations is currently under investigation. Overall, we have made substantial progress in our
research on PEC hydrogen generation using nanocomposite structures, and further work is underway to
understand deeper the fundamental mechanisms underlying the interfacial charge transfer and
transport processes using ultrafast laser and other experimental techniques.

Experimental Vector Field Electron Tomography of Magnetic Objects

Institution: CARNEGIE MELLON UNIVERSITY
Point of Contact: De Graef, Marc
Email: mdg@andrew.cmu.edu

Principal Investigator: DeGraef, Marc

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $175,000

During FY 2011, we carried out research on the following topics: 2D frustrated magnetic systems, and 3D
magnetization state determination. In collaboration with the group of Dr. Amanda Petford-Long at the
Argonne National Laboratory, we worked out analytical expressions for the magnetostatic interaction
energy between thin islands of rectangular and stadium shape, and applied these energy expressions to
the modeling of the behavior of arrays of closely spaced island in a spin-ice lattice. We have modeled
(via a Monte Carlo approach) the behavior of a square spin-ice lattice as a function of the applied
magnetic field. Our observations of magnetic monopole-type behavior were published in PRB
(83:174431, 2011), and comparisons of MFM measurements with MC simulations are currently under
review (submitted to PRB).

In the area of vector field electron tomography (VFET), we have made progress in the implementation of
an iterative approach to the 3D reconstruction of the magnetic vector potential. Our earlier work
successfully reconstructed the vector potential based on filtered back-projection, but we believe that
iterative procedures will be able to improve both the spatial resolution and the accuracy of the
reconstructions. We have also commenced the analysis of the use of prior knowledge in VFET. We know,
a priori, that the magnetization can only be non-zero inside the sample; this knowledge provides a
constraint that we intend to incorporate in to the reconstruction algorithm. Furthermore, we are
exploring an approach to the Transport-of-Intensity Equation formalism that will allow us to directly
determine only the magnetic component of the electron phase shift, without the need to separate it
from the electrostatic component. (The Fourier spectra of these two components are quite different, so
having the ability to determine one without needing the other will presumably improve the spatial
resolution as well.)

Finally, we have started work, once again with our colleagues at ANL, on the analysis of “resolution” in
Lorentz microscopy. This is a poorly defined concept, since it appears to be tied to the sample as well as
the microscope, so we are taking a close look at the theory of Lorentz image formation in the context of
aberration correction. The goal is to create a clear definition of magnetic resolution in Lorentz
microscopy.
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Grain Boundary Complexions and Transitions in Doped Silicon

Institution: CLEMSON UNIVERSITY
Point of Contact: Luo, Jian
Email: JIANLUO@exchange.clemson.edu

Principal Investigator: Luo, Jian

Sr. Investigator(s): Qi, Minghao, PURDUE UNIVERSITY

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $95,000

This project systematically investigates the formation and stability of grain boundary phases (also called
“complexions”) and the associated interfacial phase transitions via combined experimental and
theoretical studies. This is important because grain boundary phase behaviors can result in abrupt
changes in transport, mechanical and physical properties. In the theoretical thrust, a thermodynamic
model is developed for coupled adsorption and disordering transitions at grain boundaries by combining
diffuse-interface and lattice-gas models and incorporating colloidal type interfacial forces. This model
produces a systematical spectrum of interfacial phenomena for grain boundaries, including first-order
and continuous coupled prewetting and premelting transitions, critical points, multilayer adsorption,
layering and roughening, and complete wetting and drying; and it produces a series of discrete grain
boundary phases. It is further demonstrated that the presence of dispersion and electrostatic forces in
ceramic materials can appreciably change the grain boundary phase behaviors. Further refinements of
the above phenomenological model lead to more realistic interfacial thermodynamic models that can be
used to explain recent experimental observations of Si-Au and TiO,-CuO-(SiO,) systems. In the
experimental thrust, a notable recent study (conducted in collaboration with Lehigh University, whose
efforts are also supported by the same DOE-BES program) revealed a grain-boundary “phase” transition
from a bilayer to an intrinsic (nominally clean) boundary in Si-Au. An atomically-abrupt transition
between the two complexions implies the occurrence of a first-order interfacial phase transition
associated with a discontinuity in the interfacial excess. This transition is unique in that the monolayer
complexion is absent, which can be well explained by the theoretical framework developed in this
project. In addition to the primary model system Si, grain boundary phase behaviors in several other
materials systems have also been investigated experimentally. Although doped Si is selected as a proof-
of-principle system, this model system is also technologically important because of the increasing usage
of solar-grade polycrystalline Si. More recent studies have been conducted to investigate the surface
phase behaviors of TiO, nanoparticles. This investigation is motivated by a critical need to establish a
surface-grain boundary analogy to fill a fundamental knowledge gap in high-temperature interfacial
thermodynamics, as well as the possibility to validate a potentially-transformative approach to improve
the properties of photocatalysts and photovoltaic materials using interfacial phases.
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Switching in Solid State Memories via Nucleation and Growth Mechanisms: Causes and Effects at the
Nanometer and Nanosecond Scale

Institution: CONNECTICUT, UNIVERSITY OF
Point of Contact: Huey, Bryan
Email: bhuey@ims.uconn.edu

Principal Investigator: Huey, Bryan

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $140,000

Solid-state data storage systems are becoming ubiquitous for applications ranging from mobile devices,
to laptop computers, to storage class media. However, substantial challenges exist for next-generation
materials in terms of scalability, switching speed, reliability, and energy consumption. To investigate the
fundamental mechanisms responsible for this behavior, High Speed Scanning Probe Microscopy
(HSSPM) is employed for nanoscale property measurements of ferroelectric and phase change memory
materials. Specifically, multiferroic films of BiFeO; are investigated to monitor the switching speed,
nucleation time and site density, and local growth velocities, particularly focused on how these
properties are influenced by microstructural constraints and/or defects. With GeSbTe phase change
films, optical and electrically induced switching sites are characterized again in order to elucidate the
switching mechanisms. Variable temperature studies are also underway. Based on these results, the
data storage materials as well as the switching protocols are being engineered for optimal performance
in terms of speed and energy consumption.

Transport and Imaging of Mesoscopic Phenomena in Single and Bilayer Graphene

Institution: HARVARD UNIVERSITY
Point of Contact: Yacoby, Amir
Email: yacoby@physics.harvard.edu

Principal Investigator: Yacoby, Amir

Sr. Investigator(s): Jarillo Herrero, Pablo, MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $400,000

During FY 2011 we have made good progress in three areas: (1) imaging of fractional quantum Hall
effect in graphene, (2) spectroscopy of ultra-high quality graphene devices on hexagonal boron nitride,
and (3) fabrication of high quality graphene superconducting devices, both on hBN substrates and
suspended. In area 1, we have been able to observe fractional quantum Hall effect in suspended
graphene with factions denominators as high as 9. We are presently extracting the energy gaps for each
of the fractions and exploring their spatial dependence. In area 2, we have investigated electronic
transport in dual-gated twisted bilayer graphene. Despite the sub-nanometer proximity between the
layers, we have identified independent contributions to the magnetoresistance from the graphene
Landau level spectrum of each layer. We have demonstrated that the filling factor of each layer can be
independently controlled via the dual gates, which we used to induce Landau level crossings between
the layers. By analyzing the gate dependence of the Landau level crossings, we characterized the finite
inter-layer screening and extracted the capacitance between the atomically-spaced layers. At zero filling
factor, we observed magnetic and displacement field dependent insulating states, which indicate the
presence of counter-propagating edge states with inter-layer coupling. This work was a result of a strong
collaboration between the two Pls, and it is under review. In area (3), we have developed a new method

MSE Summaries| I-57



to fabricate suspended superconducting graphene devices as well as on hBN substrates. This enables the
measurement of the graphene transport characteristics in the presence of superconducting correlations,
and more importantly, under conditions of reduced disorder. We are currently working on various
mechanisms for ballistic Cooper pair injection on graphene and studying the interplay between
superconducting phenomena (such as Josephson effect and Andreev reflection) and relativistic-like
electron dynamics.

Atom Chip Microscopy: A Novel Probe for Strongly Correlated Materials

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Lev, Benjamin
Email: benlev@illinois.edu

Principal Investigator: Lev, Benjamin

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $255,000

Improved measurements of strongly correlated systems will enable the predicative design of the next
generation of supermaterials. In this program, we are harnessing recent advances in the quantum
manipulation of ultracold atomic gases to expand our ability to probe these technologically important
materials in heretofore unexplored regions of temperature, resolution, and sensitivity parameter space.
We are working to demonstrate the use of atom chips to enable single-shot, large area detection of
magnetic flux at the 107-7 flux quantum level and below. By harnessing the extreme sensitivity of
atomic clocks and Bose-Einstein condensates (BECs) to external perturbations, the cryogenic atom chip
technology developed here will provide a magnetic flux detection capability that surpasses other
techniques—such as scanning SQUIDs—by a factor of 10-1000. We are testing the utility of this
technique by using rubidium BECs to image the magnetic fields emanating from charge transport and
magnetic domain percolation in strongly correlated materials as they undergo temperature-tuned
metal-to-insulator phase transitions.

Electron Nanocrystallography of Complex Materials and Processes

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Zuo, Jian-Min
Email: Jianzuo@uiuc.edu

Principal Investigator: Zuo, Jian Min

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $250,000

Electrons have large scattering cross sections, and electron beams can be focused using magnetic lenses.
However, to use the full potential of electron beams for quantitative structural determination at the
nanoscale, novel techniques must be developed to take advantage of coherent diffraction and newly
developed ultrafast electron diffraction (UED). The scope of the proposed research is thus to develop
quantitative and robust electron diffraction techniques for atomic structure determination of
nanostructures and study their structural dynamics. The expected outcomes from the proposed
research includes the determination of 3D structure of selected Au, CdS and diamond nanoparticles, the
determination of the symmetry and strain in nanometer-sized ferroelectric domains in relaxor
ferroelectrics, as well as the determination of domain switching dynamics.
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The study of nanoparticles will be focused on understanding the role of defects in nanoparticle
formation and how defects influence the surface structure of nanoparticles. The work is expected to
extend our knowledge of the surface structure nanocrystals without defects, which was developed
under the prior DOE support. The study in relaxor ferroelectrics is a new area for electron
nanodiffraction. The ability to correlate the symmetry and strain using diffraction information is
expected to improve our understanding of the structure of nanodomains and its impact on high electro-
mechanical activity in relaxor ferroelectrics. The knowledge will enable the discovery and control of
optimal domain structure for electrical and mechanical coupling and sensing.

Four-Dimensional Characterization of Dislocation-Defect Interactions in Aggressive Environments - A

New Approach

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Robertson, lan

Email: ianr@illinois.edu

Principal Investigator: Robertson, lan

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $149,000

Electron micrographs represent the image of the three-dimensional internal structure as it is projected
on the electron exit side of the specimen. Consequently, in these projected two-dimensional images
information along the beam direction is lost. This can result in incorrect interpretation of reactions.
Furthermore, micrographs are snapshots in time of the evolution of the microstructure, the pathway
often being suggested through a posteriori analysis. This project seeks to address both of these issues
through using electron tomography for defect analysis to recover the lost information and to couple
tomography with in-situ dynamic experiments to determine the reactions and pathways by which the
microstructure is developed. The ultimate goal is to move toward four-dimensional characterization in
which the dynamic experiments in the microscope are periodically interrupted to acquire the requisite
number of images from which to construct an electron tomogram.

To create a successful tomogram requires acquiring images every degree over an angular tilt range of
140° with uniform contrast maintained across all images. These are demanding requirements for defect
analysis, which often employ diffraction contrast imaging conditions. Recent progress includes the
reduction in the angular tilt range and the number of images required to form a usable electron
tomogram. This has been achieved by using the tomogram as the basis for constructing a traced model,
which utilizes prior knowledge about dislocations and dislocation images to recover missing information.
For metals with face-centered cubic crystal structures, the challenge of inserting the real space
coordinate system in the tomogram and model has been solved. A solution to needing images acquired
with diffraction vectors to reveal all defects has been resolved and tomograms with all defects present
have been constructed. The remaining challenges are to reduce the number of images needed to form a
tomogram, to allow noisy images to be used in the reconstruction, and to develop a family of algorithms
specifically for this application as opposed to using components from multiple sources. The first two
challenges must be addressed if this new technique is to be coupled with in-situ experiments as we
move towards four-dimensional characterization.

This coupling of electron tomography with in-situ experiments is being used to explore microstructural
evolution during deformation and how deformation modes, slip, and twinning, interact with obstacles
such as other dislocations, precipitates, and interfaces.
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In-Situ TEM Observations of Degradation Mechanisms in Lithium-lon Batteries

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Dillon, Shen
Email: sdillon@illinois.edu

Principal Investigator: Dillon, Shen

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

This project seeks to characterize nanoscale processes associated with the degradation of next-
generation high energy density lithium-ion battery electrodes via in-situ transmission electron
microscopy. Dynamic processes active in the electrodes, electrolyte, and intervening interfaces, which
are chemical, electrical, and mechanical in nature, have been correlated with capacity fade in lithium ion
batteries. However, without direct in-situ observation of these degradation mechanisms, with high
spatial and temporal resolution, it remains difficult to understand and predict how these processes
initiate, propagate, and interact. This research will develop the experimental techniques necessary for
investigating electrochemical systems by in-situ transmission electron microscopy and will provide a
framework for distinguishing and limiting electron beam effects that could potentially influence
experimental results. This project aims to develop a fundamental understanding of degradation
mechanisms in representative environmental conditions using commercial electrolytes and electrode
designs that mimic commercial electrodes, as well as in idealized solid-state batteries that will enable in-
situ atomic-resolution imaging.

In Situ Characterization and Modeling of Formation Reactions Under Extreme Heating Rates in
Nanostructured Mutilayer Foils

Institution: JOHNS HOPKINS UNIVERSITY
Point of Contact: Hufnagel, Todd
Email: hufnagel@jhu.edu

Principal Investigator: Todd, Hufnagel
Sr. Investigator(s): Weihs, Timothy, JOHNS HOPKINS UNIVERSITY
Falk, Michael, JOHNS HOPKINS UNIVERSITY
Knio, Omar, JOHNS HOPKINS UNIVERSITY
Gruner, Sol, CORNELL UNIVERSITY
Students: 3 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $500,000

Processing under extreme environments presents unique challenges and opportunities for controlling
the microstructure and thus properties of materials. Our research program emphasizes advanced
techniques for in-situ structural characterization, tightly coupled with a multiscale modeling effort to
explore the effects of heating rate and composition gradients on interdiffusion and phase formation in
nanoscale systems. Nanostructured multilayer foils provide ideal model materials for studying these
effects in geometries and length scales that are amenable to both in-situ characterization and
continuum and atomistic modeling of the reaction process.

The experimental portion of our program emphasizes state-of-the-art in-situ structural characterization
techniques that enable us to study interdiffusion and phase transformations under rapid heating. In
particular, we exploit self-propagating exothermic reactions in multilayers to achieve heating rates of up
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to 10,000,000 K/s, in addition to homogeneous thermal combustion reactions at more moderate rates
(up to 100,000 K/s). These conditions place stringent demands on the experimental techniques. We use
a combination of time-resolved x-ray microdiffraction, x-ray reflectivity, and dynamic transmission
electron microscopy (DTEM) to achieve the necessary spatial and temporal resolution to follow the
transformation sequences in detail. These are supplemented with ultrafast pyrometry, nanocalorimetry,
and reaction front velocity measurements, all of which can be directly correlated with the structural
observations.

The modeling effort has two primary goals. The first is to bridge the gap between experiments and
atomistic simulations by using continuum models of self-propagating reactions as an intermediary.
Atomistic simulations (Monte Carlo and molecular dynamics) are used to generate thermodynamic and
kinetic parameters as inputs to the continuum models, which will in turn allow predictions (of reaction
velocity, for instance) which can be directly compared with experimental results. The second goal is to
obtain direct insight into the atomic-scale processes associated with phase transformations under
conditions of extreme heating rates and steep composition gradients. This is done by using molecular
dynamics to simulate the evolution of the multilayer interfaces during the initial stages of the
transformation.

Scientific issues of particular interest are diffusional asymmetries between the elements, nucleation and
growth of transient phases, melting of either the elemental constituents or reaction products, and solid-
state amorphization. The effect of rapid heating and steep composition gradients on these phenomena
is relevant to many systems of technological interest; highly exothermic reactions in multilayers happen
to provide a convenient and experimentally tractable setting for exploring them.

Measuring Complementary Electronics Structure Properties of Both Deposited and Gas Phase Clusters
by using STM, UPS, and PES

Institution: JOHNS HOPKINS UNIVERSITY
Point of Contact: Bowen, Kit
Email: kbowen@jhu.edu

Principal Investigator: Bowen, Kit

Sr. Investigator(s): Fairbrother, Howard, JOHNS HOPKINS UNIVERSITY
Gantefoer, Gerd, JOHNS HOPKINS UNIVERSITY

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $167,000

Our project focuses on measuring the properties of both free (gas phase) and surface-supported (soft-
landed) clusters, using anion photoelectron spectroscopy and surface analytic techniques (STM, AFM,
XPS, UPS, and Auger spectroscopy), respectively. In these experiments, cluster anions of materials
science interest are generated by a magnetron sputter source, transported by ion optics through a
sector magnet where they are mass-selected, and soft-landed on a waiting surface in an ultra high
vacuum target chamber. There, they are subjected to analysis by the techniques mentioned above.
Recently, we investigated (1) the surface morphologies resulting from the deposition of M0100 versus
(M0o03)67 clusters by using STM and AFM imaging; (2) the ion-induced modification of small, size-
selected, deposited metal oxide clusters by using AFM imaging and XPS; (3) the mobility of metal oxide
clusters as a function of their cluster size by using AFM imaging; (4) the structural evolution of lead
sulfide “baby crystal” cuboids on their way toward forming the bulk crystal structure by using STM
imaging and XPS; and (5) the observation of novel fractal patterns due to the deposition of partially
oxidized, titanium nitride clusters by using AFM. In our quest for mimics of precious metal catalysts and
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of rare earth-containing materials, we needed to determine the electronic structures of the species that
we want to deposit on surfaces. For this, anion photoelectron spectroscopy has been utilized to provide
electronic structure information about the cluster anions’ neutral counterpart.

Discovering the Role of Grain Boundary Complexions in Materials

Institution: LEHIGH UNIVERSITY
Point of Contact: Harmer, Martin
Email: mph2@Iehigh.edu

Principal Investigator: Harmer, Martin

Sr. Investigator(s): Kiely, Christopher, LEHIGH UNIVERSITY

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $160,000

This research program is focused on verifying the existence of grain boundary interfacial phases
(complexions) in a range of materials systems, and characterizing their structures and range of stability.
Complexions are atomic-scale equilibrium phases whose structure, chemistry, and stability are
determined by thermodynamic parameters in a manner similar to bulk phases. Their distinguishing
characteristic is that they are interface-stabilized and therefore may exist only at interfacial boundaries.
This research program is a follow up of a breakthrough experimental study on the grain growth kinetics
of alumina that — with the aid of aberration-corrected scanning transmission electron microscopy
(STEM) — revealed the presence of six different complexions in alumina-based materials. These
complexions were observed to exist as a function of chemical potential, temperature, and grain
boundary crystallography including monolayer (submonolayer) adsorption, intrinsic-like behavior (a
“clean” grain boundary), a bilayer, a trilayer, a nanoscale intergranular film (IGF) of equilibrium
thickness, and a wetting film of arbitrary thickness. In the present research program, we have
discovered similar grain boundary complexions in several new materials systems including Si-Au, TiO,-
CuO, Y,03-(Ca, Si), and SrTiO; (the primary phases are underlined; the secondary phase is the dopant
material).

Emerging Functionality in Transition-Metal Compounds Driven by Spatial Confinement

Institution: LOUISIANA STATE UNIVERSITY
Point of Contact: Plummer, E. Ward
Email: wplummer@phys.lsu.edu

Principal Investigator: Plummer, Ward
Sr. Investigator(s): Zhang, Jiandi, LOUISIANA STATE UNIVERSITY
Shen, Jian, TENNESSEE, UNIVERSITY OF
Students: 2 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $380,000

The exotic properties displayed by correlated electronic materials (CEMs) such as the cuprates,
manganites, ruthenates, Fe-based penictides, and heavy-fermion compounds are intimately related to
the coexistence of com-peting nearly degenerate states which couple simultaneously active degrees of
freedom—charge, lattice, orbital, and spin states. The striking phenomenon associated with these
materials is due in large part to spatial electronic inhomogeneities, or nanoscale phase separation. In
many of these hard materials, the functionality is a result of the soft electronic component that leads to
self-organization. The challenge is to understand how such collective phenomena emerge. Spatial
confinement on the length scale of the inherent phase separation can provide a window to probe the
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basic physics and reveal new emergent behavior. This project focuses on the exploration of novel
behavior induced by spatial confinement and chemical or physical modification of the surface or
interface. Thin films are grown and characterized in an ultra high vacuum environment. Lithographic
techniques are utilized to form thin wires with dimensions on the scale of the characteristic phase
separation, and the surfaces are modified in a controlled fashion to modify the functionality. The
electronic and magnetic properties can be tuned in these spatially confined films by depositing
electronic donors or acceptors, or by patterning of magnetic nano-clusters. Strain also gives a non-
thermal parameter to be used to tune electronic or magnetic phase transitions. In essence, we are
combining two of the Grand Challanges of the 21st century, complexity and nano-structured materials,
to explore and exploit emergent behavior.

Imaging of Buried Nanoscale Optically Active Materials

Institution: MARYLAND, UNIVERSITY OF
Point of Contact: Appelbaum, lan
Email: appelbaum@physics.umd.edu

Principal Investigator:

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $138,000

The project goal was to demonstrate and use Ballistic Electron Emission Luminescence microscopy to
image the deeply-buried luminescent layer of semiconductor light-emitting devices with local hot
electron injection from a Scanning Tunneling Microscope (STM) probe. Briefly, hot electrons are
ballistically injected over a rectifying Schottky barrier into a n-i-p LED under bias. Electroluminescence
from the optically active region directly below the injection point results from radiative recombination
of these injected carriers. Microscopy is possible by raster-scanning the tip position.

Interfacial Thermal Resistance of Carbon Nanotubes

Institution: MARYLAND, UNIVERSITY OF
Point of Contact: Cumings, John
Email: cumings@umd.edu

Principal Investigator: Cumings, John

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $138,000

This project seeks to develop new nanoscale thermal imaging techniques utilizing electron microscopy
and to use these techniques to study thermal transport in carbon nanotubes. Through the course of the
project, we are developing a thermal imaging technique called electron thermal microscopy that
leverages the melting transition of low-melting-point islands to obtain thermal maps around a nanoscale
region of interest. Using this technique, we are studying the thermal transport in carbon nanotubes.
Results from the project have already shown that nanotubes have a high thermal contact resistance
with a dielectric substrate, which is a surprising result, given the high intrinsic thermal conductivity of
nanotubes themselves. By exploring different nanotube interfaces under different physical conditions,
we seek to understand the mechanisms that govern this thermal interface resistance and how to control
it. The outcome could result in a higher degree of control in the thermal management of materials at the
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nanoscale and also perhaps guidance for producing new high performance thermally conducting
materials based upon engineered nanotube composites.

Dynamical Nanoscale Crystallography with Femtosecond Resolution

Institution: MICHIGAN STATE UNIVERSITY
Point of Contact: Ruan, Chong-Yu
Email: ruan@pa.msu.edu

Principal Investigator: Ruan, Chong-Yu

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $200,000

Imaging the transformation of materials at combined atomistic spatiotemporal resolution
(femtosecond-picometer) is at the forefront of the modern development of microscopy. Such realization
will offer a glimpse into the dynamics of nanoscale materials undergoing transformation at the most
fundamental level, thereby impacting our understanding of how to manipulate matter on the
nanometer scale. The advancement of ultrafast electron electron nanocrystallography (UEnC) is one way
towards this ultimate goal. Employing femtosecond electron pulses and laser pulses in a pump-probe
paradigm, it is possible to reconstruct the transient atomic structures by way of modeling the coherent
electron diffraction pattern from optically excited nanostructures on the femtosecond timescale. In this
proposal, we would like to pursue two directions of great scientific and technological interests: optical
control of matter and time-domain study of transport in nanostructures. For the former, we will
investigate low-dimensional solids with intrinsic lattice distortion (Peierls distortion) at the ground state.
In such materials, it is possible to directly influence their global structural or electronic order by optical
excitations, known as optical induced phase transitions (PIPT). These PIPT phenomena are considered to
be gateways to explore the hidden states of matter far from equilibrium, and thus hold a special
promise to elucidate the exotic phase of matter, such as high temperature superconductor. For the
latter, we will conduct spatiotemporally resolved electronic and thermal transport measurements in
nanostructures with our nano-probe setup to understand some of the peculiar phenomena that are
thought to be intrinsic to nanoscale confinement, including nanofluids. These mechanisms are generally
difficult to investigate with steady-state method or ultrafast optical techniques. Only through the
sensitivities on both electronic and thermal energy transport can we elucidate such nanoscopic
nonequilibrium processes relevant for the development of future electro-optical nanodevices.

Determining the Origins of Electronic States in Semiconductor Nanostructures

Institution: MICHIGAN, UNIVERSITY OF
Point of Contact: Goldman, Rachel
Email: rsgold@umich.edu

Principal Investigator: Goldman, Rachel

Sr. Investigator(s): Johnson, Harley, ILLINOIS, UNIVERSITY OF

Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $155,000

The understanding of electronic states and transport through dimensionally-confined semiconductor
structures is a classic problem in materials physics. Advances in experimental probes and computational
methods have led to several important breakthroughs including lattices of quantum dots (QDs) and
accurate electronic structure models for nanostructures. Yet, a number of critical fundamental questions
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regarding the effects of QD size, spacing, and arrangements on the electronic states and transport
through semiconductor nanocomposites remain unanswered. For example, how many atoms are
needed in a QD for it to cross over from behaving as an impurity state to a band of states; how do point
defects and dopants (magnetic and non-magnetic) influence the band structure, the positions of
confined states, and transport through ensembles of QDs; how do interface disorder and strain affect
the QD electronic states and transport through QD nanocomposites? The program combines leading
edge experimental and computational methods to answer these questions and develop a set of design
rules for predicting the electronic states and transport in semiconductor nanocomposites.

During 2011, we have published five papers, including two invited review articles.

Structure and Dynamics of Domains in Ferroelectric Nanostructures

Institution: MICHIGAN, UNIVERSITY OF
Point of Contact: Pan, Xiaoqing
Email: panx@umich.edu

Principal Investigator: Pan, Xiaoqing

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $175,000

The main objective of the proposed research is to explore the fundamental nature of ferroelectric
domains in strained ferroelectric thin films and fabricated nanostructures by advanced transmission
electron microscopy (TEM) techniques in close collaboration with phase field modeling. The
experimental techniques to be used include atomic resolution transmission electron microscopy and in-
situ TEM using a novel scanning tunneling microscopy holder for TEM which allows the direct
observation of nucleation and dynamic evolution of ferroelectric domains under an applied electric field.
Specifically, we propose to (1) study the roles of static electrical boundary conditions and electrical
charge in controlling the equilibrium domain structures of BiFeOs thin films with controlled substrate
constraints; (2) explore the fundamental mechanisms of ferroelectric domain nucleation, growth, and
switching under an applied electric field in both uniform thin films and artificially nanofabricated islands,
and to understand the roles of crystal defects such as dislocations and interfaces in these processes; and
(3) understand the physics of ferroelectric domain wall structure and properties (transport, band-gap,
and dielectric response function), and the influence of defects (charged defects, dislocations, surface,
and interfaces) on the basic structure and properties. The nucleation and dynamic evolution of
ferroelectric domains observed by in-situ TEM under applied external electric field will be quantitatively
analyzed and directly compared with phase field simulations. The theoretical modeling will be carried
out based on experimental conditions including temperature, electric field, strain, and boundary
conditions of TEM specimens.

The proposed work will provide a fundamental understanding of domain wall structure and properties
and the roles of strain, electrical boundary conditions, and defects in the responses of ferroelectric thin
films and nanostructures under an applied electric field. It will provide guidance for optimizing growth
processes and creating nanostructures in novel devices. Although the proposed research focuses on
BiFeOs thin films, the knowledge gained can be extended to similar materials such as multiferroics that
undergo multiple ferroic phase transitions. The proposed research will also contribute to the
development of human resources by training graduate and undergraduate students.
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Study of Energy Transport at the Nanoscale

Institution: MICHIGAN, UNIVERSITY OF
Point of Contact: Sangi Reddy, Pramod
Email: pramodr@umich.edu

Principal Investigator: Pramod, Sangi Reddy

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $136,000

Novel transport phenomena are expected to occur in nanometer-sized molecular junctions (MMMIs)
due to the confinement of phonons and electrons in them. While some progress has been made in
understanding energy transport and dissipation in MMMls, the thermoelectric properties and spin
dependent charge transport properties of MMMIJs remains largely unexplored due to the lack of the
required experimental tools. In order to achieve this goal, we are creating a novel instrument to probe
heat transport in a variety of MMMIJs and organic spin-valves. The proposed instrument combines (1) a
high vacuum scanning probe and (2) an ultra-sensitive microdevice that can resolve heat currents with
picowatt resolution. Using this technique, experiments will be conducted on a variety of MMMIs to
elucidate the effect of molecular structure and magnetization direction of electrodes on (1) the Seebeck
coefficient, (2) phonon transport properties, and (3) energy dissipation in MMMIJs. Answering these
guestions will not only elucidate the dependence of energy and charge transport properties on the
structure of MMMJs, but will also provide important information on the electronic structure of
molecular junctions and electron-phonon interactions in them. Further, these experiments will provide
much needed data to advance physical theories that describe nanoscale transport.

Nanoscale Resistive Switching Behavior of Ferroelectric and Multiferroic Tunnel Junctions

Institution: NEBRASKA, UNIVERSITY OF
Point of Contact: Gruverman, Alexei
Email: agruverman2@unl.edu

Principal Investigator: Gruverman, Alexei
Sr. Investigator(s): Tsymbal, Evgeny, NEBRASKA, UNIVERSITY OF

Eom, Chang-Beom, WISCONSIN-MADISON, UNIVERSITY OF
Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $250,000

The main objective of the proposed research is the experimental implementation and demonstration of
polarization-controlled tunneling resistance switching using a combination of high-quality epitaxial oxide
heterostructures and advanced scanning probe microscopy (SPM) characterization supported by first-
principle calculations of the resistive states in these heterostructures. A set of SPM techniques is
employed to study the critical and switching behavior in ultra-thin (several unit cells) heterostructures in
conjunction with their transport properties. We use single-crystal epitaxial BaTiO; heterostructures as
model systems for experimental SPM studies. The first-principle modeling using density-functional
calculation schemes will focus on predicting the critical behavior and transport properties of
ferroelectric and multiferroic tunnel junctions (FTJs and MFTIJs, respectively).

In FTJ, a writing pulse aligns the polarization and a subsequent current-voltage (I-V) measurements
detect high or low resistance states depending on the writing pulse polarity. We investigate the
properties of FTJ in Au/Co/BaTiOs/La,/Sri;sMn0Os heterosturctures grown on NdGaOs single-crystal
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substrates, which have 6 unit cells (u.c.) of BaTiO; (BTO). Giant tunnel electroresistance (TER) effect of
more than 5 x 10* % is observed. The tunneling current at ON (low-resistance) state shows a remarkable
writing pulse dependence as a longer pulse with higher voltage gave a higher tunneling current.
However, the tunneling current at OFF (high-resistance) state shows no change with different writing
pulses. The tunneling current at ON state decayed with time and the difference between ON and OFF
states vanished within several seconds. Temperature dependence of the ON/OFF resistance states had
been measured in the range from RT up to 150 °C. It is assumed that in our system, asymmetry of
Co/BTO and BTO/Lay;sSrisMnO; interfaces might play an important role. Additionally, tunneling
magnetoresistance (TMR) effect had been demonstrated at room temperature in the same
heterostructures.

It is found that the main problem faced by the FTJs is the stability of polarization in ferroelectric tunnel
barrier. We investigate polarization relaxation in BaTiOs-based heterostructures by means of
piezoresponse force microscopy (PFM) and pulsed switching current measurements (PUND). It is
observed that although polarization is stable in ultrathin BaTiO; films with no top electrodes, deposition
of top electrodes (SrRuO; or Lag;SrgsMnQs) results in severe polarization relaxation. This effect is a
consequence of strong effective depolarizing fields due to unfavorable interface terminations with the
deposited electrodes, as opposed to more complete screening in the films by adsorbed charges on the
free surface. Several approaches to enhance polarization retention in the case of a deposited electrode,
including strain engineering and control of electrically boundary conditions have been explored. First-
principle calculations based on density functional theory show that engineering of the atomic
termination at the electrode interface with BaTiO; by insertion of ultrathin dielectric layers of SrTiO; can
alleviate stability issues in the case of SrRuO; electrodes. Validity of this approach is experimentally
confirmed by PFM observations and local PFM spectroscopy.

Nanoscale Properties of Novel Materials

Institution: NORTHWESTERN UNIVERSITY
Point of Contact: Chandraskhar, Venkat
Email: v-chandrasekhar@northwestern.edu

Principal Investigator: Chandrasekhar, Venkat

Sr. Investigator(s): Eom, Chang-Beom, WISCONSIN-MADISON, UNIVERSITY OF
Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $200,000

It is proposed to use a combination of nanostructure fabrication and multi-mode scanning probe
techniques to investigate the properties of high-quality epitaxial thin films of two new systems of
materials. The first system is the ferropnictides, a new class of high-temperature superconductor that
has generated much interest in the last two years. The excitement over these new materials stems from
the fascinating new physics that they might represent. While the ferropnictides share many properties
in common with the cuprate superconductors, there are some fundamental differences. In particular, in
the cuprates, the superconducting gap is anisotropic and originates from a single band at the Fermi
surface, while in the ferropnictides, superconductivity is thought to arise from a multiband model
involving different electron and hole Fermi surfaces. It has been predicted that this gives rise to a novel
s+/- symmetry of the superconducting order parameter, but experimental evidence for this symmetry is
still inconclusive. A major part of this proposal is devoted to experiments to elucidate the origin of
superconductivity in these materials, with the unique aspect of the proposed work being the focus on
experiments on high-quality epitaxial thin films of the 122 ferropnictides synthesized in Chang-Beom
Eom's group at UW-Madison. Such films are available from only a few groups around the world. The
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availability of these epitaxial thin films combined with nanoscale fabrication and scanning probe
techniques will enable the execution of experiments that are difficult or even impossible with bulk
samples.

The second material that we propose to study is the conducting two-dimensional electron gas that is
formed at the interface between two insulating perovskites, lanthanum aluminum oxide (LAO) and
strontium titanate (STO), a unique system that was discovered only recently. Due to the strong electron
correlations that exist in the complex oxides, this system promises to be a trove of rich new physics,
particularly since the lateral dimensions of the resulting two dimensional electron gases can be reduced
to the nanoscale using conventional nanolithography and scanning probe techniques, which we are well
equipped to perform. The devices will be characterized by electrical magnetotransport and scanning
probe microscopy techniques at temperatures down to the millikelvin range in order to explore the
novel phenomena that are expected.

Epitaxial thin films of the materials to be investigated in this project will be synthesized in Eom's group
at the University of Wisconsin-Madison, where they have recently been successful in producing epitaxial
thin films of the superconducting ferropnictide Ba(Fe;,Coy2As, and LAO/STO epitaxial multilayers.
Chandrasekhar's group at Northwestern will pattern devices using electron-beam lithography, and
characterize them down to millikelvin temperatures using electrical transport measurements and
scanning probe techniques, including atomic force microscopy (AFM), electrostatic force microscopy
(EFM), point contact spectroscopy (PCS), magnetic force microscopy (MFM) and scanning tunneling
microscopy (STM).

In addition to the training of graduate students and post-doctoral fellows, the research effort in the Pl's
group has had a strong history of participation by undergraduates and high-school students. This
involvement will continue under this proposal with the initiation of a new outreach program to local
high-schools involving laboratory visits and research internships, which it is hoped will increase the
possibility of these students taking up careers in the “hard' sciences.

Microscopic Subsurface Characterization of Layered Magnetic Materials Using Magnetic Resonance
Force Microscopy

Institution: OHIO STATE UNIVERSITY
Point of Contact: Hammel, Peter Christopher
Email: hammel@mps.ohio-state.edu

Principal Investigator: Hammel, P Chris

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $190,000

Exploiting the spin degree of freedom of the electron offers new and powerful opportunities for
enhancing the capabilities and performance of information processing systems. About half of the
productivity growth in the U.S. economy is now attributed to information technology. The exponential
growth of the electronics and semiconductor technologies sectors of the economy foretell unsustainable
growth in energy consumption associated with these essential technologies absent significant shifts in
approach. It is essential to develop information processing technologies that generate less waste heat
and consume less energy.
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Exchange bias plays a central role in information storage through its role in giant magnetoresistance
magnetic field sensors employed in high density disk drive read heads. However understanding of the
detailed mechanisms by which exchange bias couples to and pins the magnetization of an adjacent
ferromagnetic layer remain incomplete. This is due in part to the complicating fact that observed
behavior represents the spatial average over a nonuniform interfacial layer of the antiferromagnet
leading to complex and poorly understood behavior.

Spin waves have been used to transmit information at gigahertz frequencies and for logic operations.
These demonstrations of spin wave based logic and communication indicates an attractive approach to
information processing and logic that avoids charge transport with its attendant power dissipation.

There is a pressing need for spatially resolved probes of exchange bias fields and magnetic properties in
order to unravel the complex phenomena occurring at the buried antiferromagnet/ferromagnet
interface at the heart of exchange bias systems. As spin devices become smaller to enable large scale
applications, microscopic imaging of spin wave phenomena including interactions with the local fields
used to manipulate the spin waves will also be essential.

We have demonstrated a novel technique, Ferromagnetic Resonance Imaging (FMRI) [Nature, vol. 466, p
845--848 (2010)], which microscopically probes static and dynamic magnetic properties of buried
ferromagnetic structures and interfaces. The intense, spatially confined magnetic field of the
micromagnetic probe tip mounted on a cantilever localizes the FMR mode immediately under the probe.
With this microscope we have demonstrated imaging in ferromagnets with 200 nm spatial resolution
and 1 Gauss/sqrt Hz field resolution in nanoscale volumes. Straightforward improvements of this
approach will allow this dimension to be decreased to tens of nanometers. This important advance will
enable new approaches to understanding exchange bias and magnetization dynamics.

We are using the microscopic imaging capabilities of FMRI to study exchange bias systems and spin
wave properties in patterned films. In particular, we are mapping the interfacial exchange coupling
between an exchange bias antiferromagnet and an adjacent ferromagnet and exploring intentionally
introduced spatial variation of the exchange bias field and map the microscopic, naturally occurring,
variation of exchange bias field in exchange bias systems. Spin wave device functionality will rely on
efficient mechanisms for manipulating spin waves. Experiments allowing microscopic studies of
mechanisms for manipulating spin waves---localized magnetic fields and exchange bias---are under
development.

Spin-Polarized Scanning Tunneling Microscopy Studies of Nanoscale Magnetic and Spintronic Nitride

Systems

Institution: OHIO UNIVERSITY

Point of Contact: Smith, Arthur

Email: asmith@helios.phy.ohiou.edu

Principal Investigator: Smith, Arthur

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $80,000

The first main objective of this project is to probe the fundamental electronic and magnetic properties
of nitride-based material systems, and in particular, specific bi-layer systems consisting of atomic layers
of magnetic materials deposited onto semiconducting nitride surfaces. These include ferromagnetic
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metals, magnetic nitrides, and dilute magnetic nitride semiconductors. Such spintronic systems hold
high promise as advanced materials for future energy-related applications. The second main objective of
this project is to develop a strong U.S. effort in spin-polarized scanning tunneling microscopy. Based on
the high level of activity involving unique instrumentation and research methodology, the principal
investigator (P1) is well-positioned to accomplish these two objectives.

The Pl has a history of accomplishment in the nitride materials field, beginning with the first proper
identification of the two important families of surface reconstructions which occur on the basal plane
surfaces of wurtzite gallium nitride — the (0001) and (000-1) faces — using scanning tunneling microscopy
in 1997-99. Since 1998 at Ohio University, the Pl has developed a full-scale research program to explore
the fundamental properties of diverse classes of nitride systems, including semiconducting, magnetic,
and spintronic nitrides. Furthermore, the Pl also began a research program in spin-polarized scanning
tunneling microscopy, achieving atomic-scale magnetic resolution of the antiferromagnetic surface
MnsN; (010) already by 2002. This led to a series of articles and motivated the current project.

This DOE project involves both synthesis and analysis of magnetic and spintronic nitride materials. The
experimental approach involves (1) epitaxial growth of selected magnetic nitride systems using
molecular beam epitaxy and/or pulsed laser epitaxy; and (2) investigation of these systems using in-situ
scanning tunneling microscopy and spin-polarized scanning tunneling microscopy, as well as an array of
additional characterization tools. Spin-polarized scanning tunneling microscopy is a uniquely powerful
technique which measures the spin-polarized local density of states of a surface as well as the normal
(non-spin-polarized) local density of states. By coupling this technique to a powerful growth facility via
ultra-high vacuum, the intrinsic spin-polarization of a clean surface may be determined.

The work is carried out within the PI's two independent laboratories at Ohio University. The first
laboratory is geared towards room-temperature, spin-polarized measurements under magnetic fields up
to 1/2 Tesla, while the second is dedicated to low-temperature, spin-polarized measurements under
magnetic fields up to 4.5 Tesla. This project is also enabling the Pl to foster a strong and skilled research
group involving graduate, undergraduate, and post-doctoral researchers.

This project will impact all possible magnetic and spintronic applications of nitrides. In each and every
potential and promising application, it is essential to understand the fundamental nature of the spin-
polarization of the magnetic/spintronic layer, down to the atomic scale, and in particular for thicknesses
in the range 0-5 atomic monolayers. This is because of the critical nature of the magnetic states at the
interface with the semiconductor. This DOE project addresses in a new way, long-standing questions
about the origins of magnetism within dilute magnetic nitride semiconductors by atomically resolving
the magnetic atoms and the spin states directly, and as a function of growth conditions. Finally, this
project establishes a U.S. spin-polarized scanning tunneling microscopy research program capable of
addressing challenging new problems in nanoscale magnetism and spintronics.
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Structure and Dynamics of Domains in Ferroelectric Nanostructures - Phase Field Modeling

Institution: PENNSYLVANIA STATE UNIVERSITY
Point of Contact: Chen, Long-Qing
Email: lgc3@psu.edu

Principal Investigator: Chen, Long-Qing

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $143,000

This program is focused on investigating the domain structures and dynamics in ferroelectric thin films
and nanostructures. The main objective is to fundamentally understand the electromechanical effects
on ferroelectric domain stability and on mesoscale domain switching mechanisms. The primary material
system to be studied is BiFeO33, one of the most promising single-phase candidates for magnetoelectric
device applications due to the coexistence of ferroelectricity and antiferromagnetism at room
temperature. Specifically, the program is aimed to (1) develop the modeling capability of three-
dimensional (3D) ferroelectric domain evolution with spatial distributions and transport of charged
defects; (2) study the roles of electric boundary conditions, film thickness, and strain in the formation of
ferroelectric and ferroelastic domain structures; and (3) investigate the interactions between domain
walls and charged defects as well as their influence on switching mechanisms, remnant polarization, and
coercive field. The proposed theoretical research will be carried out in close collaborations with a
number of experimental groups who use High Resolution Transmission Electron Microscopy (HRTEM), In
Situ TEM with Scanning Probe Microscopy (SPM), or Piezoresponse Force Microscopy (PFM) to
characterize the domain structures and dynamics in high-quality ferroelectric BiFeOs thin films.

Local Electronic and Dielectric Properties at Nanosized Interfaces

Institution: PENNSYLVANIA, UNIVERSITY OF
Point of Contact: Bonnell, Dawn
Email: bonnell@Irsm.upenn.edu

Principal Investigator: Bonnell, Dawn

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $135,000

This research program aims to advance our understanding of size dependent properties of interfaces
and local behavior of constrained defects. The objectives of this research are to develop new probes of
local complex properties and to apply them to open questions regarding interface behavior that impact
devices used in energy applications. Specifically, size dependent Schottky barriers and orientation
dependent electronic structure have been observed from transport measurements on nanosized
metal/oxide interfaces. The origin of the size dependence will be examined by quantifying the
dependence over a larger size regime, by measuring the effect of the metal work function and by
varying the oxide polarity. Single crystal SrTiO; (100) and ZnO (0001 and 1000) will be used as model
substrates and Au and Pt will be used to produce the interfaces. Experimental measurements will be
described in terms of the relevant classical and tunneling transport models. As an extension of our
development of frequency dependent measurements such as nanoimpedance microscopy, a local
version of deep level transient spectroscopy based on scanning probe microscopy will be developed to
probe interfaces states, and a scanning probe based microwave frequency spectroscopy will be applied
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to the interfaces to compare orientation effects. These new local spectroscopies will also be applied to
the characterization of defects in nm thick oxide films.

Understanding and controlling size dependent interface properties is prerequisite to successful
implementation of devices with nanoscale components, such as Plasmon enhanced photovoltaics,
piezoelectric energy harvesting devices, and miniaturization strategies for thermal, optical and
electronic sensors. The new scanning probes will enable studies extending far beyond this project.

Electron Density Determination, Bonding and Properties of Tetragonal Ferromagnetic Intermetallics

Institution: PITTSBURGH, UNIVERSITY OF
Point of Contact: Wiezorek, Jorg
Email: wiezorek@pitt.edu

Principal Investigator: Wiezorek, Jorg

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $162,000

Ordered intermetallic phases offer unique properties, often superior to those of elemental metals and
compositionally equivalent solid solution alloys, rendering them suitable for various high-performance
applications. The properties of ordered intermetallics are related to their electronic structure.
Establishing robust, accurate and commonly accessible methods for probing electronic charge density in
crystalline solids remains a high impact goal of basic science. Motivated by recent considerable progress
in understanding transition metal intermetallics properties from electronic structure calculations we use
these chemically ordered phases as examples to investigate aspects of charge density determination by
convergent-beam electron diffraction (CBED) in a transmission electron microscope. CBED permits study
of nano-scale volumes, thereby offering access to a broad range of crystalline phases. Our experimental
studies focus on charge density as one of the quantum mechanical characteristics central for developing
fundamental understanding of material properties and for validation and improvement of electronic
structure theory in solids. Previous application of CBED to transition metal based intermetallics suffered
from uncertainties in Debye-Waller (DW) factor measurements, which are considered essential for
electronic structure determination. DW factors are known for most stable elemental crystals. However,
intermetallic bonding can alter them significantly. We developed a robust experimental CBED method
for the simultaneous measurements of multiple structure factors and DW factors in intermetallics and
subsequent determination of electron charge density maps. Relative to solids comprised of light
elements (e.g., Z=14, where Z is the atomic number), experimental bonding studies in intermetallics
based on d-electron transition metals are very challenging due to increasingly stringent requirements for
the precision on structure factor measurements. Quantitative CBED experiments promise an additional
and effective path towards validation of electronic structure theory and further progress on
understanding electronic structure — properties relationship in intermetallics.

The main objective of the effort is the development and application of quantitative convergent-beam
electron diffraction (QCBED) methods for electron density and bonding electron charge density
distribution determination in binary intermetallics involving d-electron transition metals. We use the
FePd and FePt based L10-phases as model systems for comparative investigations of 3d-4d and 3d-5d
systems. Furthermore, we include the non-magnetic iso-structural L10-phase TiAl to assess possible
effects from the ferromagnetism. For FePd and TiAl binaries of equiatomic comosition comparison of
experimentally determined charge density with results from DFT calculations using different
approximations (e.g., mean-field approximation, LDA, and beyond-LDA all-electron calculation) are in
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progress. In the future, direct comparisons of FePd (3d-4d) and FePt (3d-5d) and effects of
compositional deviations from the equiatomic, e.g., Pd-rich in FePd, on the electronic structures of the
intermetallics will be addressed. The quantitative experimentation by CBED using energy-filtered
transmission electron microscopy instruments delivers data sets, e.g., structure factors, electron density
distribution and charge difference maps, suitable for direct comparison with equivalent metrics
determined by density functional theory based calculation. Thereby, this effort will facilitate improved
validation of results from DFT models and assist development of improved solid-state theory.

Quantum Control of Spins in Diamond for Nanoscale Magnetic Sensing and Imaging

Institution: PITTSBURGH, UNIVERSITY OF
Point of Contact: Dutt, Gurudev
Email: gdutt@pitt.edu

Principal Investigator: Dutt, Gurudev

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

PROJECT OVERVIEW

The goal of this research is to develop a magnetic field imaging technique with nanoscale resolution that
would allow for non-invasive, non-destructive probing of a variety of important physical phenomena
such as quantum tunneling in single molecule magnets and quantum bits encoded into spins in quantum
dots. Diamond single spin magnetic sensors are a highly promising material platform featuring high
magnetic field sensitivity, nanometer spatial resolution and the important ability to operate under
ambient or harsh environmental conditions required to study many material systems. The proposed
work will take a multi-faceted approach toward improving the accuracy, sensitivity and robustness of
this platform through a unique combination of fundamental investigations into quantum control and
precision quantum metrology coupled tightly to innovative design, sophisticated nano-fabrication and
advanced measurement techniques.

PROGRESS

The error in such magnetic field measurements is commonly improved by noise averaging the signal
through increased measurement time. However, the best precision typically requires restricting the
maximum possible field strength (Bmax) to be much less than the sensor's spectral linewidth; or else a
trade-off with the precision occurs, necessitated by increasing the measurement bandwidth and thus
reducing the signal to noise ratio. Quantum effects such as entanglement and squeezing usually improve
the precision only in the first scenario, and they are difficult to achieve in practice, especially in solid-
state environments. We have implemented novel phase estimation algorithms on a single electronic
spin associated with the nitrogen-vacancy (NV) defect center in diamond to achieve ~ 8.5x improvement
compared to standard measurements, over a field sensing range ~ +/- 0.3 mT that is large compared to
the spectral linewidth. The field uncertainty in our approach now scales as 1/T"0.88, in contrast to the
standard measurement scaling of 1/T20.5. Besides their direct impact on magnetic sensing and imaging
at the nanoscale, these results open the way for quantum control and feedback techniques to be
applied to sensitive magnetometry applications. This work has now been accepted for publication in
Nature Nanotechnology.

This project currently supports one postdoctoral fellow, Ummal Momeen and one graduate student,
Naufer Nusran.
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Electron Mapping on the Nanoscale

Institution: PORTLAND STATE UNIVERSITY
Point of Contact: Koenenkamp, Rolf
Email: rkoe@pdx.edu

Principal Investigator: Koenenkamp, Rolf

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $220,000

HIGH-RESOLUTION PHOTOEMISSION ELECTRON MICROSCOPY

Photoemission electron microscopy (PEEM) is a unique microscopy method which is currently in
extensive use in magnetism, surface science and ultra-fast microscopy. The striking feature of PEEM is
that it combines photon probing with electron imaging. In PEEM the imaging electrons originate from a
photoemission process when the specimen is exposed to ultra-violet or x-ray light. The photoelectrons
are subsequently accelerated and introduced into an electron-optical system to produce an image. This
way of preparing the imaging electrons is much gentler than the use of electron beams — an advantage
that becomes significant when fragile organic or biological structures are to be studied. Other unique
advantages in PEEM are its high surface sensitivity, which allows a probing of nanovolumes without
extensive sample preparation, and the unique surface contrast in PEEM which can be chemical,
electrical or optical in nature. Finally, PEEM allows a large arsenal of photon-based spectroscopies to be
implemented, among them ultra-fast methods.

In the past years our research group has designed and built an aberration-corrected photoemission
microscope which now has the highest spatial resolution available. We propose to bring the resolution
of this unique instrument from its current value of ~5nm towards 2nm. The feasibility of this ultimate
improvement is confirmed in our recent experimental and theoretical results. Concurrent with the
instrument development we will carry out new work on characterizing and utilizing localized surface
plasmons as nanoscale light sources in microscopy. We will first visualize and characterize this type of
plasmon in nanostructured metal films using femtosecond light pulses in PEEM, and subsequently
optimize the plasmon generating structures for strong enhancement of localized optical fields. The
optimized structures will then be used as nanoscale light sources in the study of semiconductor
guantum dots and biological protein structures. Optical absorption and excitation as well as hot-carrier
transfer effects will be studied. In the organic materials we will focus on utilizing localized plasmons for
labeling and for light-activated chemical modification, taking approaches in close analogy to all-light-
optical microscopy techniques.

The scientific merit of this project lies in the significant enhancement of resolution in PEEM and, in fact,
in all photon-based microscopies, and in combining this resolution with the versatility of nanoscale
illumination, labeling and light-activated chemical modification.
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Probing Correlated Superconductors and their Phase Transitions on the Nanometer Scale

Institution: PRINCETON UNIVERSITY
Point of Contact: Yazdani, Ali
Email: yazdani@princeton.edu

Principal Investigator: Yazdani, Ali

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $100,000

Physics of High-Tc Cuprates Superconductors—Nature (2010): Our team focused on understanding the
light hole doped cuprates in order to understand how high-Tc superconductivity emerges from a Mott
insulating state. Building on our past experiments (Gomes et al. Nature 2007, Pasupathy et al. Science
2008) we produced two more important findings in this area. First, we showed that that the pairing
interaction in underdoped samples (close to the Mott insulating ground state) is saturated in strength
and the portion of the Fermi surface participating in the pairing interaction controls the superconducting
transition temperature (Pushp et. al. Science 2009). The d-wave superconductivity emerges from the
electronic state in a specific part of the Fermi surface while the rest of the Fermi surface exhibits so-
called pseudogap behavior which competes with superconductivity. Second, (Parker et al. Nature 2010),
we showed that the onset of pseudogap behavior (a precursor to superconductivity) coincides with the
appearance of real space electronic modulations that have predicted characteristics of fluctuating
stripes. These experiments, the first to isolate the interplay between the formation of stripes and
pseudogap behavior in cuprates show that the pseudogap state is inherently unstable to make real
space patterns of spin and charge that fluctuate.

Visualizing Kondo Lattice & Unusual Electronic Behavior of Heavy Fermion Systems—PNAS (2010): In
compounds with partially filled f orbitals, electronic excitations act as heavy fermions. Several of the
heavy fermion compounds display competition between magnetism and superconductivity and have a
propensity toward superconducting pairing with unconventional symmetry. We successfully applied
STM techniques to the study of these systems. We provided a local perspective of Kondo lattice
behavior in these compounds and showed how this behavior is connected with novel electronic
organization in these compounds, such as the “hidden order” phase that forms in URu,Si,. Currently no
other experimental group has the STM capabilities to perform high-resolution experiments across the
wide range of temperatures we can study. Our experiments complement the scattering and ARPES
studies also supported under the DOE-BES program.

Topological Surface State—Nature (2010): DOE-BES partially supported these projects by supporting
infrastructure at Princeton Nanoscale Microscopy Laboratory (support noted in publications).
Topological insulators have unusual conducting surface states with Dirac-like energy dispersion and
helical spin texture. Our group was demonstrated that these states are protected from backscattering
due to their unusual spin texture. (Roushan et al. Nature 2009) We demonstrated that not only do these
surfaces not back scatter but they can penetrate through crystalline barriers that stop other surface
states (Seo et al. Nature 2010). These breakthroughs demonstrate the novel properties of topological
surfaces.

Visualizing Critical Fluctuation Near the Metal-Insulator Transitions—Science (2010): DOE-BES partially
supported these projects by supporting infrastructure at Princeton Nanoscale Microscopy Laboratory
(support noted in publications). While localization and metal-insulator transition are well-understood
phenomena in the limit of weak interaction, its behavior in the interacting limit continues to be at the
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forefront of physics. Electronic states in disordered conductors that are on the verge of localization are
predicted to exhibit critical spatial characteristics due to their proximity to a metal-insulator phase
transition. We used scanning tunneling microscopy to visualize electronic states in Gal-xMnxAs samples
close to the metal-insulator transition and showed that their spatial variations are indicative of critical
phenomena. (Richardella et al. Science 2010) Near the Fermi energy, the electronic states exhibit a
diverging spatial correlation length. Power-law decay of the spatial correlations is accompanied by log-
normal distributions of the local density of states and multifractal spatial characteristics, similar to those
predicted for localization of non-interacting electrons.

Discovery of Dielectric Response and Forces in Sub-Nanoscale Objects

Institution: RUTGERS - STATE UNIV OF NJ
Point of Contact: Batson, Philip
Email: batson@us.ibm.com

Principal Investigator: Batson, Philip

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $200,000

This project explores the dielectric response of nanoscale and molecular-sized objects, using an aloof
sub-angstrom fast electron beam, to obtain detailed information for estimation of inter-object forces,
the strength of near and far-field photonic coupling, and possible unanticipated optical behavior in
molecular and nano-scale objects.

With the recent development of aberration corrected electron microscopy, we are able to obtain the
structure of atomic clusters ranging from single atoms up to several nanometers in size. Several types of
processes are observed: atomic-level movement among strong binding sites, transition with cluster size
from molecular bonding with the substrate to metallic behavior, cluster rotation and structural
transformations, and coalescence of clusters under influence of the electron beam.

We will explore atomic clusters of various kinds deposited on, or incorporated within, different types of
thin substrates, including graphene. Electron Energy Loss Spectroscopy using Angstrom-level beams will
obtain spatially resolved dielectric losses to compare with earlier results from larger, 5-10 nm sized
systems. Calculations will be used to increase understanding of near- and far-field dielectric response,
and to estimate resulting inter- and intra-object forces to decide if observed atomic-level movement
under the electron beam can be understood within the standard dielectric theory.

A detailed understanding of dielectric response of nanoscale objects would contribute to many activities
in materials physics, chemistry, and biology. Measurement of coupling to external electric fields in
molecule-particle systems will facilitate detailed understanding of Surface Enhanced Raman Scattering.
Estimation of inter-particle forces will enhance our understanding of van der Waals fluctuation forces in
complicated shapes, and may therefore contribute to a better understanding of molecular self-
assembly. Measurements of dielectric response in hybrid inorganic/organic systems and comparison
with density functional theory optimized for sparse systems will aid understanding of collective effects
in arrays of quantum confined objects and the far-field coupling of those systems with light.
Measurements of resonant surface plasmon modes in metal/dye composite structures may provide
information about surface plasmon amplification and stimulated plasmon emission. Observation of
molecular configuration changes would aid understanding of photosynthesis in biological systems and
may suggest strategies for design of light harvesting devices for future sources of energy. Finally,
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excitation of symmetric nanoscale metal structures under non-dipole conditions produced by the small
impact parameter may provide information about surface plasmon mediated negative index of
refraction, suggesting new methods for manipulating light at the nano-scale.

Vortex Matter in Confined Superconductors and Mesoscopic Hybrid Heterostructures

Institution: TEMPLE UNIVERSITY
Point of Contact: lavarone, Maria
Email: iavarone@temple.edu

Principal Investigator: lavarone, Maria

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $205,000

This program is aimed at understanding the fundamental features that underlie the behavior of vortices
under confinement in mesoscopic superconductors, hybrid superconductor-normal metal (S/N) and
superconductor-ferromagnet (S/F) systems.

Properties of superconducting materials differ greatly from the bulk properties when the size of the
sample is small (comparable to the coherence length and the London penetration depth). The
superconducting critical current density can be largely enhanced and the vortex configuration can be
strongly influenced by the sample geometry. As a result of the confinement, the presence of the
sample’s boundary promotes the appearance of exotic vortex states, otherwise forbidden in bulk
materials (such as giant vortex state or vortex molecules).

Moreover, transport and thermodynamic properties are very different when a superconductor is placed
in proximity of a ferromagnet. Superconductivity is suppressed by exchange interaction and by
electromagnetic interaction. New phenomena can arise either from the effect of the stray field on the
superconductivity such as the formation of vortex-antivortex pairs, or from the local coexistence of
superconductivity and ferromagnetism such as the existence of an oscillatory superconducting order
parameter at the interface of the ferromagnet and superconductor (Fulde-Ferrel-Larkin-Ovchinnikov
state).

The task of the project is to identify new physical phenomena associated with the competition between
spatial confinement, proximity effect and the presence of a local magnetic order, to investigate vortex
matter in these systems and to correlate macroscopic transport properties with local electronic density
of states.

The goal is to understand how the physics of vortex matter changes in order to be able to predict and
control the electronic properties of new hybrid systems. To have a proper description of small
superconducting systems and hybrid superconducting/ferromagnet heterostructures, one needs to
know the quasi-particle density of states, which is strongly modified compared to bulk materials due to
guantum interference effects. Scanning Probe Microscopy and Spectroscopy is an integral part of this
study. The vortex configuration can be probed with high spatial resolution by mapping the spatial
variations in the electronic density of states with Scanning Tunneling Microscopy (STM). The
understanding of the local changes in the electronic density of states is crucial as it also affects all the
thermodynamic properties of the material.

Understanding and exploring the rich variety of quantum effects in mesoscopic superconductors and S/F
heterostructure will stimulate both theory and experiment in the area of nanoscale physics and has the
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potential to significantly contribute to the understanding of magnetic pinning effects for applications of
superconductors.

Physics of Complex Materials Systems Through Theory and Microscopy/EELS

Institution: VANDERBILT UNIVERSITY
Point of Contact: Pantelides, Sokrates
Email: pantelides@vanderbilt.edu

Principal Investigator: Pantelides, Sokrates
Sr. Investigator(s): Oxley, Mark, VANDERBILT UNIVERSITY
Varga, Kalman, VANDERBILT UNIVERSITY
Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $257,000

The project's objective is the study of complex materials systems by combining first-principles density
functional theory (DFT) calculations with Z-contrast images and electron-energy-loss spectroscopy (EELS)
obtained by a scanning transmission electron microscope (funding is provided only for the theoretical
part). The project is pursued using available theoretical methods and by developing new methodologies.
More specifically, a primary objective is to develop the capability of including both diffraction theory
and solid-state fine structure in EELS calculations. This capability has been lacking, but is necessary to
extract information from probe-position-dependent EELS that are currently obtained with very high
spatial resolution using aberration-corrected microscopes. An initial implementation of such
methodology has been accomplished and has been applied to data in LaMnO; (post-doc Micah Prange
working with co-Pls Pantelides and Oxley). Another methodological objective is to employ time-
dependent density functional to implement diffraction theory as an alternative to the prevailing
"mutltislice” methodology (post-doc J.-A. Yan working with co-Pls Varga and Pantelides). An initial
implementation has been accomplished and demonstrated for Si thin films and graphene.

An example of combining theory and microscopy to probe the properties of complex materials systems
is the recent work by Tim Pennycook, a graduate student funded by the grant. Tim performed finite-
temperature DFT calculations to explain recent experiments that found colossal ionic conductivity in
yttria-stabilized zirconia (YSZ) thin films sandwiched between strontium titanate (STO) layers. This
system has potential applications in fuel cells. Tim demonstrated that the origin of the colossal ionic
conductivity is an extreme disordering of the oxygen sublattice in the YSZ layer, originating from a built-
in strain and a mismatch between the oxygen sublattices in YSZ and STO. He then used the microscope
to demonstrate that the EELS spectra indeed reveal a disordered oxygen sublattice as predicted by the
theory. In other work by post-doctoral fellow Jaekwang Lee, theory combined with microscopy
explained why the battery-cathode material LiFePO, has one-dimensional Li channels that are not
blocked by Fe antisite defects. It was found that Li vacancies bind to antisite defects with a small binding
energy. By segregating antisite defects in a few channels, the Li vacancies shuttle back and forth
between neighboring antisites and spend more time being bound, which lowers the energy of the
system. Microscopy established the existence of antisite defects with a vacancy on either site, as
predicted by theory. The results provide guidance to optimize the material properties.
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Correlation of Bulk Dielectric and Piezoelectric Properties to the Local Scale Phase Transformations,
Domain Morphology, and Crystal Structure in Modi

Institution: VIRGINIA POLYTECHNIC INST AND STATE U.
Point of Contact: Priya, Shashank
Email: spriya@mese.vt.edu

Principal Investigator: Priya, Shashank

Sr. Investigator(s): Viehland, Dwight, VIRGINIA POLYTECHNIC INST AND STATE U.
Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $180,000

The objective of this research program is to discover the fundamental mechanisms and atomic level
phenomenon’s that can provide understanding of piezoelectric response in lead-free ferroelectrics. A
systematic study of the polymorphic phase transitions, local domain and crystal structure and their
effect on physical properties will be conducted. (Na,K)NbO; (KNN) polycrystalline ceramics, single
crystals, thin films, and textured ceramic systems close to polymorphic phase boundaries (PPBs) will be
used as the representative lead-free system. Environmental scanning electron microscopy (ESEM) will be
used to determine the nucleation and growth phenomenon in textured ceramics. For comparative
studies, (Nal/2Bi1/2)TiO; single crystals and films with composition close to morphotropic phase
boundary (MPB) will also be investigated. Nanoscale domain structure and its ferroelectric response will
be studied as a function of electric field, pressure and temperature to identify the volumetric and phase
fraction changes in the PPB region and to determine the presence of (any) intermediate phenomenon.

One of the challenging issues confronted in this research program is to formulate the mechanism of
domain engineering in the lead-free materials. High resolution transmission electron microscopy
(HRTEM), polarized light microscopy (PLM) and scanning probe microscopy (SPM) will be used to
determine how the polar nano-domain structures are changed in the vicinity of PPB and MPB.
Combining these investigations with lattice imaging and Z-contrast will provide answers as to how the
boundaries between polar nano-domains changes with x% BT, compositional substitutions by
aliovalently atomic species on the A-site and B-site, and electrical history. Further it will allow
understanding of the role of nano-scale domains and the twin boundaries between them, and their
important role on apparent phase stability and macro-response. The atomic resolution, of these near
single atom probes, offer an exciting approach to investigating how defects and polarization interact at
the atomic and nanoscales. Important questions related to engineering phase stability and
transformation pathways between bridging phases, and thus enhanced piezoelectricity in Pb-free
materials, can be answered. The crystal structure in the oriented single crystals will be investigated
under varying electric field and temperature conditions to identify the lattice parameters, and domain
distributions for various crystallographic directions for understanding of the intrinsic anisotropic
response. Symmetry relations, nature of the dipole moment, crystallography and orientation of
polarization will be determined by using diffuse neutron and X-ray diffraction, Raman Spectroscopy and
Birefingence Imaging Microscopy (BIM). Using this information, various related questions will be
answered such as: how elastic compatibility amongst hierarchial domains can enhance effective
piezoelectric properties, and how oxygen rotational modes might influence the phase transformational
sequence and piezoelectric properties. The results from these studies will establish the link between the
physical property in question and the way certain parameters change.
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Intrinsic Properties of Correlated Materials Derived From Combined Nanoscale Transport and Ultrafast
Spatio-Temporal Imaging Experiments

Institution: WASHINGTON, UNIVERSITY OF
Point of Contact: Cobden, David
Email: cobden@u.washington.edu

Principal Investigator: Cobden, David

Sr. Investigator(s): Raschke, Markus, WASHINGTON, UNIVERSITY OF

Students: 1 Postdoctoral Fellow(s), 4 Graduate(s), 2 Undergraduate(s)
Funding: $398,000

The goal of this program is to study strongly correlated materials on the nanoscale. These materials
typically have intrinsic domain structure with characteristic lengths scales of tens of nm to microns
arising from long-range forces, either elastic, electric or magnetic, that compete with ordering and
symmetry breaking such as in metal-insulator transitions, ferroelectricity and ferromagnetism. We apply
a combination of electrical measurements and new scanning optical and photocurrent techniques to
bulk crystals, homogeneous single-domain nanoscale samples, and micro-crystal-based devices that
allow for independent control of uniaxial strain and temperature.

One side of the project is the construction of a unique scattering-scanning near-field optical microscopy
(s-SNOM) system for measurements on the sub-domain scale in a controlled environment, in magnetic
and electric fields, and at a variable temperature (20 - 500 K). This allows us to combine linear,
nonlinear, and ultrafast optical spectroscopies to study and dynamically image metal-insulator
transitions and coupled ferroic ordering in multiferroic and ferroelectric materials through dielectric
optical conductivity contrast and the symmetry selectivity provided by tip-enhanced second harmonic
generation (SHG) and nano-Raman crystallography via the tensor-based selection rules.

The other side is the development of a complementary, and also unique, variable-temperature system
that combines time-resolved micro-spectroscopy with sensitive dc and transient transport
measurements, with the addition of environmental vapor control and high magnetic field (9 Tesla). This
adds the ability to perform ultrafast and nonlocal spatially resolved photocurrent measurements on the
single-domain level, which can reveal the fundamental mechanisms underlying the optoelectronic
response, with in-situ control of the oxygen and hydrogen partial pressures that are often highly
influential on the properties of oxides and their interfaces, and at magnetic fields large enough to reach
new quantum regimes.
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Characterization of Dopant/Point Defect Complexes in Semiconductors by STEM

Institution: WISCONSIN-MADISON, UNIVERSITY OF
Point of Contact: Voyles, Paul
Email: voyles@engr.wisc.edu

Principal Investigator: Voyles, Paul
Sr. Investigator(s): Morgan, Dane, WISCONSIN-MADISON, UNIVERSITY OF
Morkoc, Hadis, VIRGINIA COMMONWEALTH UNIVERSITY
Kvit, Alex, WISCONSIN-MADISON, UNIVERSITY OF
Avrutin, Vitaliy, VIRGINIA COMMONWEALTH UNIVERSITY
Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $220,000

This project focuses on characterizing and simulating defects in compound doped semiconductors,
semiconductor devices, and semiconductor nanostructures. We have investigated p-type doping of ZnO
using As and Sb, In composition fluctuations in InGaN light emitting diodes (LEDs), and the properties of
Ga-doped ZnO as a transparent conducting oxide.

We have found that Sb-doped ZnO nanowires synthesized by Xudong Wang’s group at UW are reliably
p-type. Through a combination of aberration-corrected Z-contrast STEM imaging and density functional
theory (DFT) simulations, we have identified a new mechanism leading to this p-type doping consisting
of Sb-decorated head-to-head inversion domain boundaries. In ZnO thin films, Sb is incorporated in
other defects and does not lead to p-type conduction. We have discovered a new impurity/point defect
complex in As- and Sb-doped ZnO thin films using DFT and explored the dependence of As diffusion on
doping level.

We have used aberration-corrected Z-contrast STEM at low dose to show that, contrary to the widely-
accepted explanation for their high light conversion efficiency, there are no nanometer-scale lateral
composition fluctuations within the quantum well of a high-efficiency InGaN LED. Instead, high
efficiency is achieved by large scale well-width fluctuations.

We have combined electrical measurements and STEM data to elucidate the carrier scattering
mechanisms in heavily Ga-doped ZnO, a candidate material to replace indium-tin oxide as a transparent
conducting oxide, especially in GaN-based optoelectronic devices. Ga induces a charge in growth surface
polarity from Zn to O, leading to a high concentration of inversion domain boundary defects, reducing
the carrier mobility and the material’s conductivity. This effect can be reversed by an oversupply of Zn to
the growth surface, switching the polarity back, and resulting in high-quality material.

Finally, we have begun a collaboration with mathematicians Peter Binev and Wolfgang Dahmen on
achieving high precision and accuracy in STEM by non-rigid registration then averaging of multiple STEM
images of the same sample area.
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Tailoring Magnetism in Epitaxial Graphene on SiC

Institution: WISCONSIN-MADISON, UNIVERSITY OF
Point of Contact: Li, Lian
Email: lianli@uwm.edu

Principal Investigator: Li, Lian

Sr. Investigator(s): Weinert, Mike, WISCONSIN-MILWAUKEE, UNIVERSITY OF
Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $185,000

During FY2011, we have made significant progress towards the understanding of electronic and
magnetic properties of epitaxial graphene/SiC. First, we have unveiled the origin behind the selective
imaging of the complex electronic structure of epitaxial graphene on SiC(0001), using W tips
functionalized by transition metal coating [PRB 84, 125425 (2011)], which was vital to our recent
discovery of the atomic structure of the interfacial graphene layer that has eluded the community for
decades [PRL 105, 085502 (2010)]. Also based on this unearthing of the warped graphene interfacial
layer with periodic inclusions of pentagon-hexagon-heptagon, we have discovered a novel Si diffusion
path for the growth of pit-free graphene on SiC(0001) [PRB xx, 005400 (2011)].

Second, following our earlier work on the formation of ridges on the graphene layer/SiC [Nanotech 20,
355701 (2009)], we have further studied the electronic properties of the one-dimensional nanowires
and zero-dimensional quantum dots induced by the bending and buckling of the graphene layer using
scanning tunneling spectroscopy. Our results reveal strain induced pseudo-magnetic fields greater than
200 T on these graphene nano-structures [manuscript in preparation].

Third, we have found that hydrogenation of the epitaxial graphene/SiC using Ar/H, plasma led to the
formation of resonant scatters (e.g., H-vacancy defects), which cause both intra-valley and inter-valley
scattering. By measuring the wavelength of intra-valley scattering as a function of bias voltage in the
di/dV imaging, we have determined the impact of these resonant scatters on electron transport in
epitaxial graphene/SiC. Furthermore, we have demonstrated the controlled desorption of adsorbed
hydrogen atoms using the electric field associated with an STM tip [manuscript in preparation].

Last but not least, we have achieved the nano-cutting of epitaxial graphene on SiC(0001) using Fe
nanoparticle-assisted hydrogen etching in ultrahigh vacuum (UHV), and investigated the electronic
properties of the resulting edges. By carrying out both graphene cutting and characterization in-situ, we
have circumvented issues related to contamination that may introduce sporadic defects and/or
impurities to the edges, allowing the study of the intrinsic electronic and magnetic properties of these
graphene edges [manuscript in preparation].

DOE National Laboratories

Emergent Phenomena in Ferroic Nanostructures

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Petford-Long, Amanda
Sr. Investigator(s): Auciello, Orlando, ARGONNE NATIONAL LABORATORY
Hong, Seungbum, ARGONNE NATIONAL LABORATORY
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Heinonen, Olle, ARGONNE NATIONAL LABORATORY
Nakhmanson, Serge, ARGONNE NATIONAL LABORATORY
Phatak, C D, ARGONNE NATIONAL LABORATORY
Students: 4 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $2,387,000

The goal of this research program is to investigate novel and emergent properties of oxide thin films and
nanostructures, with an emphasis on ferroelectric, ferromagnetic and multiferroic systems along with
systems displaying novel transport behavior. The term ‘emergent’ is used here to describe the complex
and sometimes unanticipated behavior that can be displayed by simple and complex oxides when
combined in nanostructures. These emergent phenomena can be harnessed for a range of energy-
related applications such as photovoltaic devices, thermoelectric energy harvesting systems, and low-
power non-volatile memories. We intend to elucidate the chemical, microstructural and interfacial
contributions to their novel behavior.

Firstly, we seek to understand how synthesis affects the properties of multiferroic oxide films. Secondly,
we seek to understand the mechanisms by which film properties are modified in nanostructures,
through effects such as size confinement (including lateral confinement), charge transfer and band
structure modification. Thirdly, we are developing a full understanding of the dynamic response in
multiferroic nanostructures, including the physics underlying ferroelectric domain behavior, and
ferromagnetic magnetization reversal mechanisms in thin films and patterned oxide nanostructures. We
are combining advanced materials synthesis, complementary in situ and ex situ microstructural
characterization, and analysis of physical behavior, as well as computer simulation and theory to
accomplish our research objectives. A particular emphasis of our research is the development and use of
3D analysis tools, such as electron tomography and piezoresponse force microscopy, and modeling to
elucidate chemistry and domain structure at the nanoscale in three dimensions.

Spectroscopic Imaging STM for Complex Electronic Matter Studies

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Davis, Seamus

Sr. Investigator(s): Lee, Jinho, BROOKHAVEN NATIONAL LABORATORY
Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $320,000

VISUALIZING THE CREATION OF HEAVY FERMIONS

Within a Kondo lattice, the strong hybridization between electrons localized in real space (r-space) and
those delocalized in momentum-space (k-space) generates exotic electronic states called ‘heavy
fermions’. In URu,Si, we used spectroscopic imaging scanning tunnelling microscopy (SI-STM) to image
the evolution of URu,Si, electronic structure simultaneously in r-space and k-space. Heavy-quasiparticle
interference imaging within this gap reveals its cause as the rapid splitting below To of a light k-space
band into two new heavy fermion bands. This was the first direct visualization of a Kondo-screening
many-body state in magnetic lattice and the first use of heavy quasiparticle interference to determine a
heavy fermion band structure (both above and below EF). This combined capability to simultaneously
visualize the r-space Fano lattice and the k-space heavy fermion structure opens a completely new
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experimental window onto the physics of multichannel Kondo lattices and heavy fermion physics, and
has generated great interest worldwide.

VISUALIZING THE DESTRUCTION OF HEAVY FERMIONS

Replacing a magnetic atom by a spinless atom in a heavy fermion compound generates a quantum state
often referred to as a ‘Kondo-hole’. No experimental imaging had been achieved of the atomic-scale
electronic structure of a Kondo-hole, or of their destructive impact on the hybridization process
between conduction and localized electrons that generates the heavy fermion state. We recently
reported the first visualization of the electronic structure at Kondo-holes created by substituting spinless
Thorium atoms for magnetic Uranium atoms in the heavy-fermion system URu,Si,. At each Thorium
atom, an electronic bound state is observed. Moreover, surrounding each Thorium atom we find the
unusual modulations of hybridization strength recently predicted to occur at Kondo-holes (Figgins J,
Morr DK (2011) Phys Rev Lett 107:066401). Then, by introducing the ‘hybridization gapmap’ technique
to heavy fermion studies, we discovered intense nanoscale heterogeneity of hybridization due to a
combination of the randomness of Kondo-hole sites and the long-range nature of the hybridization
oscillations. These observations provide new and direct insight into both the microscopic processes of
heavy-fermion forming hybridization and the macroscopic effects of Kondo-hole doping. Long-standing
theoretical predictions for the electronic structure of a Kondo-hole including the suppression of
hybridization near the substitution-atom sites the disordered hybridization fluctuations generated by
random Kondo-hole doping, that an impurity bound-state appears within hybridization gap and that
hybridization oscillations exist are borne out directly by these experiments. This agreement between
theory deductions from macroscopic experiments provides growing confidence in the ability to predict
theoretically and to detect experimentally the atomic scale electronic structure and, perhaps more
importantly, the consequent hybridization disorder generated by Kondo-holes. The combination of SI-
STM techniques introduced here provides a powerful new approach for study of the r-space and k-space
electronic structure of heavy fermion systems.

Studies of Nanoscale Structure and Structural Defects of Advanced Materials

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Zhu, Yimei
Sr. Investigator(s): Tao, Jing, BROOKHAVEN NATIONAL LABORATORY

Wu, Lijun, BROOKHAVEN NATIONAL LABORATORY

Volkov, Steve, BROOKHAVEN NATIONAL LABORATORY
Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $2,148,000

The overall goal of this program is to study the property-sensitive nanoscale structures and defects of
technologically important materials, such as superconductors, multiferroics, and other energy-related
materials, including thermoelectric and photovoltaic devices, and batteries. We develop and employ
advanced quantitative electron-microscopy techniques, such as coherent diffraction, atomic imaging,
atomically resolved spectroscopy, and electron-holography to study the materials’ behavior. We
particularly emphasize gaining a detailed understanding of their structure-property relationships, and
knowing how to control and manipulate atomic structure and defects to optimize the materials’
functionality. Computer simulations and theoretical modeling are carried out to aid the interpretation of
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experimental data. Fabrication of thin films with tailored microstructure and nano-assemblies to
understand materials’ electronic and magnetic response under applied stimulus is also incorporated.

Gaining a thorough understanding of the correlation between the structure and property of complex
materials entails our adopting a wide range of characterization capabilities. One essential component of
our program is developing advanced instruments and methods for imaging, diffraction, and
spectroscopy that can be broadly applied to quantitatively characterizing a spectrum of materials and
their behaviors at the nanoscale. Such advancements require a significant resource suitable for a
national laboratory setting, wherein applications to different model systems and strongly correlated
oxides and energy-related materials can be demonstrated.

The impact and progress of our program during FY 2011 includes, but is not limited to, unraveling how
high-resolution imaging of precession-orbits of a vortex-core under resonance excitations uncovers the
effects of spin-transfer torque for spin-based devices; by what means does the spatial distribution of
temperature-dependent charge/orbital-ordered nanoclusters contribute to colossal magnetoresistance
in manganites; in what way do atomic defects boost thermoelectric power in (Ca,C0053)0.62Co0,; how
can the distribution of valence electrons alter the superconductivity of the Co doped BaFeAs,
superconductors; by what measure does a core-shell structure enhance the chemical reactivity of Pd-Pt
catalysts; and, what is the optimized microstructure of new electrode materials that offer higher power
and energy density, longer life, and safer lithium-ion batteries.

Real Time TEM Imaging of Materials Transformations in Liquid and Gas Environments

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Zheng, Haimei
Email: hmzheng@Ibl.gov

Principal Investigator: Zheng, Haimei

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $500,000

The objective of this project is to study the physical and chemical processes in materials with high spatial
resolution using in situ liquid or gas environmental transmission electron microscopy (TEM).
Understanding how materials grow and function at the nanometer or atomic scale in their working
environments is essential to developing efficient and inexpensive energy conversion and storage
materials and devices. With real time imaging in liquids or gases, this project will develop environmental
cell TEM and result in better understandings of growth and chemical reactions of nanocrystals and mass
transport induced structural changes in electrochemical processes important for energy applications.
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Soft Matter Electron Microscopy Program

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Balsara, Nitash

Sr. Investigator(s): Downing, Kenneth, LAWRENCE BERKELEY NATIONAL LAB
Kisielowski, Christian, LAWRENCE BERKELEY NATIONAL LAB
Minor, Andrew, LAWRENCE BERKELEY NATIONAL LAB

Students: 4 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)

Funding: $750,000

We will study charge transport in polymer membranes by electron scattering and microscopy. We focus
on self-assembled nanostructures formed by bio-inspired peptoids and synthetic block copolymers
within which ion transport is restricted to one of the nanostructures. We aim to determine the
geometry and chain configurations that lead to the most efficient solid-phase ion-transporting channel.
Spatially resolved electron microscopy and energy-loss spectroscopy are crucial for obtaining the
relationship between morphology and transport. Our microscopy techniques focus on maximizing
spatial and energy resolution while minimizing radiation exposure and damage. We will manipulate and
detect the incident, transmitted, and scattered electrons using aberration-correctors, high brightness
instruments, and novel 3D image reconstruction algorithms. In-situ electron microscopy experiments to
investigate the dynamic nature of soft materials on molecular and sub-molecular length scales have
been designed. This project will investigate if the resolution in soft materials of interest can be extended
to sub-nanometer length scales. We will develop materials with unique properties, e.g., membranes that
become wetter when they are heated in air and mechanically robust solid electrolytes for battery
applications.

Fundamental Mechanisms of Transient States in Materials

Institution: LAWRENCE LIVERMORE NATIONAL LAB
Point of Contact: Mailhiot, Christian
Email: mailhiotl@lInl.gov

Principal Investigator: Campbell, Geoffrey

Sr. Investigator(s): LaGrange, Thomas, LAWRENCE LIVERMORE NATIONAL LAB
Reed, Bryan, LAWRENCE LIVERMORE NATIONAL LAB

Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $1,002,000

We aim to develop a fundamental understanding of materials dynamics (from pus to ns) in systems
where the required combination of spatial and temporal resolution can only be reached by the dynamic
transmission electron microscope (DTEM). In this regime, the DTEM is capable of studying complex
transient phenomena with several orders of magnitude time resolution advantage over any existing in-
situ TEM. Using the unique in-situ capabilities and the nanosecond time resolution of the DTEM, we seek
to study complex transient phenomena associated with rapid processes in materials, such as the atomic
level mechanisms and microstructural features for nucleation and growth associated with phase
transformations in materials, specifically in martensite formation and crystallization reactions from the
amorphous phase. We also will study the transient phase evolution in rapid solid-state reactions, such as
those occurring in reactive multilayer foils (RMLF).
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We have imaged the evolution of transient microstructures in RMLF, rapid crystallization of binary
intermetallic glasses and single component amorphous Ge, and rapid solidification in Al. In the NiAl
RMLF studies, we have identified film compositions that form transient cellular microstructures
composed of liquid and solid NiAl intermetallic phases and those that do not. We have identified and
guantified C-curve behavior in the crystallization of amorphous NiAl. We have also found no identifiable
C curve behavior in the crystallization of amorphous Ge, within the time resolution of the DTEM. We
have also found that rapid solidification of pure Al in nanoscale films is dominated by heat flow, thus
leading to smooth solidification fronts at the level of the grain scale. We have demonstrated the ability
to acquire time resolved convergent beam electron diffraction patterns in the DTEM. We have also
demonstrated the capability to induce the amorphous to crystalline transformation and reverse it when
desired in phase change materials using pulsed laser heating in situ in the DTEM.

We are currently building the movie mode capability on the DTEM, thereby allowing the capture of a
sequence of images from a single irreversible event occurring in-situ in the specimen. We will be able to
acquire up to 16 images that will make a short movie of the event. This will, for instance, enable the
study of the microstructural evolution at the propagating reaction fronts in RMLF. This capability will
also aid in the study of phase transformations, where we can track the position of the interface as a
function of time and observe the nature and mechanisms involved with the interaction of the interface
with microstructural features that will allow us to more effectively model phase transformation kinetics.
Characterization of such strongly driven systems in the DTEM includes crystallization of amorphous NiTi
and Ge, solidification of pure and alloy systems in a planar geometry, and reaction of energetic
multilayer films. We will continue these studies and expand them to include related phase
transformations, with particular emphasis on the stability of the moving interface between the phases
present as the structure evolves. We have found oscillatory behavior at two of these interfaces—
crystallization of amorphous Ge and reactive multilayers—the origins of which we will pursue. The
morphological instability of rapidly solidifying metals and alloys in planar geometries and reactive
multilayer films will also be investigated. Over the long term, we expect that our time resolved studies
will have significant impact in materials science in advancing our understanding of mechanisms of a
variety of transient phenomena. We anticipate in-situ analysis of materials properties and reactions on
the nanometer and nanosecond scales that provide unique insights to fundamental catalytic processes.

Atomic Mechanisms of Metal Assisted Hydrogen Storage

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Gallego, Nidia

Sr. Investigator(s): Contescu, Cristian, OAK RIDGE NATIONAL LABORATORY
Morris, James, OAK RIDGE NATIONAL LABORATORY

Students: 3 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $567,000

The goal of this project is to establish the scientific basis for designing the building blocks of carbon-
based nanoporous adsorbents that enable synergistic metal-carbon interactions, leading to enhanced
hydrogen uptake at near-ambient temperatures. Our results indicate that embedding transition metal
catalysts within nanoporous carbons with controlled nanoscale structure and porosity results in
enhanced H, adsorption. This appears to result from atomic-scale interactions between molecular H,,
metal particles, and carbon with proper nanostructures. Theoretical calculations demonstrate that
uptake may be significantly increased if sufficient control of the structure can be attained. To optimize
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the design of such nanostructures, it is essential to develop atomistic models that realistically describe
isotropic nanoporous carbons, and to gain fundamental understanding, at the atomic and molecular
level, of hydrogen interactions with nanoporous carbons and metal-doped nanoporous carbons. We will
focus on three specific aims: (1) modeling and characterization of medium-range order in partially
amorphous - partially graphitic structures of nanoporous carbons, (2) understanding the mechanism of
molecular activation of H, by metal particles, and (3) elucidation of the energetics and dynamics of
hydrogen species confined in the molecular space of pure- and metal-doped nanoporous carbons. State-
of-the-art neutron and x-ray (synchrotron) scattering, advanced computation, and high-resolution
electron microscopy all contribute to achieving our research goals.

Probing Phase Transitions, Chem. Ractions, & Energy Transfer at the Atomic Scale: Multifunctional
Imaging w/Combined Electron & Scanning Probe Mic
Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov
Principal Investigator: Borisevich, Albina
Sr. Investigator(s): Donovan, Leonard, OAK RIDGE NATIONAL LABORATORY
Pan, Minghu, OAK RIDGE NATIONAL LABORATORY
Students: 3 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $744,000

Electrical bias-induced phase transitions and electrochemical reactions underpin a wide range of
applications ranging from such global issues as energy generation, storage and conversion to
fundamental science of order parameter-structure couplings. To achieve a microscopic understanding of
the thermodynamics and kinetics of these processes, we need the capability to probe them in-situ, on a
single-defect level. Here, we plan to develop experimental tools for seamless combination of high-
resolution electron microscopy, electron energy loss spectroscopy (EELS) imaging, nanofabrication, and
local scanning probe approaches, while also formulating new methodologies for data analysis and
interpretation using synergistically coupled advanced theoretical methods. Using these tools, we will
study energy transformations in systems with increasing levels of complexity: (A) purely electronic
transfer at interfaces and single dopant atoms in oxide grain boundaries, interfaces, and nanowire
junctions; (B) electrostatically-driven structural changes and phase transitions in ferroelectrics and
antiferroelectrics; and (C) electrochemical processes involving mass transfer that occur on charge
injection at solid interfaces of the ionic conductors. We will uncover mechanisms of these
transformations on the nanometer, and ultimately, a single-atom and single-electron level. This will
enable optimization of a broad range of energy and information technologies from fuel cells,
supercapacitors, and batteries, to data storage and energy.
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STEM Atomic Structure and Properties of Materials

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Pennycook, Stephen

Sr. Investigator(s): Chisholm, Matthew, OAK RIDGE NATIONAL LABORATORY
Lupini, Andrew, OAK RIDGE NATIONAL LABORATORY
Varela Del Arco, Mario, OAK RIDGE NATIONAL LABORATORY
Luo, Weidong, VANDERBILT UNIVERSITY

Students: 4 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $2,588,000

The successful correction of aberrations in the electron microscope has provided sub-Angstrom
resolution for imaging, combined with unprecedented sensitivity for spectroscopy. For the first time,
two dimensional spectroscopic images are feasible, and atomic resolution can be achieved with
accelerating voltages as low as 60 kV, avoiding most damage events in materials such as graphene,
boron nitride and polymers. We have a historic opportunity therefore to explore the atomistic origins of
materials properties. This program both develops new methodologies for applying these instrumental
advances to materials, and applies them in collaboration with groups in ORNL and outside, to cutting
edge materials issues in nanoscience, chemical sciences and especially to energy materials. Specifically
we explore and define the limits to resolution, in three dimensions, and the sensitivity and precision for
locating single impurity atoms and mapping electronic structure. Key issues of interface science and
materials physics include the origin of the unique properties of artificially synthesized complex oxide
superlattices, and structure/function correlations in battery materials, iron-based superconductors,
monolayer graphene and boron nitride.

Correlated Materials - Synthesis and Physical Properties

Institution: SLAC NATIONAL ACCELERATOR LABORATORY
Point of Contact: Devereaux, Thomas
Email: tpd@stanford.edu

Principal Investigator: Fisher, lan
Sr. Investigator(s): Kapitulnik, Aharon, STANFORD UNIVERSITY

Moler, Kathryn, STANFORD UNIVERSITY

Kivelson, Steven, STANFORD UNIVERSITY

Geballe, Theodore, STANFORD UNIVERSITY

Analytis, James, SLAC NATIONAL ACCELERATOR LABORATORY
Students: 2 Postdoctoral Fellow(s), 19 Graduate(s), 0 Undergraduate(s)
Funding: $1,582,000

Work in this project addresses the Grand Challange of understanding and harnessing emergent
phenomena, as well as a number of “Basic Research Needs” areas for energy applications in the realm of
guantum materials. In broad terms, we seek to understand how complex interactions in strongly
correlated electron systems lead to emergent quantum behavior, including unconventional
superconductivity, charge and spin ordered states, and non-Fermi liquid effects. We combine a range of
techniques to address these questions, including crystal growth and characterization of novel materials
(with a focus on magnetotransport properties - Fisher & Geballe), local electronic (Kapitulnik) and
magnetic (Moler) measurements, and theory (Kivelson). In all cases, our focus is on understanding the
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fundamental factors determining the often complex electronic properties of these materials from both
an experimental and a theoretical perspective. We work collaboratively on materials and questions of
mutual interest, often together with Pls from other FWPs within SIMES.

Experimental Condensed Matter Physics

Institutions Receiving Grants

Artificially Structured Magnetic Materials

Institution: ARIZONA, UNIVERSITY OF
Point of Contact: Falco, Charles
Email: falco@u.arizona.edu

Principal Investigator: Falco, Charles

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $32,000

Our research was directed toward understanding magnetism at surfaces and interfaces in high-quality,
well-characterized materials prepared by Molecular Beam Epitaxy (MBE) and sputtering. This work is
divided into three areas: the main focus is an understanding of ultrathin Fe layers on GaAs, the second
area is understanding spin phenomena in ferromagnetic layers on Ill-V and II-VI semiconductors, and the
third area involves spin polarized neutron reflection (PNR) in collaboration with Dr. Michael
Fitzsimmons’ group at Los Alamos National Laboratory.

The interactions in low dimensional and patterned magnetic nanostructures are presently not well
understood, but are of considerable fundamental and practical importance. Single-crystal MBE-grown
nanodots hold considerable promise, and our research addressed this area. We fabricated suitable
epitaxial materials by MBE and then conducted studies of their magnetic properties using Brillouin light
scattering (BLS). Our effort was unique in three ways: (1) our structures were formed in epitaxial films;
(2) our structures were extremely thin, on the order of only a few monolayers; and (3) our in situ BLS
instrumentation gives us exceptional ability to determine the magnetic properties. For these studies we
used in situ RHEED and LEED to verify the single crystal nature of the films, and BLS to measure
saturation magnetization Ms, and the first- and second-order anisotropy constants Ku(1) and Ku(2).

We conducted an in-situ scanning tunneling microscopy (STM) study of the Fe microstructure for
coverages near the superparamagnetic-to-ferromagnetic transition. In addition, we made in-situ BLS
measurements at low temperature to study the superparamagnetic phase in detail. By correlating the
STM data with BLS and diffraction we were able to extract information about these transitions and their
relation to structure.
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Focused Research Center in Correlated Electronic Materials

Institution: BOSTON COLLEGE, TRUSTEES OF
Point of Contact: Wang, Zigiang
Email: wangzi@bc.edu

Principal Investigator: Wang, Zigiang
Sr. Investigator(s): Ding, Hong, BOSTON COLLEGE, TRUSTEES OF
Madhavan, Vidya, BOSTON COLLEGE, TRUSTEES OF
Padilla, Willie, BOSTON COLLEGE, TRUSTEES OF
Students: 6 Postdoctoral Fellow(s), 8 Graduate(s), 3 Undergraduate(s)
Funding: $250,000

This Single-Investigator and Small Group Research Grant commenced on 9/15/09. The grant supports
the collaborations among theory and complimentary experimental efforts (STM, ARPES, and Optics) at
Boston College in one of the DOE Grand Challange areas of correlated electron and complex materials.
The team has a track record of synergetic collaborations in the field of high-Tc cuprate and iron-based
superconductors, sodium cobaltates, and strontium ruthenates. From 2010 to 2011, these collaborative
research activities have led to seven published papers, including two in Nature Physics, two in Physical
Review Letters, and one in Nature Communications.

Recent research activities of the group have led to the observation of the three-dimensional (3D)
superconducting gap function in optimally-doped iron-pnictide superconductors and the description of
the measured gaps on all Fermi surfaces by a single 3D gap function that is consistent with the existence
of only two dominate pairing energy scales, the in-plane and out-of-plane pairing strengths. This work
points to a common origin for the pairing strength on all Fermi surfaces and provide the much needed
insights for understanding the mechanism of superconductivity in Fe-based superconductors. The iron-
pnictides are multiorbital systems where the electron correlation strength is intermediate and
comparable to the kinetic energy. This intermediate interaction regime represents the challenge for
understanding correlated systems as the electrons straddle between having predominantly itinerant and
localized characters. The team’s theoretical work revealed that nonperturbative correlation effects are
essential to stabilize the metallic spin density wave phase with small magnetic ordered moments
observed experimentally. For the high-Tc cuprate superconductors, the combined STM and neutron
scattering experiments on optimal electron-doped PLCCO samples demonstrated the spatial coexistence
of superconductivity and antiferromagnetism. Contrary to phase separation observed in some hole-
doped copper-oxides, the AF order and the superconductivity are found to be inhomogeneous and
compete locally on nanometer scales in electron-doped materials. The group has also initiated research
efforts in the field of topological insulators. Recently accomplished works include the observation of
broken time-reversal symmetry using combined STM and ARPES probes on the surface of magnetically
doped topological insulators; and the discovery by STM of unidirectional stripes and the induced
periodic modulations in the Landau level energies that raise the potential to realize 1D quantum wires
using topological insulators.
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Probing the Origins of Conductivity Transitions in Correlated Solids: Experimental Studies of Electronic
Structure in Vanadium Oxides

Institution: BOSTON UNIVERSITY
Point of Contact: Smith, Kevin
Email: ksmith@bu.edu

Principal Investigator: Smith, Kevin

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

The scientific and technological interest in solid state conductivity transitions is enormous. The switching
of the electrical properties of a material between those of a metal and those of a non-metal (be it
semiconducting, semimetallic, insulating, or superconducting) is the very basis of the electronics
industry. These transitions can be driven by many external and internal mechanisms, including, but not
limited to, applied electric and magnetic fields, chemical doping, defects, disorder, pressure, and
temperature. While the technological applications of such transitions are numerous, these transitions
are also the focus of significant fundamental physical interest. Indeed a substantial fraction of all
research in solid state physics is directed at understanding such transitions in some form or another, and
almost every conceivable experimental technique has been applied in an attempt to identify their origin,
and control their behavior.

Vanadium oxides are a class of solids that display particularly complex and fascinating properties.
Whether as simple binary oxides or as ternary compounds with another metal cation, these oxides are
replete with complex conductivity transitions, as well as charge ordering transitions, structural phase
transitions, frustrated spin structures, superconductivity, and unusual magnetic properties. As such,
vanadates are prototypical correlated materials, and allow important physical themes to be explored
both experimentally and theoretically. Key to understanding the origin of all these phenomena in the
vanadates is accurate experimental determination of the underlying electronic structure.

This program aims to make definitive spectroscopic measurements of the electronic properties of a
selection of vanadium oxides. The primary goal is to use the knowledge gained on the electronic
structure of the vanadates to facilitate a deeper understanding of the origins of conductivity transitions
in correlated materials. The experimental tools used are soft x-ray emission spectroscopy, soft x-ray
absorption spectroscopy, resonant inelastic soft x ray scattering, x-ray photoemission spectroscopy, and
angle resolved photoemission spectroscopy. The use of this suite of techniques enables a wide range of
oxides to be studied, since are able to measure electronic structure in electrical conductors and
insulators, and samples in crystal, thin film, or powdered form.

During the current reporting period, we completed three vanadate studies: (a) measurement of orbital
anisotropy and low-energy excitations of the quasi-one dimensional conductor R-Sr0.17V205, (b)
measurement of electronic structure in the ferromagnetic insulator V0.82Cr0.1802, and (c)
measurement of electronic structure in the photoelectrochemical water splitting oxide BiVOj,.
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Thermal Transport in Correlated Low Dimensional Electrons Systems

Institution: CALIFORNIA INSTITUTE OF TECHNOLOGY
Point of Contact: Eisenstein, James
Email: jpe@caltech.edu

Principal Investigator: Eisenstein, James

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

This project is underway at the California Institute of Technology under the scientific direction of
Principal Investigator (Pl) James P. Eisenstein. The Pl and his research group consisting of graduate
students and postdoctoral associates study the fundamental physical properties of large collections of
Nature’s simplest elementary particle, the electron. These electrons are confined to two dimensions
both in semiconductor quantum wells and in single and few layer graphenes. Electrons so confined are
hardly a scientific curiosity. Essentially all modern consumer electronics are based upon transistors
containing two-dimensional (2D) electron systems and there is already a vast amount of current
research aimed at harnessing the potential of graphene for technological purposes.

We seek to answer fundamental questions about 2D electron systems. For example, we hope to
determine whether the exotic “non-abelian quasiparticles” predicted by theory are really present in
certain fractional quantum Hall states at high magnetic field. Proof of the existence of such objects
would have important implications for physics and quantum information science. Our approach is based
on the known connection between the entropy of an electron system and its thermoelectric power.
Non-abelian quasiparticles are anticipated to possess an anomalously large entropy at low temperatures
and this may be reflected in the thermopower.

Graphene represents another focus of our research. Our present aim is to study the electronic
properties of suspended samples which contain only a few layers of carbon atoms (typically 1 to 3).
Suspended systems are cleaner than samples on substrates and thus more likely to display subtle
correlated electron phases. Multilayer samples are particularly promising owing to the large discrete
degeneracy of their Landau level spectra. This degeneracy offers numerous prospects for spontaneously
polarized (pseudo-ferromagnetic) phases.

Finally, we employ surface acoustic wave (SAW) techniques to explore two-dimensional electron
systems. One planned application is to examine graphene deposited on GaAs, a piezoelectric
semiconductor. SAWs on the GaAs will provide access to the conductivity of graphene at much shorter
length scales than conventional transport measurements. We will use surface acoustic waves to
examine the exotic Bose-Einstein condensate of excitons which appears in double layer 2D electron
systems at high magnetic field. This unusual state, discovered in the PI’s lab with support from DOE, is at
once closely related to superconductors and to ensembles of ultra-cold bosonic atoms.

MSE Summaries| 1-93



Investigating the Role of Ferromagnetic Materials on the Casimir Force

Institution: CALIFORNIA, UNIVERSITY OF RIVERSIDE
Point of Contact: Mohideen, Umar
Email: umar.mohideen@ucr.edu

Principal Investigator: Mohideen, Umar

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

Here we propose the first experimental and complimentary theoretical study of the role of magnetic
materials in the Casimir force. The role of the Casimir force has become recognized as central to the
performance, function and fabrication of MEMS devices. The Casimir effect predicts a force between
macroscopic bodies that are electrically neutral. The force results from the spectral modification of the
zero-point oscillations of the electromagnetic field due to the presence of the macroscopic objects. For
simple planar geometries and dilute systems, the Casimir force can be viewed as an extrapolation of the
van der Waals force to macroscopic objects and large separations. However in contrast to the van der
Waals force the Casimir force can be both attractive and repulsive depending on the boundary
geometry. The last ten years have seen increasing levels of sophisticated experiments, which have
provided tremendous impetus to the development of a more solid theoretical foundation of the
material dependences of the Casimir force. These rapid theoretical developments have raised
fundamental questions on the role of material parameters which are the subject of many ongoing
experiments. The material parameters investigated have already opened many promising avenues for
technological applications. This provides urgency to the investigation of the material properties that are
still unexplored with regards to the Casimir effect.

At present there is no experiment based understanding of the role of magnetic materials in the Casimir
force. Previously, it was thought that two strongly ferromagnetic materials would overwhelm the
Casimir force. The effect was thought to be negligible if only soft magnetic surfaces were used. Contrary
to these assumptions, we show through preliminary calculations, that the magnetic materials might
have subtle yet strong effects on the Casimir force. In fact, the Casimir force between a ferromagnetic
dielectric and a normal metal might even be repulsive if the role of electron scattering is neglected. In
other cases, substantial differences in the force are noted depending on whether, the electron-phonon
scattering is included or neglected (Drude model or plasma model) in the calculation of the Casimir force
when ferromagnetic plates are used. Thus the measurement of the Casimir force, will also shed light on
the role of dissipation mechanisms in the Casimir force.

The specific objectives are the measurement of the Casimir pressure between (1) two ferromagnetic
metal plates, (2) a ferromagnetic metal plate and a normal metal, and (3) a ferromagnetic dielectric and
a normal metal. A dynamic force measurement technique which directly relates the sphere-plate force
to the Casimir pressure between two parallel plates will be used in these measurements.

The experimental group of U. Mohideen (P.l.) at UCR pioneered the use of the Atomic Force Microscope
(AFM) a MEMS device for precision measurements of the Casimir force, which has now become a
standard technique in the field. They also used it for first demonstration of the lateral Casimir force
between two aligned corrugated surfaces and its geometry dependence. They have also demonstrated
the role of material properties of the Casimir force with semiconductor materials, and also the optical
modulation of the Casimir force. Design of sensors and actuators based on MEMS presently takes into
account the role of the Casimir force. Their recent work on the role of carrier density in the Casimir force
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has already been incorporated into the design of MEMS devices. The technology developed has also
been transferred for the rapid and sensitive detection of bio-warfare agents. Given the complexity and
interdisciplinary nature of the experiments, there is need for immediate theoretical help. The theorists
Professor G.L. Klimchitskaya and Professor V.M. Mostepanenko participating in this work are
internationally recognized experts on the Casimir effect (each over 60 papers on the subject). They are
an interdisciplinary group with expertise in Condensed Matter Physics and Quantum Field Theory,
respectively. A complete understanding of the role of magnetic materials in the Casimir force will be
critical for the design of the emerging technology of precision MEMS devices, which are being designed
for inertial sensing and communication.

Cold Exciton Gases in Semiconductor Heterostructures

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Butov, Leonid
Email: Ivbutov@physics.ucsd.edu

Principal Investigator: Butov, Leonid

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $165,000

An indirect exciton is a bosonic quasi-particle formed by an electron and a hole confined in separated
guantum well layers. Due to their properties, indirect excitons form a model system for the studies of
basic properties of cold bosons. (1) Indirect excitons have long lifetimes and can cool down to
temperatures well below the temperature of quantum degeneracy. This gives an opportunity to realize
cold excitons gases. (2) Indirect excitons have built-in dipole moments and their energy can be
controlled by voltage. This gives an opportunity to create a variety of potential landscapes for indirect
excitons and use them as a tool for studying the physics of excitons. (3) Indirect excitons have long spin
relaxation times. This allows studying exciton spin transport and other spin-related phenomena. (4)
Indirect excitons can travel over large distances. This gives an opportunity to measure exciton transport
by imaging spectroscopy. The objective of our research is to study the physics of cold exciton gases in
semiconductor heterostructures.

Electromagnetic Response of Correlated Electron Systems in the Regime of Charge and Spin
Inhomogeneity

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Basov, Dimitri
Email: dbasov@physics.ucsd.edu

Principal Investigator: basov, dmitri

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 2 Undergraduate(s)
Funding: $135,000

The physics of correlated electron systems is rich and many phenomena discovered in these materials
still elude thorough understanding. The complexity of these solids, at least in part, is related to their
tendency towards the formation of electronic and/or magnetic inhomogeneities. Evidence for
charge/spin self-organization and phase separation in correlated electron materials is overwhelming.
Nevertheless, the dynamical properties of individual electronic phases commonly coexisting in
correlated electron matter on the nano-meter (nm) scale remain largely unexplored because methods
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appropriate to study charge dynamics (transport, infrared/optical, and many other spectroscopies) lack
the required spatial resolution. This deficiency is fundamental and ought to be remedied in order to
make critically needed advances in our understanding of complex correlations phenomena. The
challenges involved in elucidating the physics of spin/charge ordered states in correlated systems call for
the development of novel experimental tools. The proposed program features two new experimental
approaches that will allow the PI to significantly advance the present experimental picture of correlated
electron phenomena: (1) near-field infrared study of charge dynamics with the spatial resolution down
to 10 nm and (2) a spectroscopic investigation of the electrostatic doping in gated structures based on
correlated electron solids.

Both of these approaches capitalize on the wealth of information delivered by infrared (IR) or optical
probes that have been adapted by the Pl specifically to address measurements of correlated electron
systems. The capabilities of near-field IR nanoscopy are most valuable when complemented with broad
band spectroscopic and/or ellipsometric characterization as recently has been demonstrated by the PI.
The electrostatic doping offers an appealing alternative to chemical doping since this method allows one
to disentangle intrinsic properties of correlated doped insulators from disorder-driven effects. Tools for
IR/optical spectroscopy of gated structures developed by the Pl are uniquely suited for the task.

The proposed program will focus on two classes of correlated electron systems: vanadium oxides and
graphene. Both classes of materials feature a wealth of new physical phenomena that are yet to be
understood. Both classes of materials also hold great promise for technological applications. Therefore
the proposed program will allow the Pl to explore and exploit novel effects arising in these systems from
strong correlations. The nanoscopy studies will be aimed at the systematic investigation of electronic
phase separation focusing on the insulator-to-metal transition region in vanadium oxides and low doped
or charge neutral graphene. Specifically, near field IR experiments will be performed for various forms of
VO, and V,0; materials including thin films and single crystals. These nanoscopy measurements will be
combined with the nano-scale structural characterization using facilities at the Advanced Photon Source
(APS) and with the in-house broad band ellipsometric measurements. The proposed work on vanadium
oxides will provide the most complete experimental picture of emergence of the metallic state in this
prototypical family of correlated insulators. The graphene component of the program will focus on the
methodical studies of the electronic correlations in this new form of two-dimensional electron gas.
Broad band IR microscopy carried out by the Pl for gated structures will provide insights into systematic
variation of many body effects with the level of details previously unattainable for other correlated
systems. In-house near-field nanoscopy will augment this with information on the role of electronic
inhomogeneities in charge dynamics of graphene.

Nanostructured Materials: From Superlattices to Quantum Dots

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Schuller, Ivan
Email: ischuller@ucsd.edu

Principal Investigator: Schuller, lvan

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $165,000

This proposal is a continuation of a very successful project on “Nanostructured Materials: From
Superlattices to Quantum Dots” to be performed at the Nanoscience Group, Physics Department of the
University of California, San Diego under the directorship of Prof. Ivan K. Schuller. In addition to in-house
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research, collaborations which crucially rely on materials and devices developed under this project, are
underway at major DOE facilities (synchrotrons and neutron), at UCSD and other research universities.
Thus this project is a source of materials and devices used by researchers all across the U.S. and
internationally, principally at other DOE funded institutions.

This project is dedicated to the main issues, which arise when materials are nanostructured in one, two
and three dimensions. This comprehensive project includes preparation of nanostructures using thin
film (Sputtering and MBE) and lithography (electron beam, Focused lon Beam and self assembly)
techniques, characterization using surface analytical, scanning probe microscopy, scattering (X-ray and
Neutron) and microscopy techniques and measurement of physical properties (magneto-transport,
magnetic and magneto-optical). The important physical properties to be investigated include
confinement, a variety of proximity effects in hybrids, and induced phenomena by the application of
external driving forces such as time varying electric and magnetic fields, light and other types of
radiation. This has lead and will possibly produce and/or uncover unique new physical phenomena and
devices. In particular, this research has major impact in the area of nanomagnetism a major forefront
research area world-wide. Specific physical problems to be investigated include important basic
research issues in exchange bias in magnetic bilayers; confinement of magnetism by geometric
boundaries; proximity effects between ferromagnets/antiferromagnets, metals/oxides, organics/metals;
and their behavior at ultrafast times. Moreover, some of the techniques (especially structural
characterization) developed under this project are supplied free of charge to other researchers in a wide
variety of related areas. This research has direct impact on DOE’s Five Challenges for Science and
Imagination and will develop the basic research foundation of many technologies important for the
nation.

In addition, this research has potential impact on new applications in important areas of applied
research for DOE such as sensors, novel electronics and data storage. Thus development and patenting
of important ideas are crucial ingredients in this project. An important and crucial ingredient in this
project is the education of the next generation scientists and technologists in state of the art forefront
instrumentation, experimental and theoretical techniques. Many young researchers educated in this
area have been traditionally employed in industries in the high technology area, have become
independent researchers at major research organizations or educators in universities and/or colleges.

Superconductivity and Magnetism in d- and f-Electron Materials

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Maple, Brian
Email: mbmaple@ucsd.edu

Principal Investigator: Maple, M. Brian

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $300,000

During 2011, we have made progress on several fronts, which are summarized below.

Following our earlier discoveries of an anomalous temperature-magnetic field phase diagram in
Yb,Fe;,P;, and heavy fermion weak ferromagnetism in Sm,Fe;,P;, we have continued our systematic
investigation of non-centrosymmetric “2-12-7” Zr,Fe,,P;-type crystals. We reported on the transport,
thermal, and magnetic properties of Yb,Co1,P;, which appears to exhibit short-range correlations well
above the temperature where the Yb sublattice orders ferromagnetically. We have also carried out
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thermopower measurements on several of these compounds, demonstrating that the thermopower is
comparable to that found in many strongly correlated systems. In Hf,Fe;,P;, a compound that had not
previously been synthesized, we have found that the electrical resistivity has a nearly linear T-
dependence at low temperatures, with evidence for a weak antiferromagnetic transition near 5 K. While
most of the Co-P based 2-12-7s exhibit ferromagnetic ordering of localized Co moments near 150 K, we
recently found that Nb,Coq,P; appears to present itinerant ferromagnetic ordering near 50 K. We have
synthesized a large batch of polycrystalline U,Fe;,P;, which will soon be subjected to neutron diffraction
measurements at low temperatures. We have also succeeded in synthesizing some of the corresponding
Ni-As based 2-12-7s, and we are now characterizing their properties.

Motivated by our discovery of evidence for cooperative valence fluctuations in Cey,Yb,Colns, we have
synthesized several single crystalline samples in the series Ce;,Yb,RhIns. We are now in the midst of
characterizing these samples to explore whether intermediate valence phenomena exist in this system.
Particularly, we are investigating the possibility that the heavy fermion state is also stabilized by
cooperative Ce and Yb valence fluctuations.

PrPt,Geq, was recently discovered and shown to exhibit a high superconducting transition temperature
T. = 7.9 K. The superconducting state breaks time reversal symmetry (TRS). However, the compound
CePt,Ge;, exhibits fluctuating valence behavior with no evidence for magnetic order above T ~ 0.48 K.
We have synthesized several samples in the pseudoternary system Pry,CePt;Ges,, in order to
investigate the possibility that interplay between the superconducting state and Ce-related hybridization
effects might produce an interesting phase diagram with new physical phenomena. Thus far, we have
established that the substitution of Ce for Pr suppresses the T, of PrPt,Ge;, monotonically with Ce
concentration. We are investigating an anomalous splitting of the feature in the specific heat that is
associated with the superconducting transition. We found that the T, of PrPt,Ge, is suppressed linearly
with pressure.

Electrical resistivity, specific heat, and magnetization measurements on polycrystalline samples of URu,.
«FeSi, reveal a two-fold enhancement of the “hidden order” (HO)/large moment antiferromagnetic
(LMAFM) phase boundary Ty(x). The To(P.n) curve, obtained by converting x to “chemical pressure” Py, is
strikingly similar to the To(P) curve, where P is applied pressure for URu,Si, - both exhibit a “kink” at 1.5
GPa and a maximum at ~ 7 GPa. This similarity suggests that the HO-LMAFM transition at 1.5 GPa in
URu,Si, occurs at x ~ 0.2 (Ps, ™ 1.5 GPa) in URu,Fe,Si,. We note that the application of chemical pressure
to URu,Si, extends the range of experiments that may be used to study the HO to methods, such as
STM, ARPES and PCS that are generally not available in combination with applied pressure, but hold the
promise of new insights into the HO.

We have focused a substantial effort on synthesizing several Fe-based superconducting materials in
single crystal form. We have successfully synthesized single crystals of KFe,Se,. Magnetization
measurements on these crystals appear to indicate critical current densities that may be substantially
larger than those previously reported for this material. We have also succeeded in synthesizing sizable
single crystals of LaFeAsO, and we are now in the midst of synthesizing single crystals of several more
members of this family. We have subjected the LaFeAsO single crystals to Hall measurements and have
also measured the anisotropy of the electrical resistivity. Previous measurements of polycrystals under
pressure resulted in a rather ambiguous phase diagram, due to the broad, difficult to pinpoint feature in
the electrical resistivity at the spin density wave transition. The transport signature of the spin density
wave is much sharper in our single crystals than in polycrystals, allowing us to more accurately pinpoint
the pressure dependence of the spin density wave transition temperature and resulting in a significantly
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clearer pressure-temperature phase diagram for LaFeAsO. We are also carrying out a study of the
effects of actinide substitution on “122” Fe-based superconductors.

Coherent Excitations in Disordered Quantum Materials

Institution: CHICAGO, UNIVERSITY OF
Point of Contact: Rosenbaum, Thomas
Email: t-rosenbaum@uchicago.edu

Principal Investigator: Rosenbaum, Thomas

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

Disorder-induced structure on the mesoscopic scale can have profound macroscopic consequences,
leading to materials with novel electronic, optical, and magnetic properties. This structure can result
directly from gross inhomogeneities in a material’s composition or, more subtly, by self-organization on
scales from nanometers to microns in the presence of quenched, atomic disorder. The penchant for self-
organization is enabled by strong correlations and fluctuations in the near vicinity of a phase transition
and can be found, for example, in puddles of electrons that remain on the insulating side of a metal-
insulator transition or variegated charge order in high-temperature superconductors. We pick a
particularly simple system of randomly-distributed magnetic dipoles to probe the ability of clusters of
spins to coherently self organize and decouple from the local environment (“spin bath”). Coherent
guantum oscillations of hundreds of spins labeled by frequency in the rare earth tetrafluorides permit
the encoding of information and fundamental studies of quantum decoherence mechanisms. We take
advantage of the ability to tune quantum tunneling with a “knob” in the laboratory, a magnetic field
applied transverse to the ordering axis of the dipoles, and exploit the influence of fluctuations near a
guantum critical point, where statics and dynamics are inextricably linked. A combination of multi-axis
ac susceptometry, dc magnetotmetry, noise measurements, hole burning, non-linear Fano experiments,
and neutron diffraction as functions of temperature, transverse field, frequency, dipole concentration,
and excitation amplitude should address issues of stability, overlap, coherence, and random field
effects. Extensions to a spin liquid stabilized by geometrical frustration rather than quantum
fluctuations, gadolinium gallium garnet, and a quantum antiferromagnet (versus a quantum
ferromagnet) promise tests of universality and new models of self-organized collective behavior.

Colloidal Quantum Dot Films. Transport and Magnetotransport

Institution: CHICAGO, UNIVERSITY OF
Point of Contact: Guyot-Sionnest, Philippe
Email: pgs@uchicago.edu

Principal Investigator: Guyot-Sionnest, Philippe

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $134,000

The project investigates experimentally the electronic transport through self-assembled arrays of
guantum dots. The quantum dots are of order 10 nm in diameter or smaller, made by colloidal chemical
synthesis. These are materials explored for roll to roll solar cells, cheaper photodetectors and light
emission devices. These applications involve and may be limited by the electronic transport through the
arrays and this motivates the basic studies of the project.
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Rather monodispersed dots are used to eliminate one source of disorder and to start with systems
where the energy levels are well separated and understood within the individual quantum dots. In
parallel with chemical methods devised to improve the electronic transport parameters such as
mobility, a key originality of the project is the control of the charge density in the dots. In addition, the
project explores the effects of temperature, bias and magnetic field.

Models developed for transport in disordered conductors are applied to the arrays of quantum dots.
Incoherent hopping rather than band-like conduction is typically observed. The monodispersed quantum
dot assemblies allow for a quantitative application of these models at different state density, tunable by
the Fermi level, and temperature.

Controlling the magnetic properties through the charge density is the other aspect of the project.
Electrically controlled magnetic material may find use in information storage but such materials are
elusive. As the electrons flow only through the lowest level of the dots, which has only spin degeneracy,
an external magnetic field can influence the transport through the kinetics of triplet/singlet conversion,
the “spin-blockade” effect. Controlling the charge density affects this spin-blockade effect. With
magnetic dopants present in the dot, the carriers may produce a magnetic polaron. This may lead to a
giant energy shift for the carrier and produce a strong magneto-resistance as well as possible
ferromagnetism.

Dynamics of Electronic Interactions in Superconductors and Related Materials

Institution: COLORADO, UNIVERSITY OF
Point of Contact: Dessau, Daniel
Email: Dessau@Colorado.edu

Principal Investigator: Dessau, Daniel

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $220,000

High energy-resolution angle-resolved photoemission (ARPES) as well as time-resolved laser-ARPES
performed with ultrafast lasers will be used to study the dynamics of electron interactions in high
temperature superconductors and related materials.

The usual method for accessing the k-resolved electron dynamics (scattering rates) in a solid-state
system is through the ARPES linewidth. In the high temperature superconducting cuprates however, the
scattering rates obtained by the ARPES linewidths do not match what is observed by other
spectroscopies. We correct this with a new method for extracting scattering rates from the
superconducting state ARPES spectra, which we also use to more accurately measure superconducting
gaps. We perform these measurements as a function of doping level, temperature, and momentum
value, giving critical information about the pairing interactions in the cuprates.

By adding the time coordinate to ARPES in ultrafast pump-probe ARPES we also have the ability to
separate out non-dynamical effects that serve to broaden the ARPES spectrum, giving a new cleaner
window on the electron dynamics.
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Transport Studies of Quantum Magnetism: Physics and Methods

Institution: COLORADO, UNIVERSITY OF
Point of Contact: Lee, Minhyea
Email: minhyea.lee@colorado.edu

Principal Investigator: Lee, Minhyea

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

This research program has two main projects: one to study the effect of non-trivial spin texture in
itinerant magnets and the other is to develop a shot noise thermometry tailored for the low
temperature thermal conductivity measurement.

Recent works in B20 type transition metal compounds have revealed a new topological object in spin
systems -- the skyrmion, a particle-like object in which spins point all directions to wrap around the
sphere. While neutron scattering and scanning probe experiments by Muhlbauer et al and Yu et al.
respectively, confirmed the existence of individual skyrmions and skyrmion lattices in a particular part of
the phase diagram, the interaction between skyrmions and electronic degrees of freedom remains to be
unveiled. We have been studying the unusual Hall effect in the helical magnet MnSi to find the
modification of electron conduction in such a non-uniform spin texture. In particular, under pressure, its
Hall voltage displays a distinctive field dependence in addition to the normal Hall effect and the
anomalous component arising from the spontaneous magnetization. This additional contribution was
observed in a much larger range of temperature and applied field than the so-called A-phase, where the
skyrmion lattice was observed in ambient pressure. So far, as the pressure increases, the onset
temperature of emergence of this anomaly becomes lower, which suggests that fluctuating, i.e. non-
static, skyrmions, instead of forming a lattice, might be present over a broad range of the phase diagram
under pressure as the magnetic ordering becomes weakened. We will continue to study the high
pressure region above the critical pressure (P> PC ~ 15 kbar), where the magnetic order is supposed to
be completely suppressed. It will be expected to shed light on whether the long range order should be
required to have such a non uniform spin texture or not and how the transition between two different
magnetic happens.

For the shot noise thermometry, we have successfully tested the temperature gradient on stainless steel
rod in liquid nitrogen temperature, using two Al-AlOx-Al junctions on separate chips and two calibrated
cernox sensors right next to the junctions. Currently we are working on lowering the bath temperature
down to 4K to test two junctions on the same chip, which mimics better an actual sample in term of size
and distance between the thermometers.
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Electric Transport in Novel 2-Dimensional Nanoscale Systems

Institution: COLUMBIA UNIVERSITY
Point of Contact: Kim, Philip
Email: pk2015@columbia.edu

Principal Investigator: Kim, Philip

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 2 Undergraduate(s)
Funding: $150,000

The unique electronic band structure of the graphene lattice yields a linear energy dispersion relation,
where the Fermi velocity replaces the role of the speed of light. In this relation, the pseudo-spin degree
of freedom, originated from the symmetry of wave function in the honeycomb lattice, replaces the role
of real spin in the usual relativistic Dirac Fermion spectrum. This additional quantum degree of freedom
yields a non-trivial Berry phase, providing the carrier dynamics with a chiral nature. Combined with the
real spin degree of freedom, which exhibits SU(2) symmetry, the total internal degrees of freedom of
graphene carriers is thus described by a larger SU(4) symmetry, which produces a richer space for
potential phenomena of emergent correlated electron phenomena. The major part of this proposal is
exploring this unique multicomponent correlated system in the quantum limit.

During the current phase of DOE support, we have laid down the foundation to investigate exotic
electron transport behaviors in graphene. We have developed techniques enabling an order-of-
magnitude increase in graphene sample mobility, both by suspending graphene above conventional
substrates and using a novel hexagonal boron-nitride substrate. With high-mobility samples we have
made several significant discoveries and experimental observations: the magnetic field induced
symmetry-breaking of the integer quantum Hall effect (IQHE) in bilayer graphene; the discovery of the
fractional quantum Hall effect (FQHE) in suspended graphene; and the discovery of a multicomponent
FQHE in graphene. We have also demonstrated novel graphene device structures, including Corbino
devices, for investigating bulk transport in graphene’s magnetically induced insulating state, and
mesoscopic thermoelectric devices, for studying thermoelectric and magnetothermoelectric transport
phenomena in graphene.

Extending our success from the current period project, we now propose to investigate electron
interaction physics in graphene. In particular, we plan to focus our research on fundamental transport
properties in high quality graphene samples by probing its correlated electronic states. This effort will be
greatly augmented by developing processes to yield high-mobility, homogeneous graphene and hybrid
graphene structures to provide material platforms for investigations into possible emergent
phenomena. The key scientific issues we are planning on pursuing are (1) searching for highly-correlated
fractional quantum Hall effects in the extreme quantum limit; (2) investigating excitonic correlations in
double-layer graphene hybrid nanostructures; (3) studying interaction-induced, quasi-relativistic,
hydrodynamic thermoelectric transport in graphene at the quantum limit; (4) examining interaction
physics in graphene at extreme charge density; and (5) performing bulk magnetic moment
measurements of graphene in the IQHE and FQHE regimes.

Successful completion of this project will lead to new insights into the unique correlated behavior of
electrons in graphene. In addition, the discoveries made in this project will provide the basis for making
new, low-dimensional structures for electronic devices, and potentially provide insight into emergent
properties that will be the basis for energy-efficient material applications.
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Mapping the Electron Response of Nanomaterials

Institution: COLUMBIA UNIVERSITY
Point of Contact: Osgood, Richard
Email: osgood@columbia.edu

Principal Investigator: Osgood, Richard
Sr. Investigator(s): Johnson, Peter, STONY BROOK UNIVERSITY
Millis, Andrew, COLUMBIA UNIVERSITY
Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $205,000

Transport or the ability of different materials to conduct energy or electrons remains one of the
cornerstones of research in Condensed Matter Physics. What is the nature of an electronic excitation
and what determines the lifetime of an excitation remain issues of continuing interest. Research in this
area encompasses a range of topics from single particle properties such as electronic structure through
to many body properties such as the role of collective excitations including for instance phonons, charge
density waves and spin waves. These areas of enquiry acquire a new interest with the emergence of
nanoscale technologies. With the ability to engineer new devices at the atomic level the factors that
determine communication between these nanoscale entities will clearly influence their practical
application. Thus correlation effects are strongly influenced by length scale; and dimensionality and
scale determine the many-body excitations available to a system. However issues pertaining to
transport in nanoscale systems remain relatively unexplored. Indeed in the last few years, while major
advances have been made in the growth of new nanomaterials, the electronic structure of these
materials is still relatively unexplored. This program outlined below will have as its scientific focus the
use of emerging materials probes, particularly ultrafast and ultrahigh-resolution photoemission and STS
(STM), to investigate the change in electronic structure with nanoscale size and dimensionality. Thus the
program couples studies of growth with electronic measurements. The program will also develop new
scientific techniques for making electronic structure measurements on nanoscale materials and will
consist of three major experimental thrusts:

(1) Ultrahigh-energy resolved electronic structure measurements on nanoscale patterned surfaces:
Measurements will involve both occupied state and unoccupied state probes, i.e., photoemission and
two-photon ARPES. Two major materials systems are envisioned: metallic model systems and metal
oxide correlated electron systems.

(2) Study of ultrafast quasiparticle dynamics in low-dimensional nanosystems: Lineshape measurement
and ultrafast laser pump-probing will be used to study T1(lifetime) and T2(coherence decay) in
nanosystems with the goal being to understand the interrelation of dynamics and dimensionality in
artificially fabricated nanosystems. Again, the measurements will use both ultrafast and ultra-high-
energy-resolution. ARPES techniques, which will also allow the examination of dynamics processes such
as scattering versus parallel momentum.

(3) Investigation of growth and electronic structure: To have an unambiguous investigation of a
nanomaterial structure, it is necessary to grow the materials structures in situ in the measurement
chamber. As a result, the electronic structure will be examined for various growth conditions. As part of
this study, ex situ and in situ STM structure and STS spectroscopy measurements will be used to
examine simultaneously the electronic structure of the grown nanobjects. These three experimental
thrusts will be matched by a thrust in theory. In particular, this theory effort will focus on investigating
the role of the surface in influencing correlated electron effects in surface nanosystems.
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Finally, the institutional objective of the program will be to develop a strong collaborative activity
between two complementary national groups involved in measurements of electronic structure and
dynamics.

Charge Inhomogeneity in Correlated Electron Systems

Institution: CONNECTICUT, UNIVERSITY OF
Point of Contact: Wells, Barrett
Email: wells@phys.uconn.edu

Principal Investigator: Wells, Barrett

Sr. Investigator(s): Budnick, Joseph, CONNECTICUT, UNIVERSITY OF

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $99,000

Understanding and exploiting high temperature superconductors is one of the Grand Challanges
identified by DOE. In 2008 a new family of high temperature superconductors was discovered based
upon iron compounds. There is great excitement that this new class may provide key elements for
understanding and mastering high temperature superconductivity. Our group has recently discovered a
new material in this family, superconducting films of iron tellurium oxide. We make this new compound
by growing films of the non-superconducting parent compound iron telluride, which we can then make
superconducting by annealing in oxygen. Alternatively, we can incorporate oxygen during the growth of
the film. In either case we make a sample that differs from the parent iron tellurium by the number of
electrons in the iron planes, a process known as charge doping. In previous work on bulk materials, iron
tellurium was made superconducting by substituting selenium or sulfur for tellurium atoms. Selenium
and sulfur have the same electron structure as tellurium, but a different sizes, thus this process changes
the spacing of the atoms in the crystal and is known as chemical pressure doping. We have also shown
we can synthesize films that combine the two types of doping, for example by oxidizing films of iron
selenium. By exploring the effects of this combination of dopants we believe we can better understand
exactly how the doping process creates a superconductor from a nonsuperconducting but magnetic
parent compound, one of the fundamental unknowns in the field.

These oxidized materials also have properties that look promising for exploring other fundamental
guestions. The amount charge doping appears to be large enough to alter the basic shape of the Fermi
surface, a basic component of the electronic structure. Thus studying this compound can tell us the
different types of electronic structure that can support superconductivity. There is evidence that iron
tellurium oxide is both magnetic and superconducting, and thus may hold an important place for the
study of the detailed relationship between magnetism and superconductivity in the iron compounds.

Fundamental Studies of High-Anisotropy Nanomagnets

Institution: DELAWARE, UNIVERSITY OF
Point of Contact: Hadjipanayis, George
Email: hadji@UDel.Edu

Principal Investigator: Hadjipanayis, George

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $84,000

This project is focused on a key class of materials important in magnetism and nanoscience. The specific
target is nanometer-length-scale and real-structure control of structures as a means of creating
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nanomaterials with high magnetic anisotropy and high coercivity. Innovative aspects of the research
include synthesis of new magnetic nanostructures with special fabrication techniques. The proposed
research consists of three main parts. The first is aimed at preparation and properties of nanoscale
clusters and particles where anisotropic structures and surface effects are expected to lead to new high-
anisotropy nanomagnets. Both rare-earth-free and rare-earth-containing Co-Fe-rich systems are
explored. The second part is focused on new thin-film nanomagnets and unconventional alloy
structures. Here, the goals are to control the coercivity and anisotropy in hexagonal and related
structures, where exchange and anisotropy effects of substitutional and interstitial doping are
investigated. The third part is aimed at understanding the effects of spatial confinement on magnetic
hardening in nanoscale structures undergoing structural transformations. This topic is highly important
in magnetic nanomaterials since many of them have to be thermally processed to create nanophases
with desired hard magnetic properties.

Simulating Strongly Correlated Electrons with a Strongly Interacting Fermi Gas

Institution: DUKE UNIVERSITY
Point of Contact: Thomas, John
Email: jet@phy.duke.edu

Principal Investigator: Thomas, John

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $158,000

The quantum many-body physics of strongly correlated fermions is studied in a degenerate, strongly
interacting atomic Fermi gas, first realized by our group with DOE support in 2002. This system, which
exhibits strong spin pairing, is now widely studied and provides an important paradigm for testing
predictions based on state-of-the-art many-body theory in fields ranging from nuclear matter to high
temperature superfluidity and superconductivity.

Strongly interacting mixtures of spin-up and spin-down 6-Li fermions are produced by using a bias
magnetic field to tune near a collisional (Feshbach) resonance. The resonance permits wide tunability of
the s-wave scattering length that determines the interaction strength. In addition, the density,
temperature, and spin composition are experimentally controllable. Thermodynamic measurements in
this system offer unprecedented new opportunities to provide feedback between theory, computation
and experiment, which is essential for testing and comparing the best current nonperturbative quantum
many-body calculations.

A central feature of our program is the precision measurement of the thermodynamic properties of this
unique quantum system, in both the superfluid and normal fluid regime and in three dimensional and
two dimensional trapped gases. As the system is strongly interacting, the normal fluid is nontrivial and
of great interest, especially in view of a recent conjecture from the string theory community on the
concept of nearly perfect normal fluids, which exhibit a minimum ratio of shear viscosity to entropy
density.

We made a major breakthrough in our studies of a strongly correlated, resonantly interacting Fermi gas,
as described in our recent 2011 Science paper on the first measurement of a transport coefficient, the
shear viscosity. At resonance, where the gas exhibits universal behavior, we made the first complete
measurement of the universal quantum viscosity. This research combines measurements of the
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thermodynamic properties (energy, entropy, and temperature) with measurements of the
hydrodynamic properties (viscosity).

Measurement of the ratio of the shear viscosity to the entropy density is at present of great interest in
the context of a recent conjecture from the string theory community, that the ratio has a universal
minimum for a broad class of strongly interacting quantum fields. As both the thermodynamic and
hydrodynamic properties can be measured, a strongly interacting Fermi gas offers a nonrelativistic,
scale-invariant analog for study. Remarkably, a quark-gluon plasma and our ultracold strongly
interacting Fermi gas have nearly the same ratio, about 5 times the lower bound, despite the fact that
the temperatures and densities differ by 19 and 25 orders of magnitude, respectively.

Symmetries, Interactions and Correlation Effects in Carbon Nanotubes

Institution: DUKE UNIVERSITY
Point of Contact: Finkelstein, Gleb
Email: gleb@phy.duke.edu

Principal Investigator: Gleb, Finkelstein

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

The project focuses on studying electronic interactions in carbon nanotube quantum dots by low
temperature magneto-transport methods. The major research directions include the following:

(1) QUANTUM PHASE TRANSITION IN A RESONANT LEVEL COUPLED TO A DISSIPATIVE ENVIRONMENT

We investigate tunneling through a resonant level formed in a carbon nanotube quantum dot,
contacted by resistive metal leads. These leads create a “dissipative environment” for the electrons
tunneling across the nanotube, suppressing the tunneling rate at a power law of temperature (with an
anomalous exponent equal to the ratio of the lead resistance to the quantum resistance). We developed
side-gated nanotube samples, which allow us to control the tunneling barriers between the nanotube
guantum dot and the leads. By using the side gates, we can easily tune the tunneling rates from the dot
to the two leads to become identical (symmetric coupling) or strongly asymmetric. We study the shape
of the resonant peak in the nanotube conductance, while controlling the ratio of the two tunneling
rates.

Intuitively, one might expect that both the width and the height of the resonant peak would be
suppressed by the dissipative environment, since they both depend on the tunneling rate. However, we
find that the result strongly depends on the ratio of the tunneling rate to the two leads. For asymmetric
coupling, the peak conductance drops with decreasing temperature, while the peak width saturates. For
symmetric coupling, the situation is reversed: the peak width is suppressed at low temperatures, while
the peak height saturates at e*2/h. This observation of unitary conductance through a resonance level
coupled to dissipative modes is highly non-trivial by itself, and furthermore has implications for a
boundary quantum phase transition (QPT) in this system. The dissipation-induced QPTs have been
predicted (but never observed!) in more involved quantum impurity models, although surprisingly not
for our more basic case. These results have been described in a recent preprint; the Pl plans to continue
working with the quantum impurity systems in dissipative environment. In particular, we plan to address
the Kondo effect in dissipative environment.
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(2) KONDO BOX IN CARBON NANOTUBES

The concept of the “'Kondo box" describes a single spin, antiferromagnetically coupled to a quantum dot
that has a finite level spacing. The model has attracted significant theoretical attention, due to an
interesting competition between the electronic correlations and confinement. In our recent publication,
we have presented the first measurement of the Kondo box, which is formed in a carbon nanotube
guantum dot interacting with a nearby localized electron. We have studied the excitations of the Kondo
box and characterized the spin of the first few eigenstates. In the regime of partially open tunnel
barriers between the quantum dot and the electrical leads, the nanotube conductance has exhibited
non-monotonic temperature dependence. We have interpreted this behavior as a two-stage Kondo
effect, resulting from competition between two correlated states: the Kondo-box state and the more
‘conventional' Kondo state coupling the quantum dot and the leads.

High Magnetic Fields as a Probe to Unveil the Physical Properties of the Newly Discovered Fe
Oxypnictide Superconductors and Related Compounds

Institution: FLORIDA STATE UNIVERSITY
Point of Contact: Balicas, Luis
Email: Ibalicas@fsu.edu

Principal Investigator: Balicas, Balicas

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

In the recent past, we have focused on both the synthesis of single crystals of Fe chalcogenides and on
the physical characterization of systems synthesized by other groups. We have successfully grown single
crystals, by either solid state reaction or the Bridgman technique of Fe {1+y}Te {1-x}Se {x} and
performed a very detailed physical and structural characterization of this system. A long manuscript,
containing a summary of our efforts is in currently in press at Physical Review B. We have also
synthesized K_{1-y}Fe_ {2-x}Se_x single crystals, and we are trying to understand the interplay between
superconductivity and what seemingly is a Mott insulating state with a well defined gap of ~ 640 K. In
particular, we are trying to clarify the role of Fe vacancies, and if the insulating state re-emerges in more
underdoped samples once superconductivity is suppressed by an external field, or how this competition
affects the superconducting phase boundary at high fields. In high quality LiFeAs single crystals, whose
quality is exposed by very narrow Se NMR lines, we have observed a very anomalous irreversibility, both
in the magnetic torque and in the magnetization as one approaches the upper critical field. This
irreversibility can only be understood if this material has an intrinsic magnetic component associated
with the superconducting state, given that it disappears at Hc2. There have been several claims of spin
triplet superconductivity in this compound, and we are trying to clarify the behavior of the Knight shift
through the superconducting transition. An anomalous Knight shift across the transition in our crystals
would further support an unconventional pairing scenario as seen and claimed by other groups. Finally,
we have collected a large body of evidence in favor intrinsic vortex pinning in LaFeAsO {1-x}F x and
SmFeAsO {1-x}F x, which is relevant both scientifically and technologically. However, it has been
difficult to convince the community that these results are not compromised by impurities and inter-
growth in our single crystals, given the low anisotropy of these materials. The large amount of
experimental results collected so far, should put us in position to clarify this issue once and for all.
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Infrared Optical Study of Graphene in High Magnetic Fields

Institution: FLORIDA STATE UNIVERSITY
Point of Contact: Smirnov, Dmitry
Email: smirnov@magnet.fsu.edu

Principal Investigator: Smirnov, Dmitry

Sr. Investigator(s): Jiang, Zhigang, GEORGIA TECH RESEARCH CORP

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $140,000

In this project, we carry out a systematic magneto-optical study of graphene related materials. Our
resent activities were focused on three areas: (1) infrared magneto-spectroscopy of graphite, (2)
infrared magneto-conductivity of graphene, and (3) infrared and Raman spectroscopy of topological
insulators.

(1) In this work, the electronic structure of graphite was investigated by high field magneto-infrared
reflectance spectroscopy. High fields lift the degeneracy of the intriguing electron-hole mixed Landay
levels and resolve the electron-hole asymmetry of the interband transitions. Both Schrodinger-like (K-
point) and Dirac-like (H-point) Landau level transitions are observed. In order to quantitatively analyze
the Landau level transitions at high fields, we derived a new analytical formula in a limiting case of the
Slonczewski-Weiss-McClure model to account for both of the nonlinear magnetic field dependence
observed at high fields and the electron-hole asymmetry, and extracted band parameters.

(2) Our first IR magneto-photoconductivity measurements on single-layer graphene on BN show great
ability for identifying quantum Hall states. Measuring the photoconductance also reveals a dependence
on Landau level (LL) filling factor, with changes in the conductivity as LLs are entered and exited. While
the resolution of the photoconductance measurement is weaker than transport measurements, the
photoconductance will be used to probe bulk excitations caused by circularly polarized light. The
experimental setup for mid-IR circular-polarized photoconductance was developed.

(3) Inelastic light scattering was used to probe low-energy excitations in Bi,Se; and Sb,Te; single crystals.
We accurately studied the temperature dependence of of dominant Raman-active phonons over the
temperature range from 5 K to 300 K. The temperature dependence of the Raman peak position and
linewidth is analyzed considering the anharmonic decay of optical phonons and the material thermal
expansion. This work suggests that Raman spectroscopy can be used for thermometry in Bi,Ses;- and
Sb,Tes-based devices in a wide temperature range.

Microwave and rf Spectroscopy of 2D Electron Solids and Stripes

Institution: FLORIDA STATE UNIVERSITY
Point of Contact: Engel, Lloyd
Email: engel@magnet.fsu.edu

Principal Investigator: Engel, Lloyd

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $102,000

The project is on experimental studies of high magnetic field, electron solid states in two-dimensional
electron systems and bilayers. Such states occur in sufficiently low-disorder systems when magnetic
field freezing out the kinetic energy degree of freedom A 2D electron system (2DES) in a low Landau
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filling pinned Wigner solid state exhibits a striking resonance in its rf or microwave spectrum. The
resonance is the focus of our research, and is understood as a pinning mode, in which the electrons
oscillate about their pinned positions, and the frequency, fpk increases for larger disorder.

During the fiscal year we (1) submitted a paper to Phys Rev B on bilayer samples with unequal densities
in each layer; (2) continued studies of Wigner solids within fractional quantum Hall effects; (3) put
together results on an extensive study of electron solids in wide quantum wells, for submission shortly;
and (4) began work on samples with the 2DES resident in dilute AlxGal-xAs, with obtaining datato 14 T
on samples with x=0.4 and 0.8 %.

Fe Pnictide and f-Electron Novel Materials/Magnetism, Superconductivity, and Quantum Criticality

Institution: FLORIDA, UNIVERSITY OF
Point of Contact: Stewart, Gregory
Email: stewart@phys.ufl.edu

Principal Investigator: Stewart, Greg

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 2 Undergraduate(s)
Funding: $150,000

This project prepares high quality single and polycrystalline samples of iron pnictide (FePn) and related
superconductors, as well as novel f-electron quantum critical systems. These samples are characterized
by x-ray diffraction, electrical resistivity, magnetic susceptibility and specific heat over a broad range of
parameter space: between 0.05 K and room temperature and in magnetic fields up to 30 T routinely,
and 45 T upon need. The goals of the work are to prepare and characterize new, as well as known,
systems of interest that help understanding of the unusual superconducting, magnetic, and quantum
critical behaviors in these materials. Measuring the specific heat of the FePn superconductors as a
function of magnetic field, as well as a function of angle in field, provides valuable information in
determining the nodal structure of the superconducting gap. Further objectives include investigating the
relation between magnetism/magnetic fluctuations and the superconductivity in the new FePn
superconductors, with a focus on whether the superconductivity is unconventional.

Novel States of Matter in Filled Skutterudites and Related Materials

Institution: FLORIDA, UNIVERSITY OF
Point of Contact: Andraka, Bohdan
Email: andraka@phys.ufl.edu

Principal Investigator: Andraka, Bohdan

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $102,000

Filled skutterudites is a large class of technologically important materials that display properties and
behaviors, challenging our understanding of matter. An essential ingredient of this crystal structure is
the presence of large voids that can accept rare earth atoms. Weak binding of the filler atoms is the
source of characteristic lattice dynamics, rattling, which affects electronic properties and leads to
physical phenomena not found in other physical systems. This weak binding makes filled skutterudites
the most promising materials for future thermoelectric applications.
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The crystal structure being remarkably insensitive to the size of the filler atom provides an unparallel
opportunity to investigate relationships between various states and behaviors. By partial replacement of
one filler atom by another we investigate relationships between poorly understood ground states of
matter and coexistence of states considered to be incompatible with each other in a single crystal
structure.

Of particular interest are unconventional superconductivity, hybridization gaps and pseudo-gaps, and
novel heavy fermion behavior in Pr-based systems. The emphasis is on establishing the nature of
multiple superconducting phases and transitions in PrOs,Sbi, and establishing the mechanism of
unconventional superconductivity. The project explores the role of phonons in strongly correlated
electron systems by investigating correlations between electronic properties and rattling characteristics
in hybridization gap materials.

New materials are designed and synthesized using either single-crystal flux growth method or arc-
melting. Measurements are performed in a wide range of temperatures, down to 20 mK, and in the
highest magnetic fields currently accessible.

Time-resolved Synchrotron Studies of Spin and Charge Dynamics in Solids

Institution: FLORIDA, UNIVERSITY OF
Point of Contact: Tanner, David
Email: tanner@phys.ufl.edu

Principal Investigator: Tanner, David

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $165,000

This project studies a variety of solids using infrared synchrotron radiation. A major emphasis is non-
equilibrium effects using pump-probe spectroscopy. These experiments employ short laser pulses in the
near infrared or visible to make photoexcitations; the probe light is ~200 ps synchrotron radiation and
can be varied over a very wide wavelength range, from the far infrared through the visible, as
appropriate for the physics under study. We also do linear spectroscopy, exploiting the high brightness
of the far-infrared synchrotron radiation when high performance is needed. We have studied the linear
and the photoinduced absorption in type-Il superconductors as a function of temperature and magnetic
field strength. Field orientation matters in these experiments. For fields parallel to the film surface, the
field alters the orbital motion of the quasiparticles, breaking the time-reversal symmetry of the
condensate pairing and reducing the gap, as originally proposed by Abrikosov and Gor'kov and observed
here for the first time. For perpendicular field, vortices dominate the far-infrared response. In
photoinduced absorption studies, we measure the photon-energy-integrated change in far-infrared
transmission as a function of time after Cooper pars are broken by photoexcitation. There is a
bottleneck in the recombination process, because a gap-energy phonon is emitted and this phonon has
a high probability of breaking another Cooper pair. We have studied and characterized this bottleneck.
We observe that a magnetic field significantly slows recombination and attribute the slowing to the gap
change induced by the field. We have also studied a variety of other materials, including the
supermetallic properties of Br-doped graphite, lattice effects in multiferroics and high dielectric constant
insulators, fast processes in compound semiconductors, use of silica aerogel as a broadband tunable
waveplate, and terahertz emission from silicon CMOS oscillators.
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Microwave- and Terahertz- Photo-Excited Transport in the Two Dimensional Electron System

Institution: GEORGIA STATE UNIVERSITY
Point of Contact: Mani, Ramesh
Email: rmani@gsu.edu

Principal Investigator: Mani, Ramesh

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 4 Graduate(s), 3 Undergraduate(s)
Funding: $120,000

Subjecting materials to conditions far from equilibrium leads to otherwise-unattainable properties. For
example, the steady state photoexcitation of a high mobility quasi-two dimensional electronic system
based on the GaAs/AlGaAs semiconductor induces periodic-in-the-inverse-magnetic-field, large-
amplitude Radiation-induced Magneto-resistance Oscillations (RIMRO), with novel Radiation-induced
Zero-resistance States (RIZRS) characterized by activated transport without concomitant quantum Hall
effect. This project aims to experimentally extract new insight into the origin of these radiation-induced
zero-resistance states and associated magneto-resistance oscillations, which constitute a new example
of emergent behavior in a driven, steady-state, non-equilibrium system.

Over the past year, we designed and fabricated a novel setup including a circular waveguide where the
polarization could be rotated continuously over 360 degrees with respect to the long-axis of the Hall bar
situated within the cryostat at liquid helium temperatures. Experiments using this setup, which are still
being refined, are now being carried out, and they are yielding exciting and surprising results. For
example, we have found a strong and unexpected sensitivity of the radiation-induced transport
phenomena to the angle between the current in the device and the microwave electric field. We hope
to continue using the polarization as a new parameter in investigating the photo-excited transport. We
are also examining microwave reflection and transmission from the 2DES with the aim of establishing
further correlations with the transport response.

An effort is also being developed in the area of photo-excited transport in graphene. Here, the effort is
carried out in collaboration with the Georgia Tech group, which did pioneering work in the field. Finally,
we are also examining transport in the topological insulator Bi,Tes.

At present, this group consists of the Pl, a postdoc, 6 graduate students, and 5 undergraduate students.

Spin Polarized Electron Transport Through Aluminum Nanoparticles

Institution: GEORGIA TECH RESEARCH CORP
Point of Contact: Davidovic, Dragomir
Email: dragomir.davidovic@physics.gatech.edu

Principal Investigator: Davidovic, Dragomir

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $130,000

We have developed a technique to study magnetic properties of individual ferromagnetic nanoparticles
of diameters down to 2nm. Measuring such extremely small ferromagnets is very difficult, and there
have been very few successful measurements in this regime before this work. Our technique combines
electron tunneling spectroscopy and microwave pumping. The tunneling current through the
nanoparticle versus magnetic field displays magnetic hysteresis, while the tunneling leads are used as
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coaxial lines to apply microwave fields and pulses on the nanoparticle. Using this technique, we studied
for the first time the time scale for the relaxation of the magnetization in single Co nanoparticles. The
magnetization relaxation time is ~microsecond, indicating reduced damping in ferromagnets with
strongly reduced dimensions.

We have also found that the magnetic hysteresis loop is very sensitive with respect to the bias
conditions (voltage or current). The magnetic switching field at mK-temperature is strongly reduced as a
function of bias voltage: at 10mV bias voltage, the switching field is reduced by 15%, while the
magnetization can be switched by applying a voltage pulse of 10mV. We speculate that the strong
reduction of the switching field with voltage represents the case of magnetic excitation driven by the
tunnel current, and the strength of the effect displays enhanced coupling between magnetic excitation
and the tunnel current in ferromagnets with strongly reduced dimensions. The enhancement of the
coupling between magnetization and the bias conditions suggests a regime very different compared to
that in larger ferromagnetic samples. That is to say, extremely small ferromagnets are much more
excitable by biasing that in the bulk. Future work will try to understand the enhanced sensitivity of the
magnetization to the bias conditions.

Electron Imaging in Graphene

Institution: HARVARD UNIVERSITY
Point of Contact: Westervelt, Robert
Email: westervelt@deas.harvard.edu

Principal Investigator: Westervelt, Robert

Sr. Investigator(s): Bell, David, HARVARD UNIVERSITY

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $140,000

Graphene is an exciting new material with electronic properties that are very different from
conventional semiconductors. Electrons and holes travel at a constant speed that is independent of
energy, and there is no energy gap—the conductance and valence bands join at a point. Visualizing the
motion of electrons and holes in graphene will be important to understand the science and develop new
devices. Westervelt's group is using a liquid He cooled scanning probe microscope, to image electron
motion through graphene devices. The conducting tip acts as a movable gate that changes the electron
density immediately below and scatters electron waves. Devices fabricated from suspended graphene
sheets promise to increase the electron and hole mean free paths into the ballistic regime. These
devices are shaped using the electron beam of Harvard's high-resolution transmission electron and
scanning transmission microscopes.

Quantum Materials at the Nanoscale

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Cooper, Lance
Email: slcooper@illinois.edu

Principal Investigator: Cooper, Lance

Sr. Investigator(s): Abbamonte, Peter, ILLINOIS, UNIVERSITY OF
Budakian, Raffi, ILLINOIS, UNIVERSITY OF
Eckstein, James, ILLINOIS, UNIVERSITY OF
Greene, Laura, ILLINOIS, UNIVERSITY OF
Leggett, Anthony, ILLINOIS, UNIVERSITY OF
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Bezryadin, Alexey, ILLINOIS, UNIVERSITY OF

Fradkin, Eduardo, ILLINOIS, UNIVERSITY OF

Hughes, Taylor, ILLINOIS, UNIVERSITY OF

Mason, Nadya, ILLINOIS, UNIVERSITY OF

Vishveshwara, Smitha, ILLINOIS, UNIVERSITY OF
Students: 2 Postdoctoral Fellow(s), 26 Graduate(s), 4 Undergraduate(s)
Funding: $1,700,000

The central aim of the Quantum Materials at the Nanoscale (QMN) cluster is to explore the collective
organization and dynamics of charges, spins, orbitals, and ions that arise at the nanoscale in a broad
class of important, correlated electronic materials. Some highlights of our work during FY2011:

Highlight 1. Measuring fractional vortices in Sr,RuQO,4 (SRO): Following a suggestion by Leggett, Budakian
fabricated micron-sized, ring-shape structures from high-quality samples of SRO (from Y. Maeno, Kyoto
U.) using the focused ion-beam capabilities at the MRL Central Facilities. Budakian's group made ultra-
sensitive cantilever magnetometry measurements on these SRO rings and discovered vortex states
exhibiting a magnetic response consistent with the presence of half-quantum vortices, in results that
were recently published in Science and featured in a Search and Discovery article in Physics Today.

Highlight 2. Fundamental studies of electronic correlations and phase coherence using graphene:
Hughes, Goldbart, and Mason determined the spectra of individual Andreev Bound States (ABS) that
formed in a graphene quantum dot; the results are reported in a recent Nature Physics paper. Mason
fabricated narrow superconducting tunnel probes, as well as normal-metal end contacts, on top of
exfoliated graphene flakes, leading to the creation of potential wells, or quantum dots, that were
proximity coupled to the superconducting probes. The interplay of the resulting Andreev reflections
with Coulomb charging effects gave rise to low-energy ABS seen in tunneling measurements.

Highlight 3. Magnetostructural phases and mesoscale domains in magnetically frustrated Mns;04: To
study magnetic frustration and associated effects in strongly spin-lattice coupled materials, Cooper grew
large single crystals of frustrated Mn3;04, which were measured by Abbamonte (X-ray) and Cooper
(Raman). These results showed that magneto-dielectric behavior in Mn3;0, is associated with field-
induced tetragonal-to-orthorhombic distortions. More recent magnetic field-dependent Raman and X-
ray diffraction measurements at the X21 beamline at Brookhaven NL confirmed that there is a field-
tuned quantum (T ~ 0) phase transition to a frustrated tetragonal spin/orbital glass phase in Mn30,.

Highlight 4. Anomalous Noise in the Pseudogap Regime of YBa,Cu30,4: Van Harlingen and Fradkin
observed an unusual noise component near and below about 250 K in the normal state of underdoped
YBCO and Ca-YBCO films. This noise regime, unlike the more typical noise above 250 K, has features
expected of a symmetry-breaking collective electronic state (e.g., charge nematic order), including large
individual fluctuators, magnetic sensitivity, and aging effects.

Highlight 5. Measurement of the effective fine structure constant of graphene: To investigate how
screening influences the strength of interactions in graphene, Abbamonte performed inelastic x-ray
scattering experiments on single crystal graphite at Sector 9 at the Advanced Photon Source. Using new
reconstruction algorithms developed in collaboration with Fradkin, Abbamonte imaged the dynamical
screening of charge in a freestanding graphene sheet, finding that the strength of Coulomb interactions
is characterized by a scale-dependent, effective fine-structure constant, which approaches the value
0.14 ~ 1/7 at low energies and large distances. This value is substantially smaller than past estimates and
suggests that graphene is more weakly interacting than previously believed. This study—which recently
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appeared in Science —is significant because it demonstrates that a two-dimensional system can exhibit
strong dielectric screening over finite distances, provided its excitation spectrum is gapless.

Investigation of the Stability and Dynamics of Nanoscale Magnetism Using Superconducting Probes

Institution: KENTUCKY, UNIVERSITY OF
Point of Contact: Delong, Lance
Email: delong@pa.uky.edu

Principal Investigator: De Long, Lance
Sr. Investigator(s): Cao, Gang, KENTUCKY, UNIVERSITY OF
Hastings, Jeffrey, KENTUCKY, UNIVERSITY OF
Seo, Seung-Sook, KENTUCKY, UNIVERSITY OF
Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $120,000

The “heavy” 4d and 5d transition elements (TE) have more extended d-orbitals compared to 3d electron
materials. Stronger p-d hybridization, spin-orbit (SO) and electron-lattice couplings, and reduced intra-
atomic Coulomb U and crystalline electric field (CEF) interactions generate competitions between
metallic and insulating states or paramagnetic and magnetic order. Small variations of composition,
pressure or applied fields can induce drastic changes in the varied ground states exhibited by TE oxides
(ferroelectric, orbital or magnetic order, superconductivity, density waves), as well as control
technologically important phenomena such as colossal magnetoresistance (CMR) and giant
magnetoelectric effects (GME).

We are investigating perovskite variants ABOs, (A=Ca,Sr,Ba; B=Mn,Fe,Ru) and R-type ferrites
(Ba,Sr)M;,,Rus,011 (M=Fe,Co,Mn,Ti). Fe-bearing examples of both phases exhibit a rare coexistence of
long-range ferromagnetic (FM) order accompanied by narrow-gap semiconducting properties at
temperatures above 400 K. Our research addresses the following questions:

(1) The rarity of room-temperature, FM semiconductors remains an obstacle to development of spin-
polarized semiconductor devices for spintronics. We are identifying fundamental physical and chemical
factors that govern the occurrence of FM order above room temperature in ferrite and perovskite
phases.

(2) Some perovskite materials appear to exhibit a rare coexistence of magnetic and electric polarizations
on the same B lattice sites, and various R-type ferrites show evidence for coexisting magnetic and
electric polarizations, whose interplay can be controlled by modest applied fields or electric currents.
We are verifying these coexistent phenomena and exploring their ramifications for potential devices.

(3) Both ferrites and perovskites exhibit highly anisotropic physical properties that can be sensitively
controlled by varying the relative concentration of 3d versus 4d or 5d elements, which we intend to
show adjusts the strengths of the CEF and SO interactions that compete with magnetic frustration and
other fundamental interactions to determine the wide-ranging ground states exhibited by these
materials.

We take an integrated, interdisciplinary approach to the discovery and characterization of novel TE
oxides whose physical properties reflect competing interactions: We synthesize and identify novel
materials, grow bulk single crystals to comprehensively study physical properties relevant to
fundamental theories, as well as fabricate and study thin films and heterostructures relevant to device
applications.
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Our broad expertise and technical assets permit comprehensive investigations of electrical transport,
magnetic, dielectric and thermodynamic properties over a wide range of temperatures 0.05 < T < 1000 K
and magnetic fields 0 < my,eo H < 14 T, and high-pressure electrical resistivity and magnetic moment
measurements to 10 GPa. We are using National Laboratory facilities and/or external collaborators to
conduct EXAFS, and magnetic soft X-ray and neutron scattering experiments to characterize small single
crystals and thin films that are not easily studied via conventional electrical transport, magnetic or
optical techniques.

Quantum Transport in Thin Film Correlated Insulators

Institution: LOUISIANA STATE UNIVERSITY
Point of Contact: Adams, Philip
Email: adams@phys.lsu.edu

Principal Investigator: Adams, Philip

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $170,000

We are currently working on two separate but related projects. The first is a magnetotransport study of
the effects of the exchange field in Be/EusS bilayers, where EuS is a ferromagnetic insulator. Specifically,
we are using the proximity induced exchange field in ultra-thin Be films to produce large low-field
magnetoresistances. We fabricate the samples so that the Be component of the bilayers has a zero field
sheet resistance well above the quantum resistance. In this regime the Be exhibits a multi-fold negative
magnetoresistance over a field of a couple of kG. We believe that the application of a relatively small
external field greatly enhances the exchange field in the films, thereby causing the anomalously large
magnetoresistance.

The second project follows up on our recent study of electron glass behavior in ultra-thin Be films. In
these experiments we are investigating the effects of a large Zeeman field on the observed non-
equilibrium dynamics of the films. Our goal is gain a better understanding of the electron glass phase by
tuning the Zeeman splitting in a high parallel magnetic field.

Infrared Hall Effect in Correlated Electronic Materials

Institution: MARYLAND, UNIVERSITY OF
Point of Contact: Drew, H. Dennis
Email: hdrew@umd.edu

Principal Investigator: Drew, H. Dennis

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $146,000

This project addresses the physics of correlated electronic materials using spectroscopic measurements
of the magneto-optical response at infrared frequencies. The materials under investigation are the hole-
doped cuprate superconductors, and topological insulators. These novel materials offer important
potential applications in miniaturization of electronics, multifunctional sensor and data storage
applications, energy storage, spintronics, and quantum information technology. The project confronts
important open questions in the optical and transport properties and the electronic structure of these
correlated metals by using infrared magneto-optical experimental results together with ongoing
collaborations with theorists and the results from other experimental probes. Measurements are made
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in magnetic fields to 8 T and temperatures from 1.2 K to room temperature. Polarization modulation
techniques allow sensitive measurements of the Faraday and Kerr rotation and circular dichroism, which
allow the determination of the full magneto-conductivity tensor. This provides the frequency
dependence of the diagonal and off-diagonal conductivity, the Hall angle and the Hall coefficient.

In the first year of the project the main effort was on Bi,Ses, an example of a topological insulator which
is a new quantum state of matter predicted by theory. THz magneto-optical measurements were made
to characterize the material and to investigate the topologically protected non-degenerate chiral surface
state predicted by theory. Gated Kerr rotation measurements revealed the THz magneto-transport
properties of the surface states. Methods to improve the surface quality and THz response were
developed. This preliminary work laid the groundwork toward THz applications of these materials and
pointed the way toward enhancing the surface state properties through improved materials and surface
passivation.

The current and future effort of the project will be on the cuprate superconductors. The main goal of
this work is to account for the transport properties of the cuprates in terms of the Fermi surface
information available from ARPES and the other experimental probes. Our IR magneto-optical data is
being critically compared with the data from Angular Resolved Photoemission Spectroscopy (ARPES),
transport measurements (especially quantum oscillations), conventional optics, Scanning Tunneling
Microscopy (STM), Raman studies and other experimental probes of these materials. The focus of the
effort is on the underdoped cuprates where quantum oscillations have been observed in transport
measurements.

Measurement of Single Electronic Charging of Semiconductor Nano-Crystal

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Kastner, Marc
Email: mkastner@mit.edu

Principal Investigator: Kastner, Marc

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

Efficient conversion of solar into electrical energy requires materials that capture a large fraction of the
photons from the sun, use these photons to create electrons and holes, and allow the electrons to come
out of the material with high probability. Semiconductor nanocrystals (NCs) are attractive materials for
this application because the photon energies they absorb can be tuned by changing their size, and
because the absorption of photons by NCs is known to cause excitation of electrons in them. The major
challenge is to remove the charge carriers efficiently. The objective of this project is to measure the
motion of electrons in arrays of semiconductor NCs in order to determine what limits the charge
collection. We propose to build devices that can measure the electrical charge distribution in two-
dimensional arrays of NCs. We will make devices with response times short enough to study how the
charge distribution changes with time. The trapping of charge is thought to interfere with extraction of
electrical energy from NCs, so it is important to find out how much charge is trapped and how long it
remains trapped. We have developed techniques, using nanometer-size Si Metal Oxide Field Effect
Transistors (MOSFETs) for the measurement of charge and how it changes in thin films of
semiconductors, such as amorphous Si, another solar material. However, these techniques have not
been applied to NCs. We have developed techniques for patterning the NC arrays on the nanometer
length scale and are now preparing to measure the charge on the arrays and its time dependence as a
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function of applied voltage and under exposure to light. We will use a variety of NC materials, prepared
by out collaborators, who are chemists. By varying the semiconductor and the NC diameter one can
tune the absorption of photons over a wide range, covering the entire solar spectrum.

Novel Temperature Limited Tunneling Spectroscopy of Quantum Hall Systems

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Ashoori, Raymond
Email: ashoori@mit.edu

Principal Investigator: Ashoori, Raymond

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

Spectroscopic methods involving injection or ejection of electrons in materials have unique power in
probing the electronic structure and interactions between electrons. The “single particle” spectrum
obtained from techniques such as photoemission or tunneling spectroscopy is among the most
fundamental and directly calculable quantities in theories of highly interacting systems. In ordinary
superconductors, comparison of features in this spectrum with theory proved to be one of the primary
experimental signatures validating the BCS theory of superconductivity. We are developing a
fundamentally new spectroscopic technique, time domain capacitance spectroscopy (TDCS), to measure
the single-particle spectrum of the 2DES in semiconductors and of graphene without a perturbing
scanning tip and with negligible electron heating, even when the in-plane conductivity of the system
vanishes. The TDCS results have yielded unprecedented high-resolution measurements of the cold 2DES
over a range of 20 meV (~200 Kelvin) above and below the Fermi surface. These measurements reveal
the difficult-to-reach, beautiful, and surprising structure in this highly correlated system far from the
Fermi surface. Our planned work extends the use of the TDCS technique to the 2DES at lower
temperatures and with higher energy resolution, to edge states of the 2DES, and to the 2D hole system.
The TDCS technique will be used to search for and characterize, with extraordinary resolution, features
in the single-particle spectrum of semiconductors at energies both close to and well away from the
Fermi energy. TDCS has already revealed a number of surprises in the quantum Hall system, and the
work to be performed may reveal signatures of new quasiparticles, the nature of quantum Hall edge
states, and the properties of the low carrier density 2D system as the carriers order to form an
electronic crystal. With this progress, TDCS can grow to be applied to technologically important systems
such as high-Tc superconductors, graphene, topological insulators, and spintronics systems to provide
fundamental and previously unattainable data on the electronic properties of these materials.

Probing Nanocrystal Electronic Structure and Dynamics in the Limit of Single Nanocrystals

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Bawendi, Moungi
Email: mgh@MIT.EDU

Principal Investigator:

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $235,000

Nanocrystals (NCs) of semiconductors have been incorporated into hybrid organic/inorganic solar
photovoltaic devices for increased light absorption, increased charge separation rate, and enhanced
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mobilities. NCs of semiconductors of the II-VI family such as CdSe or CdTe and of the IV-VI family such as
PbS and PbSe have recently been the subject of increasing study and controversy for their potential in
improved 3rd generation solar cells through the generation of more than one electron-hole pair per
photon (the carrier multiplication controversy). Morphologies ranging from spherical quantum dots,
high aspect ratio quantum nanorods, and branched morphologies such as tetrapods have been studied
as potential materials for an optimized hybrid solar cell. Hybrid nanostructures or organic/nanocrystal
structures that aim to break up excitons and funnel charge within a device are actively being pursued.
The foundation of all this activity is the synthesis and thorough characterization, both structural and
optical, of the NCs themselves.

Given the potential impact of devices that use NCs as a functional material in the energy field, it is
crucial to understand at a very basic level the optical physics, both static and dynamic, of NCs of a
variety of materials and morphologies. Without such understanding, designing novel structures, novel
device architectures, and understanding the potential and limitations of present materials and devices is
haphazard at best. A basic understanding of the optical physics of semiconductor NCs is the core aim of
this proposal. We propose to use in large part single NC spectroscopy to directly probe exciton and
multiexciton spectroscopy and dynamics in a variety of NCs and NC hybrid structures.

The proposal consists of a set of critical and ambitious studies of nanocrystal electronic structure and
dynamics, including: (1) probing the single NC spectroscopy and dynamics of near infrared NCs of PbS,
PbSe and InAs, for the first time, using a newly developed photon counting detector technology that is
sensitive to the 1-2 micron range, (2) probing the relationship between the “Auger” mechanism, thought
to be responsible for most of the fast dynamics in multiexcitons and charged excitons, and fluorescence
intermittency, from room temperature down to cryogenic temperatures, (3) probing the spectral
dynamics of single NC’s using Photon Correlated Fourier Transform Spectroscopy (PCFS) as a function of
temperature to determine the role of phonons, dynamic Stark effects and surface or matrix effects in
spectral lineshapes and spectral diffusion, (4) probing the potential for coherent electronic coupling
between J-aggregates and NCs using 2-D Electron Spectroscopy, (5) probing the dynamic quantum
confined Stark effect in NCs at the single NC level and (6) measuring the absorption spectrum of a single
large nanocrystal or nanocrystal heterostructure optimized for incorporation into a NC hybrid solar cell.

Quantum Transport in Topological Insulator Nanoelectronic Devices

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Jarillo-Herrero, Pablo
Email: pjarillo@mit.edu

Principal Investigator: Jarillo-Herrero, Pablo

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

This proposal describes a research program designed to play a leading role in the field of nanoscale
quantum electronic transport. The research addresses a current central theme in condensed matter
physics: the conceptually new behavior of electrons in solids whose effective Hamiltonian is described
by the Dirac equation and whose electronic properties are protected by fundamental symmetries of the
materials band structure. In particular, the research objective of this proposal is to investigate novel
guantum transport phenomena in topological insulators.
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Topological insulators (Tls) are materials with a bulk band gap but which have a conducting surface
state. This surface state has two special properties: (1) it exhibits a relativistic-like linear energy-
momentum dispersion, analogous to grapheme, and (2) its conducting character is protected by time
reversal symmetry. The latter confers the surface state its topological protection, i.e., the surface state
remains gapless even in the presence of moderate disorder. The unique geometry, band structure and
topological characteristics of the Tls have generated an extraordinary interest in the physics community
and have led, together with graphene, to the emergence of a new paradigm of “relativistic” condensed
matter physics. This research proposes to measure fundamental quantum phenomena, such as
superconductivity, the quantum Hall effect and excitonic condensation in new regimes made possible by
the TI's two-dimensional surface state geometry, topological characteristics and relativistic-like band
structure. A crucial element of the proposal is the fabrication and characterization of high quality thin Tl
devices, by using both exfoliation from single crystals and by growing Tls epitaxially by MBE. Electronic
transport measurements as a function of temperature and magnetic field will reveal insights into a
wealth of phenomena predicted by theory, including weak antilocalization, exotic types of quantum Hall
effect, Klein tunneling, and excitonic superfluidity.

Particular efforts will be devoted to the study of quantum states which occur at the interface of Tls with
superconductors, where excitations with unusual quantum statistics (different from bosons or fermions)
called Majorana particles can be realized. The vision of electronics based on such particles is of profound
importance for both scientific research and technological applications, and is considered among the holy
grails of present condensed matter research. Specifically, non-Abelian particles allow the generation and
manipulation of dephasing-tolerant quantum states which are crucial for quantum information, and
promising for addressing long-standing questions in quantum physics.

To seek for non-Abelian particles, we will measure tunneling into a superconductor-Tl interface, and
study the supercurrent flowing through superconductor-Tl-superconductor Josephson junctions.
Furthermore, advanced geometries which allow the localization and manipulation of those elusive
particles will also be studied. We will also probe the limits of the Tl state by building ultra-thin samples,
where 3D to 2D dimensionality transitions and condensation effects are expected.

The Jarillo-Herrero group is well positioned to tackle this research project, with strong experience in
device nanofabrication, low temperature precision transport measurements, and a proven record of
studying quantum transport phenomena in low dimensional carbon materials. Such experience will
prove invaluable when studying quantum Hall and the advanced superconductor-TI devices proposed
here. In addition, the Pl is already investigating high quality Tl single crystals and thin films grown by
MBE, and he has recently published one of the first reports of surface state transport and electric field
effect on Tl nanodevices.

Tl research spans into many areas of physics, from high-energy physics, where many of the topological
concepts applicable to TIs have been developed, to research on thermoelectric materials and energy
harvesting, since most of the Tl materials are based on Bi compounds known for their thermoelectric
properties. The Pl will stimulate a strong interaction between education and research which will result in
excellent training for postdoctoral fellows, graduate and undergraduate students, who will acquire the
necessary skills to become accomplished experimental condensed matter scientists. Recruiting efforts
by the Pl will contribute to the integration of women, minorities and international students, especially
from developing countries, into the scientific community.
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Nanoscale Magnetodynamics and Beyond

Institution: MIAMI UNIVERSITY
Point of Contact: Pechan, Michael
Email: pechanmj@muohio.edu

Principal Investigator: Pechan, Michael

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 3 Undergraduate(s)
Funding: $82,000

Recently, in collaboration with Hitachi Global Storage Technologies (HGST), we reported novel
magnetostatic and magnetodynamic effects in coupled nano-dot chain arrays. Permalloy (PY) dots 300
nm in diameter and 40 nm thick were formed, via e-beam lithography, into a square lattice with 350 nm
lattice constant. Samples were prepared with five dot chains coupled by PY bridge widths of 0, 20, 40,
and 60 nm. Bridge exchange coupling significantly suppresses vortex formation and the ensuing buildup
of exchange energy is release by simultaneous reversal of the magnetization and vortex nucleation. The
magnetodynamics were investigated with the magnetization saturated normal to the film plane. The no-
bridge spectrum is consistent with ‘drum-head’ type Bessel function modes. Coupled dots produce
increasingly complex mode structures with increasing coupling strength. Simulations demonstrated that
the additional satellite structure on the higher order (lower field) modes arise from a single dot-bridge
component within the chain—the structure increasing in complexity as the bridge becomes a larger part
of this component. Simulations also demonstrated that normal mode excitations arising from interdot
coupling appear as satellites on the immediate low field side of the lowest order (highest field)
resonance, which increase in intensity and separation with increasing coupling strength. As an extension
of this project, we are doing simulations of magnetodynamics of exchange coupled magnetic nano-
wires. Based upon the simulation results, HGST will fabricate, via e-beam lithography, the samples
optimized for inter wire transfer of spin waves.

In collaboration with Dan Dahlberg at the University of Minnesota and Caroline Ross and Carl Thompson
at MIT, we began an investigation of magnetostatics and magnetodynamics in single crystal Ni films
grown on MgO at MIT. To date we've measured the ferromagnetic response as a function of in-plane
angle and temperature at 36 GHz. Next we will measure at 10 GHz allowing us to extract intrinsic versus
extrinsic contributions to the magnetic damping. The goal if this investigation is to compare resonance
damping (MU) with electron transport (UMN).

In collaboration with Chris Leighton at the University of Minnesota, we are investigating CoS,, a
promising model system for fundamental studies of spintronic processes. This system has - 55% spin
polarization (P) at the Fermi level, a value that is tunable with Fe doping in Co,.FexS,, reaching + 85%. Of
interest is whether the ferromagnetic damping is influenced by P. Single crystals of in Co;.xFexS, with
close to ideal sulfur stoichiometry are ground into powder for the FMR studies. The linewidth exhibits a
minimum at T, which provides a measure of both T and the breadth of the FM transition. In contrast to
expectations based on NMR, the linewidth is observed to increase rather than decrease with increasing
P. This suggests that other mechanisms, such as two-magnon scattering or Fe positional inhomogeneity,
dominate the damping. We observe also the absence of a paramagnetic resonance well above T,
indicating the absence of a localized moment above the ordering temperature.
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Novel Behavior of Ferromagnet/Superconductor Hybrid Systems

Institution: MICHIGAN STATE UNIVERSITY
Point of Contact: Birge, Norman
Email: birge@pa.msu.edu

Principal Investigator: Birge, Norman O.

Sr. Investigator(s): Pratt, Jr., William P., MICHIGAN STATE UNIVERSITY
Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $168,000

When ferromagnetic (F) and superconducting (S) materials are put in contact with each other, new
properties emerge, which differ from the properties of either of the components. In addition to their
intrinsic scientific interest, such hybrid S/F systems may have applications in new types of
superconducting electronics or in quantum computing. The primary scientific objective of this project
started out as a search for a new kind of superconducting pair correlations predicted to occur in S/F
systems in the presence of certain forms of magnetic inhomogeneity. The new type of superconductivity
involves electron pairs with parallel spins (spin-triplet pairs), rather than the usual anti-parallel spins
(spin-singlet pairs), even though the conventional superconductors by themselves generate only spin-
singlet pairs. Our search was based on measurements of S/F/S Josephson junctions where the spin-
triplet pairs have a clear signature; spin-triplet pairs produce a supercurrent that extends over a long
distance in F, in contrast to the very short distance scale characterizing spin-singlet supercurrent. In the
fall of 2009, our search was successful. By combining three distinct magnetic layers in our samples, we
were able to generate a long-range supercurrent in samples containing a thick central layer of cobalt,
which is a strong ferromagnetic material. Our first paper reporting these exciting results was published
in April of 2010; it has been well-received in the field and has already garnered 43 citations. The focus of
our work has now shifted toward three new goals: (1) optimizing the generation of spin-triplet pairs by
better controlling the magnetic state of the sample, (2) exploring other ways to detect spin-triplet pairs
besides measurements of Josephson junctions, and (3) learning how to control the spin-triplet
supercurrent (i.e., turn it on and off) in a single sample. We have made progress toward the first two of
those goals, and are continuing to work on all three.

As always, our work has educational goals as well as the obvious goal of impact on the field of
condensed matter physics. Two graduate students have already received their Ph.D.’s based on work on
this project. Three graduate students are currently working on the project, one of whom is expected to
graduate in 2012. In addition, several undergraduate students have contributed to the project, and are
now enrolled in prestigious graduate programs around the country.

Mechanisms for Surface Segregation in Compound Semiconductor Thin Films

Institution: MICHIGAN, UNIVERSITY OF
Point of Contact: Mirecki-Millunchick, Joanna
Email: joannamm@umich.edu

Principal Investigator: Millunchick, Joanna

Sr. Investigator(s): van der Ven, Anton, MICHIGAN, UNIVERSITY OF

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $35,000

The goal of this program is to determine the atomistic mechanisms for surface segregation in Ill-V
semiconductor alloy systems. Central to this is to understand the atomic surface structure of alloy
surfaces. We use both experimental and computational approaches to achieve these goals. We
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determined which factors affect the complex structure seen in InGaAs strained layers. Specifically, we
showed that surface ordering is governed by both energetic and entropic effects, and that the coverage
of the different reconstructions depends on growth conditions. Furthermore, we elucidated the
incorporation of Sb into the GaAs substrate, and examined the effect of the surface reconstruction on
the stability of dislocations. We have studied the incorporation of Bi on GaAs and calculated a full phase
diagram for the possible structures as a function of growth conditions.

Emergent Phenomena in Quantum Hall Systems Far From Equilibrium

Institution: MINNESOTA, UNIVERSITY OF
Point of Contact: Zudov, Michael
Email: zudov@physics.umn.edu

Principal Investigator: Michael, Zudov

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $130,000

The main objective of the research project supported by this grant is to study the emergent behaviors of
high mobility two-dimensional electron gases formed in semiconductor heterostructures which are
driven out of equilibrium by dc and/or microwave electric fields. Recent developments in the area of
non-equilibrium transport in low magnetic fields revealed many new fascinating phenomena. Among
these are microwave-induced resistance oscillations and radiation-induced zero-resistance states, as
well as Hall-field induced resistance oscillations and dc field-induced zero-differential resistance states.
All of these remarkable effects are usually observed at temperatures above 1 Kelvin in the regime of
very high Landau levels when Shubnikov-de Haas oscillations are strongly suppressed by disorder and/or
temperature. In contrast to the majority of past research efforts, this project will study the experimental
regimes of lower Landau levels and lower temperatures, which remain essentially unexplored. One of
the outstanding questions addressed by this project is the nature of recently discovered dc-induced
states with zero differential resistivity observed in the Shubnikov-de Haas regime and their possible
relation to phenomenologically similar states observed in very high Landau levels. Another issue of
interest concerns the implementation of the non-linear resistivity as a probe for the electronic density of
states. In addition, the project will study the effects of dc and/or microwave electric fields on the
Shubnikov — de Haas oscillations which remain very poorly understood. Finally, the project will explore
the possibility of extension of the any of the microwave-induced or dc-induced effects established for
electrons in very high Landau levels to the quantum Hall effect regime to study composite fermion
states. The work on this project will allow us to better understand how these emergent effects originate
from the behavior of individual electrons due to the complexity of their competing interactions with
other electrons, electromagnetic fields, static disorder, and lattice vibrations.
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Tunneling and Transport in Nanowires

Institution: MINNESOTA, UNIVERSITY OF
Point of Contact: Goldman, Allen
Email: goldman@physics.umn.edu

Principal Investigator: Goldman, Allen

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $140,000

The goal of this program is to obtain a fundamental understanding of phenomena that might be relevant
to the performance of devices and circuits at the limit of the smallest realizable feature sizes. The
approach is to study structures prepared using physical rather than chemical or biological techniques.
The main focus of the work will be on the investigation of selected properties of nanowires that are
either quasi-one-dimensional (quasi-1D) or one-dimensional (1D). Which term is appropriate depends
upon the size of the widths and thicknesses, or radii, characterizing the transverse dimensions of the
wire relative to some characteristic length associated with a physical property that might be altered by
dimensional constraint. When these lengths are smaller than the inelastic scattering, phase coherence,
or superconducting coherence lengths, the wires are quasi-1D. This distinguishes them from wires for
which the transverse dimensions are smaller than the Fermi wavelength where only the longitudinal
electronic degree of freedom is relevant. For such 1D wires, Landau's Fermi liquid theory fails and is
replaced by Tomonaga-Luttinger Liquid (TLL) theory. In 1D even weak interactions destroy the
conventional Fermi surface. It is important to further probe this regime and to understand the entry into
the TLL regime produced by either reducing wire size or by changing the wire carrier concentration.

We are carrying out two types of experiments on nanowires prepared using electron beam lithography
(EBL). The first type involves selected experiments on quasi-1D superconducting nanowires. Such
superconducting nanowires may have technological significance, as they may provide a path to
superconducting g-bits that does not rely on oxide barrier Josephson junctions. Such devices may exhibit
longer coherence times than those based on oxide barrier junctions. We are attempting to determine
the mechanism for the restoration of superconductivity of quasi-1D nanowires driven resistive by
current that occurs upon the application of magnetic field. We are searching for h/e flux quantization in
nanometer scale superconducting loops, which may reveal the nature of Cooper pairing in mesoscopic
systems. Finally we are studying the superconductor-insulator transition in nanowires, by varying their
thicknesses, their coupling to dissipation, and their charge densities. The latter will be accomplished
using electronic double layer transistor configurations. We have developed a technology of
electrostatically doping materials using ionic liquids in an electronic double layer transistor
configuration.

The second type of experiment will be directed at exploring the TLL regime of a new type of 1D wire,
prepared from a low carrier density material, either electrostatically doped SrTiO; or KTaOs. We would
employ electron beam lithography to form a surface mask, and would then use an ionic liquid to induce
charge in an exposed line of SrTiO; or KTaOs. If the wires can be made sufficiently narrow, then they
should exhibit TLL behavior, which can be ascertained by studying charge transport. We would then
study charge and spin transport in detail, and by employing electrostatic gating, tune between the 1D
and quasi-1D regimes so as to determine the phase diagram as a function of carrier concentration.
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Studies of Artificially Structrured Composite Magnets

Institution: NEBRASKA, UNIVERSITY OF
Point of Contact: Sellmyer, David
Email: dsellmyer@unl.edu

Principal Investigator: Sellmyer, David

Sr. Investigator(s): Skomski, Ralph, NEBRASKA, UNIVERSITY OF

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $115,000

This project is focused on a key class of materials important in magnetism and nanoscience. The specific
target is nanometer-length-scale and real-structure control of structures as a means of creating
nanomaterials with high magnetic anisotropy and high coercivity. Innovative aspects of the research
include synthesis of new magnetic nanostructures with special fabrication techniques. The proposed
research consists of three main parts. The first is aimed at preparation and properties of nanoscale
clusters and particles where anisotropic structures and surface effects are expected to lead to new high-
anisotropy nanomagnets. Both rare-earth-free and rare-earth-containing Co-Fe-rich systems are
explored. The second part is focused on new thin-film nanomagnets and unconventional alloy
structures. Here, the goals are to control the coercivity and anisotropy in hexagonal and related
structures, where exchange and anisotropy effects of substitutional and interstitial doping are
investigated. The third part is aimed at understanding the effects of spatial confinement on magnetic
hardening in nanoscale structures undergoing structural transformations. This topic is highly important
in magnetic nanomaterials since many of them have to be thermally processed to create nanophases
with desired hard magnetic properties.

Thermal Conductivity and Thermopower Near the 2D Metal-Insulator Transition

Institution: NEW YORK, CITY UNIVERSITY OF CITY COLLEGE
Point of Contact: Sarachik, Myriam
Email: sarachik@sci.ccny.cuny.edu

Principal Investigator: Sarachik, Myriam

Sr. Investigator(s): Kravchenko, Sergey, NORTHEASTERN UNIVERSITY
Punnoose, Alexander, CITY COLLEGE OF NEW YORK

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 1 Undergraduate(s)

Funding: $150,000

The availability within the past decade of two-dimensional electron systems in samples of very high
mobility has enabled the study of new and very interesting physics in strongly interacting electron
systems, a region that had previously been inaccessible. The discovery in this regime of a totally
unexpected transition to metallic behavior, which is forbidden in weakly interacting systems, has elicited
enormous experimental and theoretical interest and activity. Most of the experimental investigations
have focused on the transport behavior - the longitudinal and transverse resistivities with and without
magnetic field. Quite surprisingly, there have been few studies of the thermal properties, either
theoretical or experimental. The aim of the present proposal is to study the thermoelectric power and
the thermal conductivity of dilute two-dimensional electrons systems in high-mobility samples near the
2D MIT in the ballistic and diffusive regimes, and to determine the effect of in-plane magnetic field on
the thermal response. It will be particularly interesting to compare the results with the earlier results on
the resistivity. Experiments are being done in Sarachik's lab at City College and Kravchenko's laboratory
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at Northeastern University. It is anticipated that these studies will yield important results in relatively
uncharted territory.

Quantum Coherence and its Manipulation in Coupled Quantum Dots

Institution: NEW YORK, STATE UNIVERSITY OF BUFFALO
Point of Contact: Bird, Jonathan
Email: jbird@buffalo.edu

Principal Investigator: Bird, Jonathan

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $148,000

There has long been great interest in the modifications to material properties that arise when charge
carriers are confined in nanostructures, such as nanotubes, nanowires, and quantum dots. The strong
many-body interactions characteristic of these structures, and the interplay of these interactions with
qguantum size effects, can lead to the formation of novel correlated states of matter, not normally
associated with their bulk counterparts. In this research, we provide a specific illustration of these ideas,
by focusing on the consequences of many-body interactions for electron transport in the quasi-one-
dimensional conductors known as quantum point contacts (QPCs). It has been widely suggested that the
interplay of quantum confinement and carrier-carrier interactions can give rise to an unusual spin
polarization in these structures. In our currently-funded DoE research, we have provided strong
evidence that this behavior is related to the formation of a self-consistent bound state near pinch-off,
which essentially allows the QPC to serve as a natural, single-electron trap. While this idea is certainly
exciting, there are a number of important questions regarding the microscopic character of the self-
consistently formed bound state that remain unresolved. These include the characteristics “storage
time” of electrons on the bound state, the manner in which the bound state forms as the QPC is tuned
from open conduction to pinch-off, and the spin-dependent structure of the bound state. To address
these issues, this work develops new experimental techniques to probe the microscopic properties of
the bound states in QPCs, thereby revealing the fundamental processes that give rise to their formation.
A major direction for our research involves the development of transient-measurement schemes, as a
means to investigate the localization of single electrons on QPC bound states, and to probe the details of
their spin dynamics. In parallel with this, we also investigate the application of QPCs as an “on-demand”
source of quantum states that can be used to implement sophisticated systems, in which spatially-
remote quantum states interact with each other via a common continuum. Resolving these questions
addresses key fundamental issues in condensed matter physics, while offering new approaches to
quantum control of charge carriers.
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Antiferromagnetism and Superconductivity

Institution: NORTHWESTERN UNIVERSITY
Point of Contact: Halperin, William
Email: w-halperin@northwestern.edu

Principal Investigator: Halperin, William

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

There are many exciting manifestations of the interplay between magnetism and superconductivity that
will influence theoretical and experimental work in the next few decades. These developments originate
in basic scientific understanding and thereafter spread through our knowledge base to affect
engineering and applications that have impact on our society. There are two components to this impact:
(1) the education and training of personnel who can knowledgably participate in the process, and (2)
scientific discovery. We are studying vortex structures in cuprates, specifically to investigate our first
report in Nature Physics of electrical charge trapped on the vortex core. This discovery points to a
mechanism that can seriously alter the stability of vortex structures that is so important in applications
of superconductivity in magnetic fields. We are studying the doping sensitivity of magnetism in the
vortex cores in Bi,Sr,CaCu,0g,q4, carried to very high magnetic fields. Secondly, we are investigating the
vortex dynamics in the new class of pnictide superconductors using a sensitive, microscopically-based
tool, NMR spin-spin relaxation. Thirdly, we are growing and characterizing the highest quality of UPt3
single crystals ever produced to investigate competing orders for magnetism and superconductivity in
this system to determine the order parameter symmetry and vortex structures in UPt3 and the coupling
of its magnetism to superconductivity. The experimental work will involve nuclear magnetic resonance
studies at Northwestern University as well as at the National High Magnetic Field Laboratory. We are
performing neutron scattering investigations of vortex structures using national facilities, phase
sensitive determinations of superconducting order symmetry, and tests of broken-time reversal
symmetry.

Experimental Study of Severely Underdoped Ultrathin Cuprate Films

Institution: OHIO STATE UNIVERSITY
Point of Contact: Lemberger, Thomas
Email: trli@mps.ohio-state.edu

Principal Investigator: Lemberger, Thomas

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $85,000

This project has generally proceeded along 4 parallel lines. The most important is our study of the
superfluid density of “thick” films of Bi,Sr,CaCu,0s., (Bi-2212), grown by one technique (pulsed laser
deposition) at OSU and another technique (sputtering) by Amit Kanigel at Technion in lIsrael, for
comparison. The magnitude and temperature dependence of the superfluid density are sensitive to
critical fluctuations in the superconducting order parameter, both thermal and quantum. We find that
severely underdoped Bi-2212 sustains strong, two-dimensional critical quantum fluctuations, indicating
that the T = 0 phase transition from superconducting to insulating is a quantum critical point. A paper
has been submitted to Physical Review Letters. (A poster presented at LT-26 in Beijing won “Best Poster”
against more than 100 other posters on superconductivity.)
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Second, we are working to grow ultrathin Bi-2212 films to see whether 2D critical thermal fluctuations
appear, as they should and as they do in ultrathin YBa,Cu;07,. We’ve achieved superconductivity in
films as thin as 60 A. Also, we are making other transport measurements like resistivity and Hall
coefficient.

Third, for fundamental and practical reasons we studied the superfluid density of films of the iron-
pnictide, Ba(Fe;..Co,),As,, grown at U. Wisconsin by C.B. Eom. We find that the T-dependence of
superfluid density is dominated by a single superconducting gap, which is about half of the BCS value.
Because measurements of other parameters reveal the presence of large and small gaps on different
Fermi surface sheets, the question arises as to why the larger gap is absent from the superfluid density.
On the practical side, our measurements showed that thin films are comparable in quality to single
crystals. This work was published in Physical Review B.

Finally, we have been working successfully to improve our deposition protocol for ultrathin films of
YBa,Cu305.,. The present grant is focused on optimizing and studying these films in detail, so they must
be as high quality as possible. Moreover, several other groups are interested in collaborating on these
films and are doing measurements that we do not do, which again demands the highest quality,
reproducible films.

We note that we spent a fair bit of time and effort on an unsuccessful study of ultrathin films of NbN
supplied by a collaborator in Karlsruhe, Germany. We undertake high-risk high-reward projects, and
some of them actually fail, verifying their high risk.

Optical Study of Spin Dynamics in Semiconductor Nanowires

Institution: OHIO STATE UNIVERSITY
Point of Contact: Yang, Fengyuan
Email: fyyang@mps.ohio-state.edu

Principal Investigator: Yang, Fengyuan

Sr. Investigator(s): Johnston-Halperin, Ezekiel, OHIO STATE UNIVERSITY
Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $200,000

The central goal of this DOE project is to investigate spin relaxation behavior in quasi-1D semiconductor
systems using time-resolved optical pump-probe techniques. In order to achieve this goal, the
semiconductor nanowires must be able to absorb a circularly-polarized light for optical excitation of spin
polarized carriers. Consequently, we have to overcome the optical polarization anisotropy originating
from the quasi-1D geometry and the dielectric mismatch between the semiconductor nanowires and
their environment, which can be achieved by coating the nanowires with a matching dielectric material
of sufficient thickness.

We have been using pulsed laser deposition (PLD) to synthesize IlI-V semiconductor nanowires. We first
demonstrated a general approach to ex situ dielectric matching to InP and ZnO nanowires by conformal
coating of Ta,0s using sputtering in order to reduce the optical polarization anisotropy. As a result, the
polarization anisotropy is reduced by 86% for InP:Ta,0s and 84% for Zn0:Ta,0s due to the better
dielectric matching (than air). This success validates a general scheme to control the optical polarization
anisotropy and addresses a critical technical barrier to the use of polarized optical excitation to study
spin dynamics in 1D nanostructures. This work was recently published in Applied Physics Letters.
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Spin relaxation and optical properties in semiconductor nanowires are sensitive to defect states in
nanowires. In order to understand the role of defect states in nanowires, we investigated the charge
transport in PLD-grown n-InP nanowires using single nanowire field-effect transistor device.
Temperature and gate dependent |-V measurements indicate a parallel transport channel due to surface
trap states that shorts the band transport. These results highlight the complexity of charge transport in
these materials and demonstrate the critical role played by defects in these quasi-1D structures. This
work is currently under review at Physical Review Letters.

The preferred technique for IlI-V nanowire synthesis is metalorganic chemical vapor deposition
(MOCVD) which not only offers the capability to grow nanowires with precisely controlled dimension,
carrier type and concentration, but also enables synthesis of heterostructured nanowires with minimal
surface defect states and dielectric matching. Using the new MOCVD at Ohio State, we have identified
the optimal growth conditions for synthesis of GaAs nanowires epitaxially grown on GaAs substrates
with essentially no tapering. However, bare GaAs nanowires show no detectable photoluminescence
(PL), indicating high density of surface defects due to the exposed nanowire surface. By coating the GaAs
nanowires with an Alg35GaggsAs shell, we observed bright PL originating from the band edge emission of
GaAs due to the fact that the AlGaAs shell passivates the surface of the core nanowires and essentially
eliminates the surface trap states. The AlGaAs shell also provides an ideal dielectric matching. As
expected, the PL of the core-shell nanowires with a thick AlGaAs shell exhibits essentially no polarization
anisotropy, paving the way for spin dynamics studies in 1D semiconductors using pump-probe
techniques. Recently, we overcame the technical challenges in optical measurements caused by the
nanowire sample roughness and identified an optimal core-shell nanowire structure for time-resolved
Kerr rotation measurements from the back of an etched hole in the substrate. This geometry allows for
optical measurements of spin relaxation time on the section of GaAs nanowires with the highest quality
and minimal level of defects.

Single Atom and Molecule Manipulation and Its Application to Nanoscience and Nanotechnology
Institution: OHIO UNIVERSITY

Point of Contact: Hla, Saw

Email: hla@ohio.edu

Principal Investigator: Hla, Saw

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $125,000

The ability to manipulate individual atoms and molecules with sub-atomic or single-bond level precision
is critical in order to develop novel, power efficient, and smart nanoscale devices. In recent years,
advances in scanning tunneling microscope manipulation of atoms and molecules have enabled probing
the intrinsic properties of materials at the atomic level, building artificial quantum structures using
individual atoms, and testing atom and molecule based nanodevices on a one atom or one molecule at-
a-time basis. In the proposed research projects, we utilize the unique capability of scanning tunneling
microscope atom/molecule manipulation schemes combined with tunneling spectroscopy to investigate
a variety of novel nanoscale phenomena on atoms and molecules adsorbed on materials surfaces. Our
research projects include nanoscale molecular superconductors, molecular level charge transfer
processes, and development of atom/molecule manipulation techniques.

[-128 | MSE Summaries



Spin-Polarized Scanning Tunneling Microscopy Studies of Nanoscale Magnetic and Spintronic Nitride

Systems

Institution: OHIO UNIVERSITY

Point of Contact: Smith, Arthur

Email: asmith@helios.phy.ohiou.edu

Principal Investigator: Smith, Arthur

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $80,000

The first main objective of this project is to probe the fundamental electronic and magnetic properties
of nitride-based material systems, and in particular, specific bi-layer systems consisting of atomic layers
of magnetic materials deposited onto semiconducting nitride surfaces. These include ferromagnetic
metals, magnetic nitrides, and dilute magnetic nitride semiconductors. Such spintronic systems hold
high promise as advanced materials for future energy-related applications. The second main objective of
this project is to develop a strong U.S. effort in spin-polarized scanning tunneling microscopy. Based on
the high level of activity involving unique instrumentation and research methodology, the principal
investigator (P1) is well-positioned to accomplish these two objectives.

The PI has a history of accomplishment in the nitride materials field, beginning with the first proper
identification of the two important families of surface reconstructions which occur on the basal plane
surfaces of wurtzite gallium nitride — the (0001) and (000-1) faces — using scanning tunneling microscopy
in 1997-99. Since 1998 at Ohio University, the Pl has developed a full-scale research program to explore
the fundamental properties of diverse classes of nitride systems, including semiconducting, magnetic,
and spintronic nitrides. Furthermore, the Pl also began a research program in spin-polarized scanning
tunneling microscopy, achieving atomic-scale magnetic resolution of the antiferromagnetic surface
Mn;sN, (010) already by 2002. This led to a series of articles and motivated the current project.

This DOE project involves both synthesis and analysis of magnetic and spintronic nitride materials. The
experimental approach involves (1) epitaxial growth of selected magnetic nitride systems using
molecular beam epitaxy and/or pulsed laser epitaxy and (2) investigation of these systems using in-situ
scanning tunneling microscopy and spin-polarized scanning tunneling microscopy, as well as an array of
additional characterization tools. Spin-polarized scanning tunneling microscopy is a uniquely powerful
technigue which measures the spin-polarized local density of states of a surface as well as the normal
(non-spin-polarized) local density of states. By coupling this technique to a powerful growth facility via
ultra-high vacuum, the intrinsic spin-polarization of a clean surface may be determined.

The work is carried out within the PI's two independent laboratories at Ohio University. The first
laboratory is geared towards room-temperature, spin-polarized measurements under magnetic fields up
to 1/2 Tesla, while the second is dedicated to low-temperature, spin-polarized measurements under
magnetic fields up to 4.5 Tesla. This project is also enabling the Pl to foster a strong and skilled research
group involving graduate, undergraduate, and post-doctoral researchers.

This project will impact all possible magnetic and spintronic applications of nitrides. In each and every
potential and promising application, it is essential to understand the fundamental nature of the spin-
polarization of the magnetic/spintronic layer, down to the atomic scale, and in particular for thicknesses
in the range 0-5 atomic monolayers. This is because of the critical nature of the magnetic states at the
interface with the semiconductor. This DOE project addresses in a new way, long-standing questions
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about the origins of magnetism within dilute magnetic nitride semiconductors by atomically resolving
the magnetic atoms and the spin states directly, and as a function of growth conditions. Finally, this
project establishes a U.S. spin-polarized scanning tunneling microscopy research program capable of
addressing challenging new problems in nanoscale magnetism and spintronics.

Manybody Effects in Chromium Thin Films

Institution: OREGON, UNIVERSITY OF
Point of Contact: Kevan, Stephen
Email: kevan@uoregon.edu

Principal Investigator: Kevan, Stephen

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $160,000

The two primary foci of this project are as follows:

(1) Hydrogen impurities, localization, and magnetism in graphene. Predictions have existed for some
time that that various species bonded to graphene, even H atoms, are magnetic. Our experiments
involve cracking hydrogen molecules to produce H-atoms, which in turn bond at random locations on a
graphene film grown on a SiC substrate. The electronic structure, in particular the coherence of the
quasiparticle bands in the vicinity of the Fermi level, are then probed using photoemission as a function
of hydrogen coverage/doping. We found direct evidence for a weak localization transition at a coverage
close to where the minimum metallic conductivity is predicted.

(2) Electronic and magnetic structure of 1D atomic chains self-assembled on stepped single crystal
surfaces. The properties of magnetic nanostructures are intensely studied at present due to their
promise in emerging magnetic recording technologies. We grow nanowires and films of various atomic
species (hydrogen, alkali metals, iron) on stepped tungsten surfaces. The electronic structure and Fermi
contours of these systems is then measured using high resolution angle-resolved photoemission.

Approximately one year ago, | discussed with my BES program manager the possibility of closing this
project down and initiating a new project focused on applications of coherent soft x-ray beams. The BES
was supportive of this plan, and | did not submit a renewal proposal for this project. Instead, | submitted
a proposal titled "Nanoscale Dynamical Heterogeneity in Complex Magnetic Materials.” This has been
funded and is now being actively pursued. The project titled "Manybody Effects in Chromium Thin Films”
was granted a no-cost extension, and that budget will be spent out in a few months.
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Engineering of Mixed Pairing and Non-Abelian Quasiparticle States of Matter in Chiral P-Wave
Superconductor Sr,RuQ,

Institution: PENNSYLVANIA STATE UNIVERSITY
Point of Contact: Liu, Ying
Email: liu@phys.psu.edu

Principal Investigator: Liu, Ying

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $100,000

The goal of the proposed research is to seek out the existence of novel states of matter in chiral p-wave
superconductor Sr,RuQO, and related Ru-Sr,RuQ, eutectic phase, especially mixed pairing states and non-
Abelian quasiparticles. Initial evidence for half-flux-quantum vortices, predicted theoretically to host
non-Abelian Majorana modes, has been found in Sr,RuO,. However, domains and domain walls
expected in a chiral p-wave superconductor have been observed in this material. We propose to
engineer material and device systems on Sr,RuQ, to create experimental conditions that will allow direct
observation of mixed pairing and non-Abelian quantum states of matter.

We have focused on the search of half vortices by performing quantum oscillation measurements on
small rings of Sr,RuQ, prepared by photo lithography and focused ion beam (FIB). In the bulk, the free
energy associated with half vortices is usually higher than that of a full vortex because of the cost of
spin-orbital coupling, except possibly in a narrow temperature range with magnetic field applied along
the ab plane, or in small samples for which the spin-orbital energy cost is reduced by the finite sample
size. Recently it was reported (J. Jang, D.G. Ferguson, V. Vakaryuk, R. Budakian, S.B. Chung, P.M.
Goldbart, and Y. Maeno, “Observation of Half-Height Magnetization Steps in Sr,RuQ,,” Science 331, 186
(2011)) that the torque of a flux trapping doubly connected Sr,RuO, sample of a mesoscopic size
exhibited jumps corresponding to the flux change by the amounts of both ®, and ®,/2. The latter was
only observed when the sample was subjecting to an in-plane magnetic field. It should be pointed out
thathalf vortices were actually not observed directly in this experiment. Given that the control
experiment carried out on similar samples made of conventional, s-wave superconductor NbSe, seems
to have also revealed jumps corresponding to fractional flux changes, other experiments are needed to
establish the existence of half vortices in Sr,RuO, more fully. In this regard, the most direct observation
may be direct imaging of half vortices, as done in the high-T, tricrystal experiments (C.C. Tsuei and J.R.
Kirtley, “Paring symmetry in Cuprate superconductors,” Rev. Mod. Phys. 72, 969 (2000)). Alternatively,
the observation of Little-Parks oscillations with a period of ®y/2 will show that half flux quantum exists.

We explored a novel approach to make thin flakes of Sr,RuO, by mechanical exfoliation using cleavable
single crystals of Sr,RuO, grown by a floating zone method by Professor Zhigiang Mao of Tulane
University. We developed photo and e-beam lithography and focused ion beam techniques to prepare
Sr,RuO, microstructures. To prepare such a device, contact leads of Ti/Au were prepared by photo
lithography. Focused ion beam (FIB) was used to fabricate a ring of roughly 1 um in diameter. We
succeeded in fabricated superconducting rings of Sr,RuQ, with a diameter in the micron range. We
observed beautiful quantum oscillations in several rings. The most prominent quantum oscillation was
found to be that of a full flux quantum, ®,. Even though no ®y/2 was observed, other interesting
findings were obtained. A manuscript is being prepared to report these findings.
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Exploration of Artificial Frustrated Magnets

Institution: PENNSYLVANIA STATE UNIVERSITY
Point of Contact: Schiffer, Peter
Email: pesl2@psu.edu

Principal Investigator: Schiffer, Peter

Sr. Investigator(s): Crespi, Vincent, PENNSYLVANIA STATE UNIVERSITY
Samarth, Nitin, PENNSYLVANIA STATE UNIVERSITY

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $150,000

This proposal targets the study of lithographically fabricated arrays of nanometer-scale single-domain
ferromagnetic islands, in which the array geometry results in frustration of the magnetostatic
interactions between the islands. Such geometrical frustration can lead to multiple energetically
equivalent configurations for the magnetic moments of the islands and a variety of associated novel
collective behavior. These systems are analogs to a class of magnetic materials in which the lattice
geometry frustrates interactions between individual atomic moments, and in which a wide range of
novel physical phenomena have been recently observed. The advantage to studying lithographically
fabricated samples is that they are both designable and resolvable: i.e., we can control all aspects of the
array geometry, and we can also observe how individual elements of the arrays behave. The proposed
research combines a strong experimental effort, using both local probe and collective measurements,
with theoretical modeling of these systems to allow a detailed understanding of the underlying
phenomena.

In previous work, we have demonstrated that we can fabricate and probe frustrated magnet arrays,
including some geometries that are directly analogous to the “spin ice” materials. We have designed
frustrated lattices, controlled the strength of interactions by changing the spacing of the islands, and
demonstrated that the island magnetic moment orientation is controlled by the inter-island
interactions.

In the proposed research program, we plan several research thrusts to expand upon this initial effort,
using both local and collective measurement techniques. We will investigate a range of frustrated lattice
geometries in both small clusters and extensive arrays of islands, thus accessing a range of different
types of frustration, each of which we expect to result in moment configurations that correspond to
different accommodations of frustration. We will also examine how these systems respond to disorder,
and we will vary the type of magnetic material from which the arrays are made. We will also probe the
effects of both static and dynamic external magnetic fields. In related efforts, we will model the
interplay of kinetics and effective thermodynamics in the manifolds of degenerate states of the island
moment configurations.

In addition to shedding light on fundamental issues regarding frustrated magnetic systems, the study of
these arrays will have connections to problems of technological interest in which arrays of locally
interacting elements are fundamental to the design. For example, future information storage technology
may use patterned recording media that consist of arrays of ferromagnetic elements. Although not
designed to have interactions, the elements in these arrays will necessarily interact with each other due
to the required high density and the long-range nature of the dipole interaction. Furthermore,
prototypical logic devices have recently been fabricated which explicitly utilize the magnetostatic
interactions of ferromagnetic islands. In a broader context, however, the flexibility in both the design
and measurement of these arrays make them excellent model systems for studying complex
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phenomena that can emerge from simple interactions, and we expect that the results of the proposed
research will have a far-ranging impact.

Studies of Interband Modes and Fermi Surface Features in Very Clean MgB, Films

Institution: PENNSYLVANIA STATE UNIVERSITY
Point of Contact: Li, Qi
Email: gill@psu.edu

Principal Investigator: Li, Qi

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $90,000

Distinct multi-band superconductivity is a unique feature that distinguishes MgB, from all other phonon-
mediated Bardeen-Cooper-Schrieffer (BCS) superconductors. Besides the widely-observed two
superconducting energy gaps arising from the s and p bands, theoretical calculations taking into account
the fully anisotropic electron-phonon interaction further predict a distribution of gap values for both s
and p bands on the Fermi surface of MgB,. However, only two distinct gaps have been observed
experimentally before. In this project, we studied electron tunneling spectroscopy on planner
MgB,/native oxide/Pb tunnel junctions grown on different substrates and orientations. We also vary the
electron mean free path by introducing N gas during film deposition to introduce disorders in the films.
The results clearly shows the distribution of energy gaps within one band in very clean samples for both
bands, but the gap features become a narrow single gap as the mean free path is reduced. By
deconvoluting the tunneling spectrum based on the density of state of Pb, we derive the momentum-
dependent energy gaps of MgB,, which are in good agreement with the anisotropic Eliashberg
calculation. The result affirms the importance of the anisotropic electron-phonon interaction and
Coulomb repulsion in MgB, and the energy gap values are not single value even within each band. We
have also studied the angular dependence of magentoresistance as a function of temperature which
reveals the multiband Fermi surface shapes and the interplay between the bands in electrical transport
properties.

Development of Spintronic Bandgap Materials

Institution: PITTSBURGH, UNIVERSITY OF
Point of Contact: Levy, Jeremy
Email: jlevy@pitt.edu

Principal Investigator: Levy, Jeremy
Sr. Investigator(s): Floro, Jerrold, VIRGINIA, UNIVERSITY OF

Awschalom, David, CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $290,000

We propose to develop “spintronic bandgap materials” that will enable a rich variety of spin-based
physical systems to be explored with an unprecedented degree of variation and control. Precisely
defined patterns of sub-10-nm Ge quantum dots will be fabricated directly on silicon substrates. The
small size of the Ge dots will enable single electrons to form bound states, and for nearest neighbors to
interact via direct spin exchange. The “spintronic band structure” is determined by the geometrical
arrangement of quantum dots and will be controlled using nanofabrication techniques recently
developed by Levy and collaborators. The electronic and magnetic properties of these systems will be
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probed using capacitance spectroscopy and magnetic resonance force microscopy as a function of
temperature (50 mK — 300 K) and magnetic field (14 Tesla). These exchange-coupled spin systems,
formed from single electrons localized on the dots, can be mapped onto a wide class of interesting
physical systems. These systems may also form the basis for quantum information processing
architectures.

Long-Range Transport of Excitons in GaAs Quantum Well Structures

Institution: PITTSBURGH, UNIVERSITY OF
Point of Contact: Snoke, David
Email: snoke@pitt.edu

Principal Investigator:

Sr. Investigator(s): Pfeiffer, Loren, PRINCETON UNIVERSITY
Mascarenhas, Angelo, NATIONAL RENEWABLE ENERGY LABORATORY
Bristow, Alan, WEST VIRGINIA UNIVERSITY
Keeling, Jonathan, ST. ANDREWS UNIVERSITY, UK

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $120,000

This project focuses on excitons in coupled quantum well structures, also known as bilayer structures,
which consist of two quantum wells adjacent to each other with a tunneling barrier between them.
When an electric field is applied across the wells, spatially indirect excitons are formed, which have the
electrons in one quantum well and the holes in the other quantum well. These excitons, also known as
dipole excitons or indirect excitons, have a very long lifetime (up to 40 microseconds in our samples) and
strong, long-range interactions. They are predicted to be superfluid at low temperatures, and in certain
configurations have been predicted to make a new type of superconductor. Although excitons carry no
net charge, their motion in the bilayer system can be put into a circuit which does carry charge.

Up to now, experiments claiming superfluidity of excitons in this type of system have been inconclusive;
some claims have been made by other groups but are not widely accepted. Our group has focused on
controlled trapping of the excitons. Under these conditions we have seen a new effect in which the
luminescence of the excitons is effectively turned off at high density and low temperature. Some
theorists have argued that this is evidence of superfluidity, or Bose-Einstein condensation, of the
excitons in a dark (non-light-emitting) state. We have not claimed this, but we recently published a
lengthy study of the effect in which we carefully looked at all the effects of stress and the band structure
and showed that the effect cannot be simply explained by classical mechanisms.

In moving forward we have two thrusts. One is to use magnetic field to cause the dark exciton states to
become able to emit light. This will allow us to directly observe the dark excitons which are predicted to
be superfluid. These experiments are being done in collaboration with Alan Bristow at West Virginia
University, a short drive from Pittsburgh.

Our second thrust is to make circuits with direct electrical contact to the quantum wells, using the
fabrication facilities at the Peterson Institute for Nanoscience and Engineering of the University of
Pittsburgh. These techniques were learned in an extended visit with Prof. Mansour Shayegan at
Princeton University in January 2011. Because the dipole exciton gas is very strongly interacting,
comparable to liquid helium in unitless terms, it may be that there is no clear spectroscopic signature for
superfluidity from the exciton gas, but superfluidity will be observable in transport experiments. Similar
experiments have already been done with excitons at ultralow (millikelvin) temperatures in a high
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magnetic field with doped bilayer structures. Our experiments will be at much higher temperature,
where we still expect to see superfluid effects, since the excitons in our system are much more stable.

If our experiments succeed in showing superfluidity, it will open the door to seeing exciton superfluidity
and superconductivity at room temperature, since excitons have a strong binding energy through the
Coulomb interaction instead of the weak phonon-mediated interaction of Cooper pairs. Many existing
systems have stable excitons at room temperature. Even at low temperature, this system would be a
new class of superconductor which is superconducting only when exposed to light.

Magneto-Transport in GaAs Two-Dimensional Hole Systems

Institution: PRINCETON UNIVERSITY
Point of Contact: Shayegan, Mansour
Email: shayegan@Princeton.EDU

Principal Investigator: Shayegan, Mansour

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $175,000

Two-dimensional carrier systems confined to modulation-doped semiconductor hetero-structures
provide a nearly ideal testing ground for exploring new physical phenomena. At low temperatures and in
the presence of a strong magnetic field, these systems exhibit fascinating, often unexpected, many-body
states, arising from the strong electron-electron interaction. Examples include the fractional quantum
Hall liquid, the Wigner solid, and the newly discovered striped and other novel phases in the higher
Landau levels. The goal of this project is to study the materials science and physics of ultra-clean two-
dimensional electron and hole systems confined to modulation-doped GaAs/AlGaAs heterostructures.
The samples are grown using the state-of-the-art technique of molecular beam epitaxy, and low-
temperature magneto-transport measurements are used to explore their novel physics. Our studies
include measurements of the transport properties of interacting carriers with spin and layer degrees of
freedom; these are typically confined to single GaAs quantum wells of varying width or to double-
quantum-wells of GaAs.

Probing Correlated Superconductors and their Phase Transitions on the Nanometer Scale

Institution: PRINCETON UNIVERSITY
Point of Contact: Yazdani, Ali
Email: yazdani@princeton.edu

Principal Investigator: Yazdani, Ali

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $100,000

PROJECTS FULLY SUPPORTED BY DOE-BES

(1) Physics of High-Tc Cuprates Superconductors—Nature (2010). Over the last number of years, each
year our group has uncovered an important aspect of the physics of high-Tc cuprates using high
precision measurements of the local electronic structure of these materials with the STM (Gomes et al.
Nature 2007, Pasupathy et al. Science 2008). During the last two years, the team has focused on
understanding the behavior of underdoped cuprates, at light hole doping concentration, which is
important to determine how superconductivity emerges from a Mott insulating state. We have
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demonstrated two important findings in this area. In a series of experiments (reported in Pushp et. al.
Science 2009), we showed that that the pairing interaction in the underdoped samples (close to the
Mott insulating ground state) is saturated in strength and demonstrated that the relative portion of the
Fermi surface participating in the pairing interaction controls the superconducting transition
temperature in this regime. These experiments illustrate that d-wave superconductivity emerges from
the electronic state in specific part of the Fermi surface with the rest of the Fermi surface being tied up
in exhibit in the so-called pseudogap behavior that competes with superconductivity. In the last year in
another series of experiments (reported in Parker et al., Nature, 2010), we showed that the onset of
pseudogap behavior which is precursor to superconductivity coincide with the appearance of real space
electronic modulations that have predicted characteristics of fluctuating stripes. These experiments
show that the pseudogap state is inherently unstable to make real space patterns of spin and charge
that fluctuate. We show that as expected the strength of the stripe formation is maximal near hole
concentration of 1/8 doping, as predicted by many numerical simulations. These experiments are the
first to isolate the interplay between formation of stripes and pseudogap behavior in cuprates.

(2) Visualizing Kondo Lattice Behavior & Unusual Electronic Behavior of Heavy Fermion Systems—PNAS
(2010). A remarkable variety of collective electronic phenomena have been discovered in compounds
with partially filled f orbitals, where electronic excitations act as heavy fermions. Like other correlated
electronic systems, such as the high temperature superconducting cuprates, several of the heavy
fermion compounds display an interplay between magnetism and superconductivity, and have a
propensity toward superconducting pairing with unconventional symmetry. During the last year our
group has succeeded in application of scanning tunneling microscopy techniques to the study of heavy
fermion systems. Our measurements provided a local perspective of Kondo lattice behavior in these
compounds and have shown how this behavior is connected with novel electronic organizations in these
compounds, such as the “hidden order” phase that forms in URu,Si, compound. These experiments
show the promise of scanning tunneling microscopy techniques to examine collective behavior of heavy
electron system.

Our experimental program is unique in that currently no other experimental group has the STM
capabilities to perform high-resolution experiments on correlated electronic states across the wide
range of temperatures we can study. Overall, the real space information we have obtained from our
experiments complements the scattering and ARPES studies supported under the DOE-BES program.
Our experiments are done in collaboration with Professor Robert Cava’s group at Princeton, with Dr.
Genda Gu from Brookhaven National Laboratory, and Dr. Eric Bauer and Dr. Joe Thompson and Los
Alamos National Laboratory.

PROJECTS PARTIALLY SUPPORTED BY DOE-BES BY SUPPORTING INFRASTRUCTURE AT PRINCETON
NANOSCALE MICROSCOPY LABORATORY (support noted in publications):

(1) Topological Surface State—Nature (2010). Topological insulators are a new class of materials
discovered to have unusually conducting surface states with Dirac-like energy dispersion and helical spin
texture. Our group has been the first group to directly visualize these novel states with the STM and has
demonstrated that these states are protected from backscattering due to their unusual spin texture.
(Roushan et al., Nature, 2009) In another series of experiments, we have demonstrated that these
surfaces not only do not back scatter, but they can penetrate through crystalline barriers that stops
other surface states (Seo et al. Nature, 2010). These two experimental breakthroughs represent an
important demonstration of the novel properties of topological surfaces that sets them apart from other
two-dimensional surfaces that can be easily localized by disorder.
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Visualizing Critical Fluctuation Near the Metal-Insulator Transitions—Science (2010). Electronic states in
disordered conductors on the verge of localization are predicted to exhibit critical spatial characteristics
indicative of the proximity to a metal-insulator phase transition. Such behavior is responsible for many
of the unusual thermodynamic and transport properties of such systems, yet these fluctuations have
never being directly examined in real space. Our group has used scanning tunneling microscopy to
visualize electronic states in Ga,.,Mn,As samples close to the metal-insulator transition and have been
able to show that their spatial variations are indicative of critical phenomena. (Richardella et al., Science,
2010) Near the Fermi energy, where spectroscopic signatures of electron-electron interaction are the
most prominent, the electronic states exhibit a diverging spatial correlation length. Power-law decay of
the spatial correlations is accompanied by log-normal distributions of the local density of states and
multifractal spatial characteristics. Although these characteristics are very similar to those predicted for
localization of non-interacting electrons, their connection with electronic signatures of interaction is
rather important. Localization and metal-insulator transition are well-understood phenomena in the
limit of weak interaction; however, its behavior in the interacting limit continues to be at the forefront
of condensed matter physics.

Transport Experiments on 2D Correlated Electron Physics in Semiconductors

Institution: PRINCETON UNIVERSITY
Point of Contact: Tsui, Daniel
Email: tsui@princeton.edu

Principal Investigator: Tsui, Daniel

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $165,000

The fundamental physics underlying the quantum Hall fluids is the strong interaction of the electron
with other electrons and its interaction with the disorder in the electron system. It is the interplay of the
disorder and interaction that gives rise to a host of novel quantum phases of the electron matter. The
guestion whether the nature of the disorder matters has now been addressed in this research project.
By comparing the energy gap of the 5/2 fractional quantum Hall effect (FQHE) state obtained in
conventional high mobility modulation-doped quantum well samples with that obtained in high quality
GaAs-AlGaAs heterojunction insulated-gate field-effect transistors, it is discovered that the roles the
long-range and short-range disorders play in the stability of the quantum phase are different. The long-
range potential fluctuations are more detrimental to the strength of the 5/2 FQHE state than the short-
range potential fluctuations.

Experiments on Quantum Hall Topological Phases at Ultra-Low Temperatures

Institution: RICE UNIVERSITY, WILLIAM MARSH
Point of Contact: Du, Rui-Rui
Email: rrd@rice.edu

Principal Investigator: Du, Rui-Rui

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $140,000

The purpose of this project is to cool electrons in semiconductors to extremely low temperatures (1
millikelvin) and to study new states of matter formed by low-dimensional electrons. At such low

MSE Summaries| 1-137



temperatures (and with an intense magnetic field), electronic behavior differs completely from ordinary
ones observed at room temperatures. Studies of electrons at such low temperatures will open the door
for fundamental discoveries in condensed matter physics. Understanding low-temperature electron
transport in low-dimensional and nanoscale devices is the foundation for developing next generation
guantum information and quantum computation technologies.

Brief overview of project in progress during FY 2011.

(1) We have performed the experiments of 5/2 fractional quantum Hall state under a small in-plane
magnetic field; a paper based on the results from this experiment has been submitted to Physical
Review Letters.

(2) We are in the process of purchasing the piezoelectric rotator to be used for the in situ sample
rotation, and will install the device in the mK refrigerator.

(3) We have measured a new set of ultra high-mobility GaAs/AlxGal-xAs quantum wells grown by Dr.
Loren Pfeiffer of Princeton for the preparation of mK experiments.

(4) Additional data has been taken using 45T DC magnetic field in NHMFL for the high mobility, carbon-
doped 2D hole QWs grown by Dr. Loren Pfeiffer of Princeton and Dr. Michael Manfra of Purdue. Under
previous DOE support we have discovered a Wigner crystal in this new material, which shows very
interesting sliding to insulating conductivity transition as a function of temperature. We are writing up
the paper.

(5) Graduate student Ivan Knez has been doing research in quantum spin Hall effect in InAs/GaSb
composite QWSs. Part of his efforts is to fabricate Nb-InAs/GaSb junctions, and measure their low
temperature transport. Although this topic is not in the fractional quantum Hall effect area, its’
underlying physics is connected to the topological quantum phases at 5/2. Knez is 50% supported by the
DOE grant.

Nanostructure Studies of Strongly Correlated Materials

Institution: RICE UNIVERSITY, WILLIAM MARSH
Point of Contact: Natelson, Douglass
Email: natelson@rice.edu

Principal Investigator: Natelson, Douglas

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $115,000

Materials with strong correlations between the electrons are some of the richest in condensed matter
physics and materials science. These strongly correlated electronic systems (SCES) often exhibit dramatic
phenomena, including metal-insulator transitions, magnetic and electronic ordering, and high
temperature superconductivity. In this project we leverage nanostructure techniques, developed over
the last two decades in studies of metals and semiconductors, to examine the underlying physics in
these materials. Nanostructure methods allow the examination of SCES on length scales comparable to
their intrinsic or extrinsic inhomogeneities, and enable the application of large electric fields as
perturbations without large charge carrier energies. The two materials systems we are examining most
thoroughly are Fe;0, (magnetite), and VO, (vanadium dioxide). Both materials have high temperature
metallic states separated from low temperature insulating states by combined electronic and structural
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phase transitions. In both systems, the role of electronic correlations in the metal-insulator transition is
hotly debated. In magnetite, we have found that a large electric field can destabilize the insulating state,
leading to a nonequilibrium transition to a more conducting state. We are currently examining the role
of magnetic field in altering this nonequilibrium transition, as well as looking at ionic gating as an
alternative means of applying such a large electric field. In vanadium dioxide, we have attempted to use
ionic liquids as a means of gating the metal-insulator transition. Surprisingly, there is no detectable
gating effect despite the large inferred surface charge density in the individual VO, nanowire devices.
However, we have discovered as a result of this work that it is possible to dope VO, micro- and
nanocrystals reversibly with atomic hydrogen. In particular, using catalytic spillover, we have been able
to stabilize a (distorted) form of the high temperature, metallic, rutile structure all the way down to
cryogenic temperatures. We are currently investigating the physics of this remarkable stabilization, and
the properties of and role of electronic correlations in the newly stable metallic state. This work has
supported a graduate student and has had a postdoctoral researcher (supported by non-DOE fellowship
funds) contributing. We believe that we have only begun to realize the full potential of nanostructure-
based methods as tools for studying and engineering the basic physics of this diverse family of materials.

Spectroscopy of Degenerate One-Dimensional Electrons in Carbon Nanotubes

Institution: RICE UNIVERSITY, WILLIAM MARSH
Point of Contact: Kono, Junichiro
Email: kono@rice.edu

Principal Investigator: Kono, Junichiro

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

We are studying the fundamental properties of degenerate one-dimensional (1-D) electrons in single-
walled carbon nanotubes (SWNTs) using dynamical methods to probe and understand electronic
correlations and many-body phenomena. SWNTs are an ideal 1-D system for studying novel quantum
effects in nanostructures. There have been transport and optical studies on SWNTs by a number of
groups during the past decade, revealing some characteristic features of 1-D systems. However, most of
the predicted exotic properties of interacting 1-D electrons have yet to be observed, and some of the
reported experimental evidence remains controversial. Here, using spectroscopic methods from
terahertz (THz) to optical ranges, we aim to achieve a fundamental understanding of correlations and
many-body effects in this prototypical 1-D nanostructure. These studies can provide a wealth of new
insight into the nature of strongly correlated carriers in the ultimate 1-D limit and lead to novel
nanodevice concepts and implementations.
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Near-Field Raman Scattering of Carbon Nanotubes

Institution: ROCHESTER, UNIVERSITY OF
Point of Contact: Novotny, Lukas
Email: novotny@optics.rochester.edu

Principal Investigator: Lukas, Novotny

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $140,000

We study the influence of defects and dopants on the physical properties of carbon nanotubes and
graphene. The physical properties of these nanocarbon materials are strongly affected by impurities and
structural defects. For example, a conducting graphene sheet turns into a semiconductor when it is cut
into a narrow ribbon. Furthermore, its edges give rise to localized states that have a strong influence on
transport properties. Thus, the intentional generation of defects and dopants in nanocarbons provides
an opportunity to engineer electronic and optical properties, similar to semiconductor device
technology.

In this project, near-field Raman spectroscopy is used to zoom-in on single defects and dopants. This
method uses a metal tip as an optical antenna to localize and enhance incident laser radiation and to
interact locally with nanocarbon materials. The technique makes it possible to measure local electronic
and structural properties with a spatial resolution of 10-20 nm and has been used to record high-
resolution spatial maps of optically active phonons and localized photoemission. These measurements
have been complemented by temperature-dependent studies to relate localized modes to physical
parameters, such as the electronic phase-breaking length.

Experimental Studies of Magnetic Correlation and Induced Superconductivity in Graphene Crystals

Institution: RUTGERS - STATE UNIV OF NJ
Point of Contact: Andrei, Eva
Email: eandrei@physics.rutgers.edu

Principal Investigator: Andrei, Eva

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $160,000

Graphene, a two-dimensional crystal consisting of a single atomic plane of carbon, can give access to
extraordinary electronic properties reflecting charge carriers that mimic ultra-relativistic elementary
particles. Beyond providing a platform that can extend the range and scope of the core capabilities in
the electronic and computer industries, these crystals constitute a vast playing field for unconventional
physical phenomena. The proposed research will explore the emergence of new physical phenomena
and the feasibility of devices based on the unique charge carriers in graphene. It will address basic
questions about the properties of graphene and about the nature of its charge carriers, addressing such
questions as: (1) What is the role of interactions? (2) Can one observe new phases in a magnetic field
including fractional quantum Hall effect and broken symmetry phases? (3) What is the interplay
between massless Dirac fermions and Cooper pairs at the boundary between graphene and a
superconductor? We will investigate the feasibility of devices based on
superconductor/graphene/superconductor junctions. The experiments will be carried out on graphene
samples that are minimally disturbed by substrates. We will study either suspended samples (from leads
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or as a membrane) or decoupled graphene on conducting substrates and will employ a combination of
scanning tunneling microscopy and spectroscopy, atomic force microscopy and magneto- transport.

Raman Spectroscopy of Iron Oxypnictide Superconductors

Institution: RUTGERS - STATE UNIV OF NJ
Point of Contact: Blumberg, Girsh
Email: girsh@physics.rutgers.edu

Principal Investigator: Blumberg, Girsh

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 3 Undergraduate(s)
Funding: $140,000

High-resolution electronic Raman scattering has become an indispensable tool in the arsenal for
understanding many-body physics and allowing for the study of magnetic, electronic, and other
collective phenomena. Electronic Raman scattering has played a major role in characterizing the
anisotropic dynamics of electrons across the phase diagram of cuprate superconductors. This includes
the study of antiferromagnetism, where Raman measurements on the parent insulating cuprate
compounds yielded an estimate of the magnetic exchange interaction strength from the energy of the
two-magnon scattering. Raman spectroscopy has provided new insights into unconventional
superconductivity, including the symmetries of the superconducting order parameters, the nature and
properties of the in-gap collective modes, and clear signatures of the multi-band effects. One of the
most illustrious achievements of polarized electronic Raman scattering has been the ability to focus on
the nature of electron dynamics in different regions of the Brillouin zone in which charge excitations can
be selectively mapped and analyzed using group-theoretical symmetry arguments. This distinguishes
Raman scattering from most other transport and thermodynamic measurements, allowing for the study
of the development of correlations in projected regions of the Brillouin zone.

The objectives of this project are to investigate the manner in which charge, spin and lattice coupling,
and dynamics evolve through various low-temperature, doping-concentration and high-magnetic-field
phases of newly discovered iron oxypnictide superconductor materials by employing magnetic-field-
tuned low-frequency electronic Raman (i.e., inelastic light scattering) spectroscopy, and to clarify the
microscopic origin of unconventional superconductivity and magnetism in these compounds. We
propose electronic and magnetic Raman spectroscopic study of the oxypnictide compounds across the
phase diagram as a function of carrier concentration, temperature, and magnetic field with the
following goals: (1) by analyzing two-magnon Raman scattering for parent and lightly doped oxypnictide
compounds, establish the evolution of magnetically ordered state; from the interpretation of resonant
two-magnon scattering bands, make a quantitative estimate of the exchange interaction strength as
function of doping and temperature; (2) evaluate the interplay between structural, magnetic, and
superconducting transitions from systematic phononic, magnetic, and electronic polarized Raman
scattering study as a function of doping, temperature, and magnetic field; (3) examine the symmetry of
the superconducting order parameter, the magnitude of the superconducting gaps and their evolution
with doping from polarized ultra-low-frequency electronic Raman scattering; (4) study the evolution of
superconductivity with magnetic fields and determine the upper-critical fields and superconducting
correlation lengths as functions of doping by magneto-Raman scattering experiments; and (5) search for
the novel collective modes expected in the superconductors with multiple condensates and study their
systematics. Among the anticipated outcomes of this project are (1) the elucidation of the microscopic
origin of superconductivity in the iron-pnictide family of materials, (2) insights into how to design new
materials with enhanced superconducting properties, and (3) the determination of a complete spectrum
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of collective excitation for the new family of unconventional multi-band superconductors driven by
magnetic interactions.

Transport Behavior of Superconductors at High Dissipation and Short Timescales

Institution: SOUTH CAROLINA, UNIVERSITY OF
Point of Contact: Kunchur, Milind
Email: kunchur@sc.edu

Principal Investigator: Kunchur, Milind

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $100,000

The Kunchur group investigates novel phenomena and properties of superconductors under extreme
conditions. The electromagnetic transport response is measured at unprecedented power densities--
exceeding a billion watts per cubic centimeter--and short time scales. When a magnetic field is applied
to a (type Il) superconductor, it produces quantized flux vortices within the superconductor. This is
referred to as the mixed state of a superconductor. In this group’s prior work, new phenomena were
discovered as the vortices were pushed to extreme (even supersonic) speeds. In current ongoing work
during 2011, a new regime is being investigated in which the vortex becomes strangled and explodes as
the sample thickness become small compared to the size of a vortex and chokes it out of existence. This
effect was theoretically predicted by Likharev but had not been observed before. The state above the
vortex explosion transition shows an unusual exponential magnetic-field dependence of resistance, a
behavior that has not been seen before. The nature of the state above the explosion transition is not
currently understood and this matter is under further investigation. This study is expected to have
practical implications for photon detectors.

Spectroscopic Investigations of Novel Electronic and Magnetic Solids

Institution: TENNESSEE, UNIVERSITY OF
Point of Contact: Musfeldt, Janice
Email: musfeldt@utk.edu

Principal Investigator: Musfeldt, Janice

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $135,000

The Musfeldt research group is interested in the behavior of materials under extreme conditions. We
are well-known for our spectroscopic work in high magnetic fields, under unusual chemical and photo-
chemical activation, and at very small sizes where quantum confinement effects become apparent. Our
Department of Energy-supported program pursues these scientific themes in a variety of ways,
combining different types of spectroscopy with appropriate tuning techniques, with the overall goal of
establishing connections between the dyamical response of a material and its functionality. Current
efforts include (1) investigating magnetic field-induced color changes in model oxides like a-Fe,03, (2)
understanding spin-spiral quenching in rare-earth substituted-BiFeO; where combined ferroelectricity
and ferromagnetism exists in a narrow substitutional range, (3) probing magnetic quantum critical
systems like Mn(dca), where the field-driven transition amplifies magnetoelastic coupling, and (4)
investigating nanoscale oxides like MnO and CoFe,0, where spectral analysis reveals size-dependent
changes in chemical bonding, magnetoelastic coupling, and core-shell structure. What brings these
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efforts together is the interplay between charge, structure, and magnetism and the spectroscopic
techniques with which we investigate these phenomena. Findings from this comprehensive
experimental program advance theoretical development and energy-related applications.

Emergent Behavior in Magnet-Superconductor Hybrids

Institution: TEXAS A&M UNIVERSITY
Point of Contact: Lyuksyutov, Igor
Email: ilx@physics.tamu.edu

Principal Investigator: Lyuksyutov, Igor
Sr. Investigator(s): Naugle, Donald, TEXAS A&M UNIVERSITY
Wu, Wenhao, TEXAS A&M UNIVERSITY
Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

We study emergent behaviors which appear when two mutually exclusive states of matter,
superconductivity and magnetism, are combined at the nanoscale in a unified system.

The year 2011 completes a century of superconductivity (SC) discovery. It is now experiencing a
renaissance associated with advances in nanotechnology. Among of the most promising of new
materials are Ferromagnet-Superconductor Hybrids (FSH). This field, started about ten years ago (by the
present Pl’s among other researchers), has matured with dozens of research groups around the world
and several topical conferences. From the very beginning of the current project we have focused our
efforts on fabricating arrays of nanomagnets with the smallest possible features and strongest possible
fields. The inhomogeneous magnetic fields, created by nanostructures, have been used to pin vortices in
superconducting films. With an order of magnitude stronger fields and smaller size than used in previous
studies, we were able to increase the magnetic field range for a strong critical current by an order of
magnitude. The critical current increase for different external magnetic field strengths varied from a few
times to a several orders of magnitude.

This research will result in (1) development of fabrication techniques for the new class of FSH systems,
(2) development of understanding emergent behavior in systems with mutually exclusive states, (3)
development of better understanding of pinning of vortices and Cooper pairs by magnetic
nanostructures, and (4) education in modern methods of nanofabrication, materials characterization
and studies of emergent behavior for graduate and undergraduate students.

Optical and Electrical Properties of IlI-V Nitrides and Related Materials

Institution: TEXAS TECH UNIVERSITY
Point of Contact: Jiang, Hongxing
Email: hx.jiang@ttu.edu

Principal Investigator: Jiang, Hongxing

Sr. Investigator(s): Lin, Jingyu, TEXAS TECH UNIVERSITY

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $158,000

High Al-content AlGaN alloys, covering wavelengths from 300 to 200 nm, are ideal materials for the
development of chip-scale deep ultraviolet (DUV) light sources/sensors. Although tremendous progress
has been made, improving material quality and fundamental understanding of basic properties of Al-rich
AlGaN alloys as well as pure AIN remains the most outstanding challenge. Time-resolved DUV
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photoluminescence (PL) together with other optical and transport measurements have been employed
to study optical and electrical properties of AlIGaN and AIN epilayers. The focus was to achieve a better
understanding of the band structures, properties of fundamental and defect optical transitions and
carrier dynamics, and the roles of native defects such as cation vacancies in llI-nitrides. The effects of Si-
doping on the structural and optical properties of AIN epilayers have been investigated. Our studies
revealed that that the accumulation of tensile stress in Si-doped AIN is a reason for the formation of
additional edge dislocations and that the line-widths of both band-edge and impurity related transitions
are directly correlated with the density of screw dislocations, which increase with an increase of Si-
doping concentration. The results thus established that PL can be utilized as a nondestructive and highly
effective method to characterize the relative dislocation densities in AIN. Our PL studies indicated that
the origin of the yellow and amber color in bulk AIN is due to a band-to-impurity absorption involving
the excitation of electrons from the valence band to the doubly negative charged state of isolated
aluminum vacancies. The yellow coloration in AIN bulk crystal limits the UV transparency and hence
restricts the applications of AIN substrates for deep UV optoelectronic devices. By knowing its origin, it is
possible to eliminate the yellow coloration in bulk AIN by minimizing the concentration of isolated
aluminum vacancies.

DUV PL spectroscopy has been employed to investigate the exciton-phonon interaction in AIN.
Longitudinal optical (LO) phonon replicas of free exciton recombination lines were observed in PL
emission spectra, revealing the coupling of excitons with LO phonons (110 meV). We have quantified
such interaction by measuring Huang—Rhys factor based on polarization resolved DUV PL
measurements. It was observed that the exciton-phonon coupling strength in AIN depends on the
polarization configuration. Furthermore, a larger coupling constant was also measured in AIN than in
GaN. We believe that the large effective hole to electron mass ratio in AIN mainly accounts for the
observed results. We have also explored the potential of AlinGaN quaternary alloys as high temperature
thermoelectric (TE) materials. It was found that the incorporation of erbium (Er) introduces
nanoparticle-like phonon scattering centers to further reduce the thermal conductivity, while co-doping
with Si was necessary to achieve n-type conductivity control. The temperature-dependent TE properties
were measured up to 1055 K for an Er and Si co-doped n-type Al0.1In0.1Ga0.8N alloy. The figure of
merit (ZT) showed a linear increase with temperature and is about 0.3 at 1055 K. The ability to survive
such high temperature with reasonable TE properties suggests that low In-content Er and Si-doped
AlInGaN alloys are potential candidates of high temperature TE materials. In addition to their well
established outstanding physical properties for electronic device applications (the ability for high
temperature/high power operation and radiation hardness), our initial results indicated that lll-nitrides
have great potential for TE power generation in high temperature environments. High temperature TE
devices offer great potential for waste heat scavenging from power plants and the exhausts of
automobiles and aircrafts due to their ability to directly convert heat to electricity.
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Linear and Nonlinear Optical Properties of Metal Nanocrystal Composites Synthesized by Directed Self

Assembly

Institution: VANDERBILT UNIVERSITY

Point of Contact: Haglund, Richard

Email: richard.haglund@vanderbilt.edu

Principal Investigator: Haglund, Richard

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 1 Undergraduate(s)
Funding: $190,000

Efficiently harvesting, modulating and transporting light energy is a central feature of technologies
ranging from photovoltaics to telecommunications. The objective of our project is to understand the
way that energy delivered by photons to both metals and insulators can be stored, manipulated and
exchanged in material structures with characteristic feature sizes smaller than the wavelength of the
incident photons. In our project, the key physics idea is to use a wide variety of light sources to
understand the coupling of excitons (the electron-hole pairs created by the absorption of a photon in an
insulator) and plasmons (the collective oscillations of electrons in a metal). To meet our objectives, we
use a combination of nanofabrication, microscopy and time- and space-resolved spectroscopies,
coupled to powerful computational and analytical tools.

For example, we showed how to use the plasmonic response of gold nanoparticles to measure ultrafast
acoustics in alumina superlattices; used plasmonic structures as nano-antennas to probe the metal-
insulator transitions in a correlated-electron material (VO,); tracked a structural phase transformation in
VO, nanoparticles by surface-enhanced Raman scattering; and explored the unusual optics of a
completely unsymmetric plasmonic structure, the nanoscale Archimedean spiral. We also measured the
space and time dependence of exciton-plasmon coupling in material structures comprising zinc-oxide
guantum wells and metal nanostructures, designed to allow ultrafast energy exchange and continuous
tuning from the weak- to the strong-coupling regimes.

The interdisciplinary projects envisioned for the next three years emphasize (1) optical processes in
“designer” nanostructures where plasmonic functionality is controlled by phase transformations (e.g.,
the insulator-to-metal transition in vanadium dioxide) or geometric constructions such as spirals inside
rings and (2) ultrafast dynamics in structures designed to exhibit more efficient coupling and energy-
transfer mechanisms between excitons and plasmons. These thematic groupings emphasize connections
between optical and materials physics, on one hand, and ultrafast photon, electron and phonon
dynamics in nanostructured materials, on the other.

The new projects capitalize on our work during the last 3 years and include (1) new laboratory
capabilities in femtosecond laser spectroscopy; (2) confocal Raman microscopy that, combined with
nanoscale lithography, allows us to image single nanoparticle; and (3) nanoscale materials fabrication
(dual-layer electron-beam lithography, quantum-well fabrication, multilayer sputtering, focused ion-
beam nanomachining). The experiments are both guided and analyzed by extensive computer
simulations running on lab-built multi-core processors. In this “vertically integrated” research strategy,
graduate and undergraduate students are trained in all aspects of their projects, from material
fabrication and characterization through spectroscopy, simulation and analysis.
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Ultrafast Studies of Hydrogen and Related Defects in Semiconductors and Oxides

Institution: VANDERBILT UNIVERSITY
Point of Contact: Tolk, Norman
Email: norman.tolk@vanderbilt.edu

Principal Investigator: Tolk, Norman
Sr. Investigator(s): Feldman, Leonard, VANDERBILT UNIVERSITY

Luepke, Gunter, WILLIAM AND MARY, COLLEGE OF
Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 2 Undergraduate(s)
Funding: $200,000

This last year we have focused on opto-acoustic studies of Ne*" ion irradiation in GaAs, which has
provided an understanding of the fundamental interaction between crystalline disorder in
semiconductors and the resulting optical modifications. We were able to estimate the number of atoms
per unit radiation damage whose optical properties were modified via lattice strain at nearly ~700
atoms, which gives rise to the enhanced sensitivity of the CAP technique to crystalline disorder versus
microscopy techniques or ion channeling analysis. These results have been submitted to Physical Review
B and are currently under review. We are utilizing our understanding gained from the GaAs studies and
extending it to other novel material systems. Also, in the last year, we have studied the properties of H
in SnO, single crystals with infrared spectroscopy. When H or D is introduced into SnO, by annealing in
an H, or D, ambient at elevated temperature, several O-H and O-D vibrational lines are produced along
with the low-frequency absorption that is characteristic of free carriers. To probe the relationship
between H and the free carriers it introduces, the thermal stability of the free carrier absorption and its
relationship to the thermal stabilities of the O-H lines have been examined. Two H-related donors are
found, one that is stable at room temperature on a time scale of weeks and a second that is stable up to
600°C. These electrically active defects are found to interact with other O-H centers and can be
converted from one to another by thermal treatments. The oxide work is done in collaboration with
Prof. Michael Stavola at Lehigh University, and Dr. Lynn Boatner at Oakridge National Laboratory.

Spin-Coherent Transport Under Strong Spin-Orbit Interaction

Institution: VIRGINIA POLYTECHNIC INST AND STATE U.
Point of Contact: Heremans, Jean
Email: heremans@vt.edu

Principal Investigator: Heremans, Jean

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $75,000

The project aims to gain fundamental insight into spin-dependent quantum coherent phenomena arising
from spin-orbit interaction, via experiments on nanolithographically prepared solid-state samples. The
ultimately magnetoelectric phenomena studied under the project also have long-term significance in
solid-state technology. The experiments use electronic transport in structures with mesoscopic length
scales, namely approaching the mean free path and the quantum phase- and spin-coherence lengths.
Such length scales will be relevant in future magnetoelectronic and spintronics devices, and presently
allow a unique understanding of coherent spin-dependent electronic processes. Moreover, under spin-
orbit interaction the electric fields confining the carriers within the edges of the mesoscopic structure
interact with the spin degree of freedom, a subject of growing fundamental and applied interest. A
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deeper understanding of incompletely understood spin phenomena and quantum interactions in solids
is indispensable to ultimately develop new electronic and magnetic device functionalities.

Objectives of the project include the measurement and characterization of a distinctive spin
phenomenon, the Aharonov-Casher quantum-mechanical phase, and its associated vector potential. The
Aharonov-Casher phase is the electromagnetic dual of the Aharonov-Bohm phase, obtained by
exchanging the magnetic fields and electric charges that appear in the Aharonov-Bohm phase by electric
fields and magnetic moments (spin) respectively. Similarly to the Aharonov-Bohm phase, the Aharonov-
Casher phase has deep implications, and yet the experimental study of Aharonov-Casher quantum
mechanical effects in the solid-state is at the early stages. The objectives comprise studying the
consequences of the Aharonov-Casher phase and vector potential generated by the confining electric
fields defining the boundaries of a mesoscopic spin-coherent sample, and by the spin-orbit interaction in
the materials. The study uses semiconductor systems where the spin-orbit interaction is strong and
where quantum coherence is manifest at low temperatures: two-dimensional electron systems in
quantum wells of the narrow-bandgap semiconductors InAs, InGaAs, and InSb. The objectives also
include a study of the elemental semimetal bismuth and of its strongly spin-orbit coupled surface states.
Bismuth as an electronic material has recently yielded unanticipated magnetotransport data, yet is
relatively unexplored as a material for phase-coherent and spin-coherent thin film mesoscopic
structures. Objectives hence also include the fabrication and characterization of bismuth thin film
mesoscopic devices, to explore the effect of the strong spin-orbit interaction in quantum coherent
structures. The project utilizes electronic transport measurements over variable temperatures and
under magnetic fields on samples prepared by nanoscale fabrication techniques.

Time-Resolved Spectroscopy of Insulator-Metal Transitions: Exploring Low-Energy Dynamics in
Strongly Correlated Systems

Institution: WILLIAM AND MARY, COLLEGE OF

Point of Contact: Luepke, Gunter

Email: gxluep@wm.edu

Principal Investigator: Luepke, Gunter

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $150,000

Multiferroic, magnetoelectric heterostructure systems have recently attracted great research interest,
due to their potential application in multifunctional devices, such as magnetic memories, sensors and
spintronics. Indeed, impressive progress has been made, such as the fabrication of room-temperature
multiferroic heterostructures, and the observation of a four-state resistance state in a multiferroic
tunneling junction. However, most of these studies cannot reveal the important underlying physics
behind the coupled ferromagnetic and ferroelectric order at the heterointerfaces, which obviously plays
a crucial role in determining multifunctional behavior. Our experimental techniques, Magnetic Second
Harmonic Generation (MSHG) and Time Resolved Magneto-Optic Kerr Effect (TRMOKE), can provide a
direct probe of the magnetic state and spin dynamics at the heterointerface, and hence turn out to be
effective tools to investigate this ME coupling. We plan to measure with MSHG the variance of
hysteresis loop and magnetic anisotropy at the interface of multiferroic heterostructures under different
applied electric fields. Electric field-modulated spin dynamic behavior of such system will be probed by
TRMOKE which will provide information on spin pinning centers at the interface. We expect to see
variances of the pinning state and the distribution of spin population at the interface by applying
different electric fields.
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Atomic Layer Controlled Growth of Pnictide Thin Film Heterostructures by Design

Institution: WISCONSIN-MADISON, UNIVERSITY OF
Point of Contact: Eom, Chang-Beom
Email: eom@engr.wisc.edu

Principal Investigator: Eom, Chang-Beom

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $100,000

The discovery of superconductivity with transition temperatures of 20K-50K in iron-based materials has
initiated a flurry of activity to understand and apply these novel materials. The superconducting
mechanism, structural transitions, magnetic behavior above and below T, doping dependence, and
critical current and flux-pinning behavior have all been recognized as critical to progress toward
understanding the pnictides.

A fundamental key to both basic understanding and applications is the growth and control of high-
quality epitaxial thin films. The ability to control the orientation, the strain state, defect and pinning site
incorporation, the surface and interfaces, and, potentially, the layering at the atomic scale are crucial in
the study and manipulation of superconducting properties. Recently, we reported novel template
engineering using single-crystal intermediate layers of (001) SrTiO; and BaTiO; grown on various
perovskite substrates. This has enabled genuinely epitaxial films of Co-doped BaFe,As, with superior J.
of 4.5 MA/cm? (4.2K) and strong c-axis flux pinning. We also demonstrated low anisotropy v<2, strong
vortex pinning, a high irreversibility field H;., (close to Hc,), and critical fields of H., well over 50 T.

Our advance in pnictide single-crystal film growth allows the design and control of pnictide
superconducting films and heterostructures to probe the fundamental superconducting mechanisms of
this unique class of materials. Our main tasks are to control pnictide thin film and oxide templates at the
atomic level, to understand the relation between structure and superconducting properties, and to
design and grow novel crystalline pnictide heterostructures tuned to take advantage of the
superconducting structure/property relationships possible in this unique new superconductor.

The thrusts of our proposed work are:

(1) Atomic-layer-controlled thin film and superlattice synthesis of pnictide films on oxide templates by
pulsed laser deposition with in situ high pressure RHEED, to investigate fundamental superconducting
properties of pnictides

(2) Strain engineering for control and investigation of superconducting properties
(3) Understanding and control of flux-pinning mechanisms
(4) Pnictide grain boundary engineering

The proposed work is based on a new growth technique with the unique potential for pnictide
heterostructure synthesis with atomic-level control. Scientifically, we will learn how atomic scale
positioning of interfacial layers modify the growth modes, epitaxial arrangements, and strain states.
Technologically controlled growth of pnictide thin films and heterostructures through interfacial
engineering will lead to the discovery of new superconducting structures and devices. In addition, the
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template technique that permits high-quality pnictide films on oxide substrates will likely be useful in
interfacing other metallic or semi-metallic systems with oxides.

DOE National Laboratories

Complex States, Emergent Phenomena, and Superconductivity in Intermetallic and Metal-Like

Compounds

Institution: AMES LABORATORY
Point of Contact: Johnson, Duane
Email: ddj@ameslab.gov

Principal Investigator: Canfield, Paul
Sr. Investigator(s): Budko, Sergey, AMES LABORATORY
Clem, John, AMES LABORATORY
Johnston, David, AMES LABORATORY
Kogan, Vladimir, AMES LABORATORY
Schmalian, Joerg, AMES LABORATORY
Kaminski, Adam, AMES LABORATORY
Tanatar, Makariy, AMES LABORATORY
Students: 3 Postdoctoral Fellow(s), 9 Graduate(s), 7 Undergraduate(s)
Funding: $2,234,000

Humanity’s quest for materials with better properties is so integral to the fabric of its history that
epochs are named after the materials that define them: stone, bronze, iron, and silicon. Currently
humanity is desperately trying to develop materials that will allow for improved generation, transport,
and even storage of energy. Among these materials, compounds that exhibit correlated electron states,
emergent phenomena, and/or superconductivity have great promise but also great difficulties that need
to be overcome: problems associated with our need to reliably find, understand, improve, and control
these promising ground states. New systems are needed both for better properties and for providing
further experimental insight that, in turn, can inform and inspire better theoretical understanding. With
such systems and understanding, we hope to manipulate and control superconducting, magnetic,
thermoelectric, and other properties so as to address humanities pressing energy needs. To this end, the
specific scientific goal of this FWP is to develop, discover, understand, and ultimately control and
predictably modify new and extreme examples of complex states, emergent phenomena, and
superconductivity.
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Photonic Systems

Institution: AMES LABORATORY
Point of Contact: Johnson, Duane
Email: ddj@ameslab.gov

Principal Investigator: Shinar, Joseph
Sr. Investigator(s): Ho, Kai-ming, AMES LABORATORY
Biswas, Rana, AMES LABORATORY
Soukoulis, Costas, AMES LABORATORY
Students: 1 Postdoctoral Fellow(s), 7 Graduate(s), 0 Undergraduate(s)
Funding: $693,000

This FWP focuses on the design, fabrication, and properties of photonic crystal structures (PC) and the
photophysics of luminescent organic semiconductors and organic light-emitting diodes (OLEDs). In this
project we aim to control the flow of light and the conversion of light energy into other forms of energy
(and vice versa) through the use of artificially designed and fabricated structures. Two of the most
exciting and promising developments in physics and engineering are (1) the endowment of photons with
revolutionary propagation and spectral properties, through their interaction with novel artificial
structures, and (2) the emergence of organic semiconductors and organic electronics. In this FWP, we
continue and integrate these two thrusts. Our overall strategy is to explore the new physics enabled by
photonic structures and organic semiconductor materials and devices, both theoretically and
experimentally, and to examine the impact of photonic structures and organic semiconductor materials
and devices in areas supporting the mission of DOE in energy-efficient lighting, efficient solar energy
utilization, thermophotovoltaics, and novel sensors. We will investigate the behavior of organic
semiconductors and photonic structures incorporated into devices in these areas, in particular organic
devices. We will leverage our work with our expertise in simulation, design, and fabrication of photonic
structures as well as our experience in OLEDs developed in our previous studies under DOE. Over the
last 5 years, we have developed a patented economical in-house soft-lithographic method for
fabrication of three-dimensional polymer molds. These molds are then coated or backfilled with metal
or dielectric materials to achieve three-dimensional (3D) micro- and nano-structures structures with the
desired optical properties. In addition to work within the FWP, we also work with other external groups,
worldwide to explore new functionalities enabled by new photonic structures. In the study of
luminescent organic semiconductors, m-conjugated thin films are studied by photoluminescence and
photoinduced-absorption-detected magnetic resonance and the operation of OLEDs fabricated in our
experimental group is studied by electroluminescence- and electrical-current-detected magnetic
resonance measurements.
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Surface Structures Far-From-Equilibrium

Institution: AMES LABORATORY
Point of Contact: Johnson, Duane
Email: ddj@ameslab.gov

Principal Investigator: Tringides, Michael
Sr. Investigator(s): Ho, Kai-ming, AMES LABORATORY
Hupalo, Myron, AMES LABORATORY
Thiel, Pat, AMES LABORATORY
Wang, Cai-Zhang, AMES LABORATORY
Students: 1 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $578,000

Phenomena on the nanoscale can be very different from phenomena in the bulk. Either because of
dangling atomic bonds at corners and edges of the nanostructure, or because as quantum mechanics
becomes more important on the nanoscale, unexpected effects and properties emerge. One of the goals
of this FWP is to discover robust ways to grow surface-supported nanostructures with less than ~1000
atoms (nanoislands, nanodots, nanowires etc.) with controllable dimensions (height, size, shape ) and
morphology (flat-top, wedding cake, stepped etc). This requires a better understanding of the many
atomistic processes that determine how atoms diffuse and build and retain these structures. The project
partly builds on the fact that metallic islands can be grown of identical “magic” height because quantum
mechanics requires the confined electrons to “fit” only certain heights. A different goal is to use these
custom-made, controllable nanostructures to enhance the rate of atomistic processes (nucleation,
adsorption) and the yield of chemical reactions (that do not occur or have low rates on surfaces of bulk
materials). We are currently pursuing molecular hydrogen adsorption on Mg nanostructures (which
does not absorb on bulk Mg crystals) and adsorption of oxygen and hydrocarbons (relevant to ethylene
oxidation) on Ag nanostructures.

Digital Synthesis: A Novel Pathway to New Collective States in the Complex Oxides

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Bhattacharya, Anand

Sr. Investigator(s): Bader, Sam, ARGONNE NATIONAL LABORATORY

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $410,000

Interfaces between complex oxides provide a unique environment where the charge, spin, and lattice
degrees of freedom may “reconstruct,” giving rise to novel states of condensed matter. In our research
program, we seek to create, explore, understand, and manipulate these states. We use ‘Digital
Synthesis’, where we create superlattices and heterostructures by interleaving integer layers of the
constituent materials, and all charge transfer or doping takes place at atomically sharp interfaces. We
will explore properties of materials that are known to have interesting collective phases, such as the
manganites, bismuthates, and cuprates, where the effects of disorder have been engineered away by
digital synthesis. We will use the electric field-effect and currents to manipulate collective states in
heterostructures. The electric field-effect permits ‘doping’ of charge at an interface, either capacitively
or via a ferroelectric polarization, without introducing disorder. Electric currents can create a spin
torque in magnetic materials. We seek to create and discover materials that are on the verge of a
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transition and tune these with the electric-field effect and currents. Lastly, we will explore a new class of
materials, the iridates, where strong spinorbit interactions play a definitive role. This leads to novel
correlated insulators, and superconductors and topologically protected surface states have been
predicted in these materials. We will synthesize materials using state-of-the-art, ozone-assisted oxide
Molecular Beam Epitaxy at Argonne and characterize them using a comprehensive set of tools, including
magnetic and transport measurements, x-ray, and neutron scattering and electron microscopy.

Emerging Materials

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Mitchell, John
Sr. Investigator(s): Gray, Ken, ARGONNE NATIONAL LABORATORY
Kim, B J, ARGONNE NATIONAL LABORATORY
Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $1,345,000

New materials are the gateway to new phenomena, a better understanding of known phenomena, and
performance enhancements. Our group couples materials synthesis tightly to insight-driven science as
the most efficient pathway to breakthrough results. Within this synthesis-science dyad, our program will
broaden its horizons beyond our high-impact work on 3d transition metal oxides (TMO)—in which spin,
charge, and orbital sectors are distinct, identifiable, and measurable—to address 5d systems that lie
beyond the regime of ‘delicately balanced and tightly coupled’ interactions found among these sectors
in the 3d systems.

Inspired by the novel Mott state recently identified in the nominally Jo = % state of Sr,IrO,, we will use
high quality single crystals grown within our program to explore how relativistic spin orbit coupling
entangles these notionally separable spin-, charge-, and orbital-order parameters so as to expose new
guantum phases in the presence of electron correlation in 5d oxides. Specifically, we will explore metal
insulator transitions in the presence of this entanglement and search for links to unconventional
superconductivity. We will create frustrated lattice structures in both 3d and 5d compounds to expose
spin-sector and spin-lattice sector interactions for insights into control of magnetic short-range order.
We will use reduced dimensionality to test the generality of magnetic and electronic phase segregation;
and we will explore non-equilibrium transport effects in both 3d and 5d systems, as part of an
overarching objective of bridging the gap between the separable and mixed facets of competing
interactions.
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Magnetic Thin Films

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Bader, Sam
Sr. Investigator(s): Hoffmann, Axel, ARGONNE NATIONAL LABORATORY

Jiang, Sam, ARGONNE NATIONAL LABORATORY

Novosad, Val, ARGONNE NATIONAL LABORATORY
Students: 4 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $1,990,000

The hot issues that our group will address in nanomagnetism encompass (1) spin dynamics, (2) spin
transport, and (3) the creation of new multilayer materials, based on metallic heterostructures. Our
program in spin dynamics will provide insights into artificial magnonic materials. The proposed work will
advance our fundamental understanding of linear and nonlinear excitations in magnetic nanostructures.
Our program in spin transport focuses on the physics of pure spin currents. It is only recently that spin
currents have been recognized as a possible means to communicate without charge currents, potentially
eliminating some of the wasted heat that impedes further transistor miniaturization. Due to this heat,
information technology is becoming an energy technology issue, as well as a U.S. economic
competitiveness issue.

Finally, the quest for new functional materials via nanoscale multilayering enables us to create systems
that possess unusual synergistic properties that may otherwise be mutually exclusive. Such systems
include exchange spring nanomagnetic composites with low or no rare-earth content than can still
exceed today’s commercial capabilities as used in electric motors and generators, or ferromagnetic-
superconducting multilayers that support an exotic interfacial pairing mechanism even though the
individual components can be as simple as elemental layers. Such multilayering also enables us to
explore the energetics and transport mechanisms underlying organic spintronic heterostructures. These
concepts and materials explored within this proposal also provide samples worthy of advanced
characterization at BES major characterization facilities.

Superconductivity and Magnetism

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Kwok, Wai
Sr. Investigator(s): Welp, Ulrich, ARGONNE NATIONAL LABORATORY
Aronson, Igor, ARGONNE NATIONAL LABORATORY
Koshelev, Alex, ARGONNE NATIONAL LABORATORY
Vlasko-Vlasov, Vitali, ARGONNE NATIONAL LABORATORY
Crabtree, George, ARGONNE NATIONAL LABORATORY
Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $2,084,000

This program undertakes experimental and theoretical investigations of novel superconducting and
magnetic materials that are important for fundamental physics and applications. It explores novel
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physical phenomena associated with superconductivity and its interplay with magnetism and
determines the origins of these phenomena so as to promote use-inspired innovations.

We investigate materials from macroscopic to nanoscale crystals and heterostructures under controlled
environments using a wide range of sophisticated thermodynamic and dynamic characterization tools.
One Grand Challange pursuit is devoted to the new iron pnictides, which embody a new opportunity in
the search for an isotropic high temperature superconductor. Another Grand Challange pursuit is to
develop novel strategies for controlling vortex dynamics by creating active, adaptive and smart vortex
pinscapes to tailor the electromagnetic behavior of type Il superconductors. In addition, we are also
seeding promising new research into the spectral character of THz radiation from high temperature
superconducting crystal micro-mesas, which has the potential for a new compact and portable THz
source. We maintain leading programs in experiment and theory, with each deriving strong benefit from
close mutual cooperation. Our present research focuses on (1) exploring the multi-band nature of
superconductivity in iron pnictide superconductors, (2) developing nano-pinscapes to control vortex
pinning and vortex liquid flow, (3) investigating complex phenomena at the interface of
superconductivity and magnetism in innovative hybrid heterostructures, and (4) elucidating the physics
of coherent THz electromagnetic wave generation by intrinsic Josephson junctions in crystal micro-
mesas.

Atomistic Transport Mechanisms in Reversible Complex Metal Hydrides

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Graetz, Jason

Sr. Investigator(s): Sutter, Peter, BROOKHAVEN NATIONAL LABORATORY
Muckerman, James, BROOKHAVEN NATIONAL LABORATORY
Chabal, Yves, TEXAS, UNIVERSITY OF

Students: 3 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)

Funding: $700,000

This research program is focused on understanding hydrogen-aluminum interactions, atomic transport
and the effects of catalysts in the formation of Al-based hydrides. The first thrust of the proposed
research is to understand the atomic-scale effects of hydrogen with catalyzed light metals (e.g., Al) and
to explore how complex reaction environments affect and control these fundamental interactions. The
second thrust will build upon and utilize our understanding of Al-H interactions on Ti-doped Al surfaces
to investigate alane formation in the presence of a stabilizing ligand (e.g., amine) and develop new
procedures for the formation of solid AlH; and other metastable aluminum-based hydrides.

In this collaborative research project, we use complementary high-resolution microscopy and
spectroscopy in close connection with theory to probe hydrogen metal interactions and hydrogenation
near technologically relevant conditions. We are addressing the following scientific areas: (1) atomic
processes associated with hydrogen uptake and release kinetics, (2) the role of surface structures and
chemistry in affecting hydrogen-materials interactions, (3) the effect of dopants, (4) the formation of
alanes, and (5) the structure and bonding of alane and alanate amine adducts. The development of
experimental techniques for isolating atomic- and molecular-level processes in complex environments,
such as high-pressure H, gas or liquid H,-containing solutions, will significantly expand our ability to
investigate the interaction of hydrogen with materials.
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The impact of this program will be to provide a comprehensive understanding of the role of dopants and
of complex reaction environments in facilitating the hydrogenation and dehydrogenation of Al-based
hydrogen storage materials, including complex metal hydrides and light metal hydrides.

Complexity from Simplicity: Quantum Criticality and Novel Collective Phases in Itinerant Ferromagnets

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Aronson, Meigan

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $550,000

The need to understand the collective instabilities resulting from electronic interactions and to harness
the resulting emergent behaviors such as superconductivity and magnetism are the central motivations
for the research described here. The most extreme electronic correlations are found near quantum
critical points, where the suppression of competing phases and incipient electronic localization that are
driven by strong interactions lead to new collective phases, such as unconventional superconductivity.
We will investigate the extent to which this scenario, developed for strongly correlated materials like
cuprates, heavy fermions, and iron pnictides, is appropriate for more conventional materials with
weaker correlations. Developing a holistic phase diagram that is suitable for materials with different
correlation strengths where superconductivity and magnetism are separate regimes, will provide
direction for the discovery of new materials with purpose-built functionality, which are the feedstock for
advancing new technologies for sensor and device applications, as well as energy conversion and
distribution applications.

We are seeking new families of Fe-based compounds that can be tuned compositionally or by magnetic
fields to a quantum critical point, where magnetic order is only possible for T=0. We synthesized high
quality single crystals of the XFe,Al;; compounds (X=Y,La,Lu). All of these compounds are metallic, but
none order magnetically. YFe,Al,o has strongly enhanced susceptibility and specific heat, indicating
proximity to a ferromagnetic quantum critical point. Magnetic fields tune YFe,AL;; away from this
guantum critical point, and restore conventional Fermi liquid properties, albeit with a quasiparticle mass
that diverges as the field approaches zero. We have also synthesized single crystals of FeGas, which is an
insulator, possibly as the result of strong interactions. An insulator-metal transition can be driven by
replacing Fe with Co, driving a simultaneous antiferromagnetic quantum critical point. A primary goal of
our FWP is to seek unconventional superconductors near quantum critical points in iron-based Heusler
compounds. We have succeeded in synthesizing high quality single crystals of two Heusler systems of
interest, Fe,VAI, and Fe,TiSn, both of which are thought to be half-metallic. This has not been
accomplished previously, and it is an enabling step for our magnetization, specific heat, and electrical
transport measurements that will study the metallic state and its instabilities, to determine whether
guantum criticality is decisive in these systems. We have begun collaboration with the group of P.
Johnson that is aimed at studying the evolution of the Fermi surface in these compounds, as they are
compositional tuned through magnetic instability at the quantum critical point.
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Electron Spectroscopy

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Johnson, Peter

Sr. Investigator(s): Homes, Chris, BROOKHAVEN NATIONAL LABORATORY
Valla, Tonica, BROOKHAVEN NATIONAL LABORATORY

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $1,800,000

The program’s primary focus is on the electronic structure and associated dynamics of condensed
matter systems. The group carries out studies on a range of materials including strongly correlated
systems. A special emphasis is placed on studies of high Tc superconductors and related materials. The
primary techniques used include high-resolution photoemission and infra-red spectroscopy or optical
conductivity. The experiments are carried out both within the laboratories in the Department and at the
National Synchrotron Light Source. The emphasis is on the study of the low energy excitations and the
nature of the interactions of the latter with their environment.

In FY 2011, the optical properties of the iron-chalcogenide superconductor FeTe0.555e0.45 have been
examined along the c axis. In the normal state the c-axis response is incoherent and is similar to the c
axis of moderately underdoped cuprates. The incoherent response is found to be related to the strong
dissipation in the a-b planes, a pattern that is found to be true for many other correlated electron
systems as well.

The optical properties of the heavy Fermion URu,Si, have also been examined in a number of different
laboratories, allowing new high resolution, low-noise data to be obtained above and below the hidden-
order transition at ~17 K. In the normal state, above the hidden-order transition, the optical resistivity
can be generalized to a Fermi-liquid like with a dependence on frequency and temperature. Comparison
with dc transport measurements indicate that intrinsic strong elastic scattering dominates, resulting in
an unconventional, the term “Fermi molasses” has been coined to describe this incoherent Fermi liquid.

Electron emission from the negative electron affinity (NEA) surface of hydrogen terminated, boron
doped diamond in the [100] orientation has been investigated using angle resolved photoemission
spectroscopy (ARPES). ARPES measurements using 16 eV synchrotron and 6 eV laser light are compared
and found to show a catastrophic failure of the sudden approximation. While the high energy
photoemission is found to yield little information regarding the NEA, low energy laser ARPES reveals for
the first time that the NEA results from a novel Franck-Condon mechanism coupling electrons in the
conduction band to the vacuum.

High-resolution spin- and angle-resolved photoemission studies have been carried out on the electronic
structure and the spin texture on the surface of Bi,Se;, a model Topological Insulator. By tuning the
photon energy, it was found that the topological surface state is well separated from the bulk states in
the vicinity of kz=Z plane of the bulk Brillouin zone. The spin-resolved measurements in that region
indicate a very high degree of spin polarization of the surface state, ~0.75, much higher than previously
reported. The results demonstrate that the topological surface state on Bi,Se; is highly spin polarized
and that the dominant factors limiting the polarization are mainly extrinsic.
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Spectroscopic Imaging STM for Complex Electronic Matter Studies

Institution: BROOKHAVEN NATIONAL LABORATORY
Point of Contact: Johnson, Peter
Email: pdj@bnl.gov

Principal Investigator: Davis, Seamus

Sr. Investigator(s): Lee, Jinho, BROOKHAVEN NATIONAL LABORATORY
Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $320,000

VISUALIZING THE CREATION OF HEAVY FERMIONS

Within a Kondo lattice, the strong hybridization between electrons localized in real space (r-space) and
those delocalized in momentum-space (k-space) generates exotic electronic states called ‘heavy
fermions’. In URu,Si, we used spectroscopic imaging scanning tunneling microscopy (SI-STM) to image
the evolution of URu,Si, electronic structure simultaneously in r-space and k-space. Heavy-quasiparticle
interference imaging within this gap reveals its cause as the rapid splitting below To of a light k-space
band into two new heavy fermion bands. This was the first direct visualization of a Kondo-screening
many-body state in magnetic lattice and the first use of heavy quasiparticle interference to determine a
heavy fermion band structure (both above and below EF). This combined capability to simultaneously
visualize the r-space Fano lattice and the k-space heavy fermion structure opens a completely new
experimental window onto the physics of multichannel Kondo lattices and heavy fermion physics, and
has generated great interest worldwide.

VISUALIZING THE DESTRUCTION OF HEAVY FERMIONS

Replacing a magnetic atom by a spinless atom in a heavy fermion compound generates a quantum state
often referred to as a ‘Kondo-hole’. No experimental imaging had been achieved of the atomic-scale
electronic structure of a Kondo-hole, or of their destructive impact on the hybridization process
between conduction and localized electrons that generates the heavy fermion state. We recently
reported the first visualization of the electronic structure at Kondo-holes created by substituting spinless
Thorium atoms for magnetic Uranium atoms in the heavy-fermion system URu,Si,. At each Thorium
atom, an electronic bound state is observed. Moreover, surrounding each Thorium atom we find the
unusual modulations of hybridization strength recently predicted to occur at Kondo-holes (Figgins J,
Morr DK (2011) Phys Rev Lett 107:066401). Then, by introducing the ‘hybridization gapmap’ technique
to heavy fermion studies, we discovered intense nanoscale heterogeneity of hybridization due to a
combination of the randomness of Kondo-hole sites and the long-range nature of the hybridization
oscillations. These observations provide new and direct insight into both the microscopic processes of
heavy-fermion forming hybridization and the macroscopic effects of Kondo-hole doping. Long-standing
theoretical predictions for the electronic structure of a Kondo-hole including the suppression of
hybridization near the substitution-atom sites the disordered hybridization fluctuations generated by
random Kondo-hole doping, that an impurity bound-state appears within hybridization gap and that
hybridization oscillations exist are borne out directly by these experiments. This agreement between
theory deductions from macroscopic experiments provides growing confidence in the ability to predict
theoretically and to detect experimentally the atomic scale electronic structure and, perhaps more
importantly, the consequent hybridization disorder generated by Kondo-holes. The combination of SI-
STM techniques introduced here provides a powerful new approach for study of the r-space and k-space
electronic structure of heavy fermion systems.
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A Synergistic Approach to the Development of New Hydrogen Storage Materials. Part Il: Nanostructured

Materials

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel

Email: mbsalmeron@Ibl.gov

Principal Investigator: Long, Jeffrey
Sr. Investigator(s): Alivisatos, Paul, LAWRENCE BERKELEY NATIONAL LAB
Urban, Jeffrey, LAWRENCE BERKELEY NATIONAL LAB
Zettl, Alex, LAWRENCE BERKELEY NATIONAL LAB
Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $535,000

The Berkeley Hydrogen Storage Program consists of a broad-based, multi-investigator effort for
developing new types of hydrogen storage materials. Our approach is to explore numerous possibilities
for new materials, and the synergy of many scientists in one location working toward a common goal is
expected to accelerate progress and lead to new ideas via cross-fertilization. The present proposal
represents a renewal of the funding for half of the program, which focuses on the development of new
nanostructured materials of potential utility in hydrogen storage applications. Specific areas for
investigation include synthesis of new nanostructured boron nitride and graphene-based materials,
fundamental measurements of H, uptake in single nanocrystals, synthesis and evaluation of H, uptake in
magnesium-based nanocrystals, and development of nanocrystal/metal-organic framework hybrid
materials for probing hydrogen uptake via a spillover mechanism. Our existing hydrogen storage
characterization facility will be maintained in order to provide accurate and immediate feedback on the
many new materials generated. Ultimately, this research is expected to yield materials that could
possibly enhance the range of hydrogen fuel cell-powered vehicles.

Experimental and Theoretical Investigations of Spin Transport in Semiconductors

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Orenstein, Joseph

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $122,000

An important objective of semiconductor spintronics is to generate electron spin polarization, and to
preserve it for a sufficiently long time for possible information processing. On one hand, spin-orbit
coupling enables optical generation and manipulation of spin polarization. However, spin-orbit
interactions can also lead to rapid loss of the spin lifetime.
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Nanoscale Magnetic Materials: Synthesis, Advanced Characterization and Technique Development

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Fadley, Charles

Sr. Investigator(s): Hellman, Francis, LAWRENCE BERKELEY NATIONAL LAB
Naulleau, Patrick, LAWRENCE BERKELEY NATIONAL LAB
Kortright, Jeffrey, LAWRENCE BERKELEY NATIONAL LAB

Students: 1 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)

Funding: $2,405,000

(A) Novel magnetic materials and nanoscale structures are synthesized and studied with a powerful
range of techniques. The systems include vapor-phase deposited thin films and multilayers, patterned
nanoscale systems, epitaxial and amorphous materials, metastable alloys, complex oxides, and
ferroelectric/multiferroic films that are relevant to spintronics and magnetics. Calorimetry yields
electron, phonon, and magnon densities of states, as well as magnetic ordering temperatures. Advanced
synchrotron-radiation techniques yield element-specific electronic and magnetic structures, with spatial
resolutions from micron to sub-nanometer scale, as well as time resolution to the picosecond scale. The
methods include resonant soft x-ray scattering, soft x-ray microscopy, and high resolution
spectroscopies (core- and valence photoelectron, x-ray absorption, x-ray emission and inelastic
scattering), in some cases excited by standing waves. (B) Supports part (A) by providing soft x-ray
nanoscale imaging of magnetic materials at the ALS XM-1 full field microscope, currently at routine
spatial resolutions of 20 nm, but recently achieving a world record of12 nm, and improvement to 10 nm
in the near future. Soft x-ray multilayer mirrors synthesized in this program are also key to the standing-
wave studies in part (A).

The Magnetic Materials program additionally received at least half of the research effort of two
postdoctoral fellows and three graduate students who were supported by outside sources (fellowship,
TAship, etc).

Novel sp2-Bonded Materials and Related Nanostructures

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Zettl, Alex

Sr. Investigator(s): Bertozzi, Carolyn, LAWRENCE BERKELEY NATIONAL LAB
Cohen, Marvin, LAWRENCE BERKELEY NATIONAL LAB
Crommie, Michael, LAWRENCE BERKELEY NATIONAL LAB
Lanzara, Alessandra, LAWRENCE BERKELEY NATIONAL LAB
Louie, Steven, LAWRENCE BERKELEY NATIONAL LAB

Students: 1 Postdoctoral Fellow(s), 7 Graduate(s), 0 Undergraduate(s)

Funding: $1,085,000

The sp2 program studies, both theoretically and experimentally, sp2-bonded structures which include
carbon nanotubes, graphene, nanowires, onions, fullerenes, nanocrystals, hybrid structures, non-carbon
nanomaterials (including BN), and nanococoons. We are interested in the design, synthesis,
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characterization, and application of sp2-bonded materials whose dimensions range from 1-100 nm. This
program has three major thrusts:

(1) FUNDAMENTALS

Focus is placed on theoretical predictions of new stable structures, theoretical and experimental
examinations of intrinsic electronic, magnetic, and mechanical responses, transport measurements
(electrical resistivity, thermal conductivity, isotope effects, Raman, photoemission spectroscopy, TEM,
STM), and mechanical properties and tensile strength.

(2) FUNCTIONALIZED NANOSYSTEMS

Two or more distinct nanostructures are brought together and allowed to interact. Here we focus on
methodologies to integrate nanosystems comprised of nanotubes and other nanoparticles interfaced
with complementary nanostructures.

(3) DIRECTED GROWTH OF NANOSTRUCTURES

Novel synthesis methods are explored for non-equilibrium growth of sp2 -based and other nanoscale
materials.

This program also seeks to develop specialized instrumentation for synthesis, characterization, and
applications.

The Novel sp2-bonded Materials and Related Nanostructures program additionally received at least half
of the research effort of two postdoctoral fellows and four graduate students who were supported by
outside sources (fellowship, TAship, etc).

Quantum Materials

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Orenstein, Joseph

Sr. Investigator(s): Birgeneau, Robert, LAWRENCE BERKELEY NATIONAL LAB
Bourret, Edith, LAWRENCE BERKELEY NATIONAL LAB
Dynes, Robert, LAWRENCE BERKELEY NATIONAL LAB
Lanzara, Alessandra, LAWRENCE BERKELEY NATIONAL LAB
Vishwanath, Ashvin, LAWRENCE BERKELEY NATIONAL LAB
Lee, Dung-Hai, LAWRENCE BERKELEY NATIONAL LAB

Students: 6 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $1,433,000

Quantum physics provides the theoretical basis for our understanding of the electronic properties of all
materials. However, there exists a fascinating sub-class of condensed matter systems, now widely
known as “quantum materials,” in which quantum mechanics plays an especially profound role in
determining the nature of macroscopic order parameters and the phase-transitions between them. In
some cases, such as superconductors, this occurs because the order parameter is explicitly a quantum
mechanical object. In many other such systems, quantum effects dominate the physics because of the
interplay between competing order, frustration, strong interactions, and low-dimensionality. These
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systems display a marvelously rich and diverse range of physical phenomena. Transition metal oxides,
e.g., manganites, cuprates, ruthenates and cobaltates, are systems whose interacting charge, spin,
orbital, and lattice degrees of freedom exemplify the diversity of quantum materials.

Investigations of Electron Correlation in Complex Systems

Institution: LAWRENCE LIVERMORE NATIONAL LAB
Point of Contact: Mailhiot, Christian
Email: mailhiotl@lInl.gov

Principal Investigator: Tobin, James G

Sr. Investigator(s): Yu, Sung Woo, LAWRENCE LIVERMORE NATIONAL LAB
Chung, Brandon, LAWRENCE LIVERMORE NATIONAL LAB

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $600,000

Electron correlation, the electron-electron interactions outside of simple one-electron models, is the key
to resolving outstanding issues concerning the electronic structure of complex materials. These complex
materials have intricate physical structures and/or multiple phases with unique electronic-structure
properties. We will use cutting-edge techniques such as Resonant Inverse Photoelectron Spectroscopy
(RIPES) and Fano Spectroscopy, a sophisticated variant of Photoelectron Spectroscopy (PES), and related
techniques to determine the valence electronic structure of complex materials. In the past, these
complex materials have included a broad range of materials. However, now we propose to focus solely
on actinide materials, an area of world-class science and an issue at the core of the DOE Office of
Science and Office of Basic Energy Research. Support measurements upon Rare Earth surrogate systems
will be performed at the Advanced Light Source and the Advanced Photon Source. Highly radioactive
samples will be interrogated with our unique capabilities at Lawrence Livermore National Laboratory.
We will solve the Pu electronic structure problem, a goal of tremendous scientific and technological
importance to DOE and the USA. We will provide experimental benchmarking for the new theories of Pu
and actinide 5f electronic structure, leading to the resolution of a problem that has remained unsolved
for the last 60 years, the nature of the 5f electron. A proper modeling of Pu electronic structure will, in
turn, lead to an enhanced capability to predict the behavior of Pu over long periods of time, an issue of
tremendous importance to environmental cleanup, radioactive waste storage and national nuclear
security.

Quantum Electronic Phenomena and Structures

Institution: LOS ALAMOS NATIONAL LABORATORY
Point of Contact: Sarrao, John
Email: sarrao@lanl.gov

Principal Investigator: Prasankumar, Rohit

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $140,000

Our goal in this project, which is part of a larger effort led by Sandia National Laboratories, is to
understand the behavior of quantum-based nanophotonic and nanoelectronic structures through the
use of ultrafast optical techniques, which allow us to separate their inherent complex many-body
interactions in the time domain. We have primarily focused on using our advanced ultrafast optical
capabilities to characterize carrier dynamics in semiconductor nanowires (NWs) as a function of various
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experimental and fabrication parameters, with the goal of elucidating novel phenomena in these quasi-
one-dimensional systems. Recently, we have extended our previous pump-probe measurements of
ultrafast dynamics in ensembles of GaN NWs to the single NW level, in order to remove the
inhomogeneous broadening inherent to ensemble measurements. This was a significant challenge that
required us to design and fabricate appropriate single NW samples and optimize the signal-to-noise
ratio of our laser system for these challenging experiments. We have recently overcome these obstacles,
allowing us to perform the first femtosecond optical pump-probe measurements on individual IlI-V
NWs. Our measurements clearly reveal a dependence of carrier dynamics in single GaN NWs on both the
polarization and the position of the focused pump and probe spots on the NW, which was not
observable in measurements on NW ensembles. Future ultrafast optical experiments on single
nanowires may also enable us to temporally and spatially resolve carrier transport in these quasi-one-
dimensional (1D) systems on a sub-100 femtosecond time scale and sub-micron length scale, which will
give substantial insight on their unique properties.

Science of 100 Tesla

Institution: LOS ALAMOS NATIONAL LABORATORY
Point of Contact: Sarrao, John
Email: sarrao@lanl.gov

Principal Investigator: Harrison, Neil

Sr. Investigator(s): Balakirev, Fedor F., LOS ALAMOS NATIONAL LABORATORY
Betts, Jonathan, LOS ALAMOS NATIONAL LABORATORY
Crooker, Scott, LOS ALAMOS NATIONAL LABORATORY
Jaime, Marcelo, LOS ALAMOS NATIONAL LABORATORY
McDonald, Ross, LOS ALAMOS NATIONAL LABORATORY
Migliori, Albert, LOS ALAMOS NATIONAL LABORATORY
Singleton, John, LOS ALAMOS NATIONAL LABORATORY

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $835,000

This project utilizes the Multi-Shot Magnet (100TMSM) for fundamental science in condensed-matter
physics systems. Designed to achieve 100T nondestructively, the magnet is presently fully operational to
fields of 95T for 10 ms-duration pulses. Having reached a record breaking field of 97.4 T in 2011, it is
currently the only capability in the world delivering magnetic fields for experimental science in excess of
90 T. Magnetic fields of such intensity are essential for tackling scientific questions that cannot be
answered using the magnetic fields available at other laboratories. Such fields provide a non-invasive,
reversible probe that couples directly to the spin and orbital degrees of freedom of electrons in solids,
producing very significant energy shifts that disturb the basic energy balance of the system, inducing
phase transitions and other effects. The energy shifts in 100 T fields match the scale of many of the
robust electronic phenomena characterized by transitions occurring at temperatures ~100 K, which are
as yet poorly understood. In addition, high magnetic fields provide a tunable magnetic length scale (I =
(25.7/B1/2 ) nm) that parameterizes the spatial extent of the wavefunctions of band electrons. Scientific
areas benefiting from the increased energy scale and collapsed length scales include quantum
magnetism, nanophysics, strongly correlated electron systems and the electronic structure of high
temperature superconductors.
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Towards a Universal Description of Vortex Matter in Superconductors

Institution: LOS ALAMOS NATIONAL LABORATORY
Point of Contact: Sarrao, John
Email: sarrao@Ianl.gov

Principal Investigator: Civale, Leonardo

Sr. Investigator(s): Maiorov, Boris, LOS ALAMOS NATIONAL LABORATORY
Boulaevskii, Lev, LOS ALAMOS NATIONAL LABORATORY
Usov, Igor, LOS ALAMOS NATIONAL LABORATORY

Students: 2 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $605,000

Vortex physics became a major field in condensed matter and statistical physics since the discovery of
the oxide HTS. Although the rich HTS vortex phenomenology arises from the large influence of the
thermal fluctuations, there is no hard boundary between HTS and LTS, thus a comprehensive vortex
matter description should be universal. However, interactions of vortices with material defects, which
produce pinning, have been considered too complex and material dependent to be described in a
general framework. In this project we are challenging this concept. Taking a fundamental science
approach, we propose to develop a description of vortex matter in the presence of inhomogeneities,
including flux pinning and creep phenomena, valid for all superconductors. By comparing and
contrasting systems with vastly different properties under a broad spectrum of conditions including
extreme ones, and by improving theoretical models, we intend to establish a general picture that cannot
be obtained by studying individual systems. This will drastically enhance our capability for predicting,
controlling and designing the behavior of vortex matter. The relevance of this study goes beyond
existing materials, as yet-to-be-discovered superconductors will share most of the vortex physics
explored here. We at LANL have a unique combination of expertise and facilities to perform this
research.

Electronic and Optical Process in Novel Semiconductors for Energy Applications

Institution: NATIONAL RENEWABLE ENERGY LABORATORY
Point of Contact: Tumas, Bill
Email: Bil. Tumas@nrel.gov

Principal Investigator: Mascarenhas, Angelo

Sr. Investigator(s): Fluegal, Brian, NATIONAL RENEWABLE ENERGY LABORATORY
Alberi, Kirstin, NATIONAL RENEWABLE ENERGY LABORATORY

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $498,000

Advanced energy technologies require high-performance materials, which in photovoltaics translates to
new semiconductor materials to efficiently absorb sunlight, and in solid-state lighting(SSL), to new
semiconductor materials for direct conversion of electricity to white light. A goal of this project is the
realization of semiconductor materials that transcend the existing limitations constraining present
photovoltaic and solid-state lighting technologies. It specifically addresses the current unavailability of
efficient high bandgap (2.1 eV) and low bandgap (1 eV ) absorbers for photovoltaics, and efficient green
emitters for SSL, via technologies based on GaAs substrates. A key to transcending the present
limitations is the understanding and control of fundamental electronic and optical processes in
semiconductors, which is another goal of this project. Towards this, this project will focus on
understanding the phenomena of spontaneous ordering in high bandgap lattice-mismatched GaxIn1-xP,
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and abnormal electronic structure and properties of isoelectronic dopants in GaAs. Additionally, it will
address recent observations of new excitations in bipolar plasmon gasses photogenerated in
semiconductors, so as to achieve an understanding of collective phenomena that could enable
semiconductor material with novel, useful properties.

Correlated and Complex Materials

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Sales, Brian

Sr. Investigator(s): Boatner, Lynn, OAK RIDGE NATIONAL LABORATORY
Christen, David, OAK RIDGE NATIONAL LABORATORY
Mcguire, Michael, OAK RIDGE NATIONAL LABORATORY
Thompson, James, OAK RIDGE NATIONAL LABORATORY
Mandrus, David, TENNESSEE, UNIVERSITY OF
Yan, Jiagiamg, TENNESSEE, UNIVERSITY OF

Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $2,137,000

The physics of correlated and complex materials is addressed using the combination of materials
synthesis, compositional tuning, and crystal growth. The overarching theme is the discovery and
investigation of novel cooperative phenomena and new forms of order in complex transition metal
oxides, pnictides and Zintl phases. Phenomena such as charge and orbital ordering, coupling of
magnetism and ferroelectricity, unconventional superconductivity, vortex pinning and dynamics, low
carrier density ferromagnetism, and anharmonic phonons in thermoelectric materials are studied. A
substantial fraction of the effort will be devoted to the discovery of innovative materials and the growth
of large single crystals of fundamental interest to condensed matter physics. The composition of these
materials will be carefully controlled, and the effects of compositional tuning on the basic physics of the
materials will be studied using X-ray and neutron diffraction, magnetization, specific heat, and electrical
and thermal transport. Once the materials have been prepared and characterized, in-depth experiments
such as inelastic neutron scattering, photoemission, and scanning tunneling microscopy are performed
in order to obtain a deeper understanding of the relevant physics. Some of the materials investigated
are promising for energy-related applications such as superconductors for grid applications and
thermoelectrics for energy conversion.
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Emergent Behavior in Low-Dimensional Systems

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Wendelken, John
Sr. Investigator(s): Gai, Zheng, OAK RIDGE NATIONAL LABORATORY

Snijders, Paul, OAK RIDGE NATIONAL LABORATORY

Ward, T. Zac, OAK RIDGE NATIONAL LABORATORY
Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $738,000

The goal of the Emergent Phenomena in Reduced Dimensionality project is to explore and exploit
emergent phenomena in materials through reduced dimensionality at or near nanometer scales where
changes in physical properties are anticipated due to confinement effects caused by quantum
interactions or resulting from surface or interface effects. Materials receiving the greatest attention are
those with novel magnetic, electronic, and transport properties. These materials include strongly
correlated electronic systems such as transition-metal oxides (TMOs) where the complexity arises from
nonlinear correlations between spin, charge, and lattice structure, self-organized magnetic
nanostructure assemblies with novel interactions, and surface-based low-dimensional correlated
electronic systems. The signature of this program is a unique experimental approach with a combination
of both in-situ material growth and characterization and ex-situ novel device design and
characterization. The experimental effort is closely coupled with theoretical modeling and analysis
which provides both stimulus for new theoretical work and guidance for making prudent experimental
choices. Our effort to connect the world of nanophysics with complexity and emergent phenomena in
artificially structured materials offers a novel and necessary method to elucidate the most fundamental
organizing principles of matter, which we intend to lead to tunable emergence in complex materials that
will create a new generation of electronics having lower production cost, offer new functionalities and
require less energy for operation.

Epitaxial Complex Oxides; Growth Mechanisms and Cooperative Phenomena

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Christen, Hans
Sr. Investigator(s): Eres, Gyula, OAK RIDGE NATIONAL LABORATORY

Tischler, Jonathan, OAK RIDGE NATIONAL LABORATORY

Ward, T. Zac, OAK RIDGE NATIONAL LABORATORY

Lee, Ho Nyung, OAK RIDGE NATIONAL LABORATORY

Zhu, Wenguang, TENNESSEE, UNIVERSITY OF

Lee, Suyoun, KOREA INSTITUTE OF SCIENCE

Chang, Jung-Uk, OAK RIDGE NATIONAL LABORATORY
Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $1,341,000

This program seeks a fundamental understanding of the factors that affect novel properties emerging at
epitaxial interfaces between dissimilar complex-oxide materials. Specifically, we ask:
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(1) How can interfacial properties be controlled and tuned by the appropriate choice of synthesis
parameters and materials choices?

(2) How are electronic, magnetic, structural, and chemical reconstruction interrelated?
(3) How do interfaces interact to yield macroscopic properties?
(4) How do spatial constraints influence how a system responds to interfacial effects?

The synthesis of perovskite heterostructures is controlled at the atomic scale in advanced pulsed-laser
deposition techniques using electron and x-ray scattering methods for in-situ diagnostics. A broad range
of macroscopic measurements (magnetization, ferroelectricity, transport, optical properties, neutron
diffraction, etc.) is combined with spatially-resolved methods (electron microscopy, atom probe
tomography, neutron reflectometry, scanning probe microscopy and spectroscopy, etc.) to yield a
complete picture of interfacial effects. Specific emphasis is placed on electronic transport both along
and across the interfaces or in patterned wires, the emergence of electron gases and magnetization at
interfaces between insulating materials, and the coupling between different order parameters. The
anticipated impact of this work is an ability to create artificial materials with predetermined
macroscopic properties by the deliberate stacking of epitaxial interfaces.

Quantum Tuning of Chemical Reactivity for Storage and Generation of Hydrogen Fuels

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Weitering, H. Hanno
Sr. Investigator(s): Snijders, Paul, OAK RIDGE NATIONAL LABORATORY
Yoon, Mina, OAK RIDGE NATIONAL LABORATORY
Zhu, Wenguang, TENNESSEE, UNIVERSITY OF
Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $450,000

The overarching scientific goal of this joint experimental and theoretical research program is to explore
and fully exploit the inherently quantum mechanical nature of ultrathin metal films and related hybrid
nanostructures for enhanced and tunable chemical performance in hydrogen fuel research. The
research theme contains three closely related aspects: (1) establishing the fundamental underpinnings
for hydrogen adsorption, dissociation, absorption, diffusion, and recombination on ultrathin metal films
and metallic alloys, emphasizing the crucial role of quantum size effects and property tuning; (2)
exploring the feasibility of tuning the catalytic properties of ultrathin transition metal systems via size
guantization, emphasizing catalytic water splitting reactions for clean hydrogen production; and (3)
creating topologically protected surface state systems that catalyze surface chemical reactions, including
hydrogen production. These investigations also enrich the fundamental knowledge base towards
guantum mechanical design of novel catalytic materials with desired surface chemical reactivity for
broader energy applications.
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Quantum Electronic Phenomena & Structures

Institution: SANDIA NATIONAL LABS/ALBUQUERQUE
Point of Contact: Simmons, Jerry
Email: jsimmon@sandia.gov

Principal Investigator: Pan, Wei
Sr. Investigator(s): Lilly, Michael, SANDIA NATIONAL LABS/ALBUQUERQUE
Reno, John, SANDIA NATIONAL LABS/ALBUQUERQUE
Tracy, Lisa, SANDIA NATIONAL LABS/ALBUQUERQUE
Wang, George, SANDIA NATIONAL LABS/ALBUQUERQUE
Lyo, Ken, CALIFORNIA, UNIVERSITY OF IRVINE
Prasankumar, Rohit, LOS ALAMOS NATIONAL LABORATORY
Students: 3 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $1,190,000

This project contains two topical thrusts that address the issues of what novel types of quantum
collective behaviors can emerge from nanostructures and how well this behavior can be controlled and
manipulated. During the last FY, we have obtained many exciting results in exploring quantum electronic
and optical properties in MBE/CVD grown and/or lithographically patterned nanoelectronic structures.
We have highlighted a few of the achievements as follows:

(1) Impact of disorder on the 5/2 non-Abelian fractional quantum Hall (FQH) state. Recently, we
examined how the nature of disorder affects the 5/2 energy gap and, thus, the stability of this state. We
compared the gap data obtained in two types of samples: symmetrically modulation doped quantum-
well (MDQW) samples and undoped heterojunction insulated gate field-effect transistors (HIGFETs).In
MDQW samples, where long-range Coulombic disorder dominates, the energy gap drops quickly with
decreasing mobility (or increasing disorder). On the other hand, in HIGFET samples, where the short-
range neutral disorder dominates, the 5/2 energy gap shows only a weak mobility dependence. Our
results clearly demonstrate that the two types of disorder play very different roles in affecting the
stability of the 5/2 state.

(2) Re-entrant Negative Coulomb Drag in a 1D Quantum Circuit. Coulomb drag measurements were
carried out between tunable vertically-coupled quantum wires. The Coulomb drag signal is mapped out
versus the number of subbands occupied in each wire, and regions of both positive and negative drag
are observed. Negative Coulomb drag signals are measured in two regimes: one at low electronic
density when the drag wire is close to or beyond depletion and one at a higher electronic density when
the drag wire has one or more single 1D subbands occupied. This is the first observation of a negative
one-dimensional Coulomb drag signal in wires with a 1D subband occupancy greater than, or equal to
one. We proposed the re-entrant negative drag signal in terms of localization, electron-hole asymmetry
and band structure.

(3) Spatial Distribution of Defect Luminescence on GaN Nanowires. The spatial distribution of defect and
band-edge luminescence of GaN nanowires was studied using spatially-resolved cathodoluminescence
(CL) imaging and spectroscopy. Defect-related yellow luminescence was revealed to be primarily
surface-related, possibly due to the diffusion of mobile point defects during growth. Mitigation of these
surface defects will be the key to controlling the nanowire electronic properties via interface
engineering.
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In the following, we list several research projects that we plan for the next FY:

(1) Spin polarization of the fractional quantum Hall states in the first excited Landau level. Answers to
the question of the spin polarization of the FQH states in this Landau level will help us to better
understand the nature of these FQH states, in particular the 5/2 and 12/5 states, which are believed to
be of non-Abelian and have potential applications in fault-tolerant topological quantum computation.
We plan to systematically study the spin polarization utilizing the tilted magnetic field technique in ultra-
high mobility two-dimensional electron systems.

(2) Double Quantum Wires. With the goal of studying 1D correlation physics we will use the new
samples to measure 1D-2D tunneling, 1D-1D tunneling for a single subband and Coulomb drag between
1D wires. These effects should depend on the nature of the 1D ground state, and provide a useful tool to
access Luttinger liquid effects. We will also develop a high frequency (~GHz) reflectometry technique for
guantum computing measurements.

(3) Growth and Electronic Properties of Nanowires. We will focus on growth and characterization of
core-shell nanowires, primarily Al(Ga)N/GaN and patterned InGaAs/GaAs nanowires, in order to
continue our study of interface manipulation and engineering of nanowires, and the resulting effects on
their electrical and optical properties. These core-shell nanowires will allow us to examine the novel
structure and physics of 1D and 2D electron and hole gases that may be formed at the heterointerfaces
in free-standing semiconductor nanowires, as predicted by our recent theoretical work.

Atomic Engineering Oxide Heterostructures: Materials by Design

Institution: SLAC NATIONAL ACCELERATOR LABORATORY
Point of Contact: Devereaux, Thomas
Email: tpd@stanford.edu

Principal Investigator: Hwang, Harold

Sr. Investigator(s): Bell, Christopher, SLAC NATIONAL ACCELERATOR LABORATORY
Hikita, Yasuyuki, SLAC NATIONAL ACCELERATOR LABORATORY

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $500,000

The overarching science and technology goals of this research are to use techniques we have developed
for atomic-scale synthesis of complex oxide heterostructures to address the Grand Challanges for basic
energy sciences. The issues we investigate are central to the challenge of “how do we atomically design
and perfect revolutionary new forms of matter with tailored properties” and are also important to the
challenges of controlling processes at the electron level, in understanding and creating emergent
phenomena, and in mastering energy and information on the nanoscale. X-ray spectroscopy,
microscopy, and holography are used to examine the interface electronic structure and the lateral
nanoscale static and dynamic order in magnetic oxides. Magnetotransport and scanning SQUID
susceptometry are used to study artificial 2D superconducting oxide semiconductors, towards the
development of the mesoscopic physics of d-electron systems. Theory and modeling are used to
develop a deeper understanding of the data and motivate new experiments. The pursuit of all of these
activities in thin film form naturally provides a basic platform for advanced technology development.

The overarching institutional goal of this newly launched project is to develop a world leading program
on the atomic engineering of oxide materials which is fully integrated with the SIMES and SLAC
community, both immediately and in the longer term development of team efforts. This will allow us to
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fully capitalize on the unique synergies arising from embedding this thin film effort within the existing
strengths in single crystal synthesis and various advanced materials characterization and investigation
capabilities. In particular, the current emphasis at SIMES on emergent and quantum phenomena in bulk
materials and their surface properties leaves open space for developing novel phenomena at
heterointerfaces, and connecting these fundamental studies to structures relevant for device
applications. This project provides a bridge across this space, which together with the existing expertise
in other projects will create a uniquely deep and broad center of excellence in the science and
technology of complex oxides. This integrated structure will facilitate the long-term design of materials
scientifically matched with the future facilities coming online, such as the new angle-resolved
photoemission spectroscopy (ARPES) beamline at SSRL and new capabilities at both LCLS and LCLS-II.

Spin Physics

Institution: SLAC NATIONAL ACCELERATOR LABORATORY
Point of Contact: Devereaux, Thomas

Email: tpd@stanford.edu

Principal Investigator: Zhang, Shoucheng

Sr. Investigator(s): Orenstein, Joseph, LAWRENCE BERKELEY NATIONAL LAB
Goldhaber-Gordon, David, STANFORD UNIVERSITY

Students: 3 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)

Funding: $415,000

The Spin Physics program consists of two closely related subtasks. The first subtask of Orenstein and
Zhang investigates spin transport in semiconductors and topological insulators. The second subtask of
Goldhaber-Gordon and Manoharan directly measures and manipulates low-dimensional spin, isospin,
and electron correlations using scanning probes (scanning tunneling microscopy and spectroscopy
[STM/STS], a new tool termed "Virtual STM," and Scanning Gate Microscopy) via the precise control of
nanoscale geometry through nanofabrication and nanoassembly.

Materials Chemistry

Institutions Receiving Grants

Investigations of Surface Structural, Dynamical and Magnetic Properties of Systems Exhibiting
Multiferroicity, Magnetoelectricity, Thermoelectricity...

Institution: BOSTON UNIVERSITY
Point of Contact: El-Batanouny, Maged
Email: elbat@bu.edu

Principal Investigator: EL-BATANOUNY, MAGED

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $145,000

Our research is carried out with the aid of many experimental techniques of scattering monoenergetic
(monochromatic) atomic helium (He) beams, at thermal energies, from surfaces. The probe is the
surface equivalent of thermal neutron scattering from the bulk of condensed matter systems. We also
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employ computational techniques such as lattice dynamics, Monte-Carlo and molecular dynamics to
analyze and interpret the experimental data.

Elastic and inelastic scattering of ground state (spin zero) He beams are used to study surface geometric
(atomic) structures and surface dynamics (phonons), respectively. Elastic and inelastic scattering of
metastable state (spin 1 triplet 23S) He beams are used to study the surface magnetic
(antiferromagnetic, helical, spiral, etc.) structure and the corresponding spin dynamics, respectively. The
novel technique of metastable helium atom scattering was pioneered by our surface physics group (SPG)
at BU in the 1990s.

Our current research is focused mainly on two novel classes of materials:

(1) Magnetoelectric Multiferroics. Multiferroics have become one of the hottest topics of condensed
matter physics and materials science in recent years. They are multifunctional materials in which two or
more types of spontaneous fundamental ferroicities, namely, ferroelectricity, ferromagnetism
ferroelasticity and ferrotoroidicity, may coexist. From a fundamental physics perspective, they present a
fascinating laboratory to explore the microscopic mechanisms responsible for the coexistence.
Compounds with only simultaneous magnetic and electric ordering are referred to as magnetoelectric
multiferroics. Of particular interest in such materials is the existence of a cross-coupling between the
magnetic and electric orders, a mechanism that has been long known as magnetoelectric coupling.The
concurrent presence of these two order parameters in these materials engenders novel physical
phenomena which can be of great technological potential, and offers possibilities for new device
functions. Significantly, multiferroics could lead to a new generation of memory devices that can be
electrically written and magnetically read.

(2) Strong Topological Insulators. A topological state is a new state of matter that is insensitive to details
of the system’s atomic structure and spatial symmetry. In the strong topological insulators an energy
gap arises from spin-orbit interactions. The topological constraints associated with these systems give
rise to a robust and exotic metallic surface that is protected by the constraints, namely, time-reversal
invariance. The exotic metallic states are manifest as massless Dirac fermion quasiparticles with a linear
conical energy-versus-momentum dispersion; they behave like photons but with a speed 300 to 600
times slower. The scenario of massless electronic quasi-particles interacting with the surface lattice
comprised of massive ions is precisely the motivating factor for studying these systems. We are familiar
with massless Dirac fermions in high-energy particle physics, namely, neutrinos; but neutrinos do not
interact strongly with any kind of matter. Recent studies of their surface phonon dispersions, reveal an
intricate signature of these interactions manifest as a V-shaped strong Kohn anomaly at a wave-vector
of twice the magnitude of the quasiparticles Fermi wave-vector kF.

Quantum Dot and Quantum Wire Solids

Institution: CALIFORNIA INSTITUTE OF TECHNOLOGY
Point of Contact: Heath, James
Email: heath@caltech.edu

Principal Investigator: James, Heath

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $165,000

Our program involves the application of our high precision, nano-manufacturing approaches, developed
in earlier years, towards addressing fundamental problems in solid state systems, with a particular
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attention to energy conversion and energy-efficient technologies (thermoelectrics, photovoltaics, and
superconductors, and associated surface science). Our approach is to explore the fundamental physical
limits of materials properties through nanostructured design and architecture, and to pay particular
attention to the role that surface chemistry plays in determining such properties.

Two of our results from this past year were written up as BES weekly highlights for, | believe, the DOE
Director. Those were our work on the phononic nanomesh thermoelectric materials, and our
development of graphene templating for elucidating the structure of weakly adsorbed molecules (such
as water) on surfaces under ambient conditions. One of our images of water, captured via graphene
templating, appeared as the back cover of Physics Today in January 2011.

We have published nine DOE-supported papers over the past year in journals such as Science, Nature
Nanotech, ] Am Chem Soc, and Nanoletters. Our work was also featured in C&E News as their Science
Highlight of the Week.

The graphene templating technique (Science, 2010) was initially utilized to determine the structure of
water adsorbed onto the hydrophilic surface of mica under ambient conditions. We found that, at 40%
relative humidity (RH), water adsorbed as atomically flat, faceted islands, each 3.7 A high, implying that
these islands were a single unit-cell-thick layer of ice. At higher RH, the ice is a continuous single layer,
and then a second unit-cell-thick layer begins to grow. Before that layer is complete (at very high RH),
the water adsorbs as liquid droplets. We also investigated the structure of two model organic
adsorbates - tetrahydrofuran, and cyclohexane, also on hydrophilic mica (JACS, 2011). Like water, the
THF and cyclohexane initially adsorb as crystalline islands, and we were able to assign crystal structures
to those adlayers. There is a striking similarity between our observations of these adsorbate growth
processes, and well-studied heteroepitaxial growth mechanisms that are observed in the growth of solid
thin films (e.g., Frank-van der Merwe growth). Second, the fact that water, THF, and cyclohexane all
adsorb as molecularly-thin, crystalline adlayers very likely has implications for how adsorbed molecules
influence surface frictional forces. More recently, we have studied water on hydrophobic surfaces
(graphite, H/Si(111), and functionalized mica) and we have been able to directly address the long
standing puzzle of why hydrophobic surfaces, which should not have water adsorbed based upon bulk
thermodynamic considerations, can actually have more adsorbed water than hydrophilic surfaces.
Again, this has strong implications for frictional forces.

We have also investigated nano-architectural approaches towards controlling thermal conductivity
independent of electrical conductivity is candidate thermoelectric materials (Nature Nanotech, 2010).
We have found that it is possible to retain bulk-like electrical properties in nanomesh-structured single
crystal Si films, while dropping the thermal conductivity to near the amorphous limit. We have
continued to explore this area, and related phenomena associated with photovoltaic devices, since that
publication.
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Activation of Hydrogen Under Ambient Conditions and Unusual Element Hydride Reactivity by Main
Group Molecules

Institution: CALIFORNIA, UNIVERSITY OF DAVIS
Point of Contact: Power, Phillip
Email: pppower@ucdavis.edu

Principal Investigator: Power, Philip

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $170,000

Our work supported by DOE/BES has as its major objective the study of the reactions of main group
compounds with important small molecules, such as hydrogen, olefins, nitrogen, and carbon monoxide,
with a view to understanding the mechanism of such reactions, and ultimately developing new catalytic
systems. The major focus of our work during fiscal year 2011 has concerned the activation of C-H bonds
of various hydrocarbons under ambient conditions by two different types of heavier group 14 element
compounds - the dimetallynes ArM=MAr (Ar = bulky terphenyl ligand; M = Ge or Sn) and metalylene
:MR,. This has led us to undertake extensive studies of the reactions of the compounds with cyclic and
non-cyclic olefins to determine the mechanism of C-H activation. We have also undertaken parallel
studies for the reactions of group 13 element multiple bonded species with the olefins. In addition, we
are investigating the reactions of diarylgermylenes GeAr, with isonitriles. This is exemplified by the
reaction of the diarylgermylene ;Ge(ArMeG)z (ArMeG = CgHs-2,6(C¢H>-2,4,6-Mes),) with (CNBu') which
becomes C-H activated at room temperature to release 2-propene and form the hydrocyanide
(Ar™®6),Ge(CN)H in virtually quantitative yield. We have characterized the products spectroscopically and

by X-ray crystallography and we have determined the mechanism of the reaction by Vait Hoff and
computational methods. Also, we have synthesized and characterized a new class of germanium and tin
ethers of formula O(MAr), (M = Ge, Sn; Ar = terphenyl) and the diradicals of formula ArM(u-0),MAr,
which have been shown to have very high reactivity. Other work involved the investigation of the
reactions of ammonia, organoamines, hydrazines, and phosphine with the dimetallynes and
metalylenes. All these molecules react readily under ambient conditions. The hydrazine derivatives have
been found to eliminate diimines under moderate heating with formation of the amido derivatives. We
have summarized our recent work on the reactions of multiple and unsaturated bonded main group
compounds with hydrogen, ammonia, olefins and related molecules in an Accounts of Chemical
Research article. In addition, we have published four papers that have detailed our preliminary results in
these areas.

Optical Spectroscopy and Scanning Tunneling Microscopy Studies of Molecular Adsorbates and
Anisotropic Ultrathin Films

Institution: CALIFORNIA, UNIVERSITY OF IRVINE
Point of Contact: Hemminger, John
Email: jchemmin@uci.edu

Principal Investigator: Hemminger, John C.

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $162,000

The emphasis of our research is to develop sufficient fundamental understanding to allow the controlled
preparation of nano-structuring with novel optical properties and chemical reactivity. The research
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places an emphasis on the impact of ordering phenomena on the molecular and mesoscopic scale on
surface properties of materials. In this research we combine the use of optical probes (Polarization and
angle dependent laser reflectivity and Laser Raman Scattering, and laser induced desorption coupled
with Fourier transform mass spectrometry (LD-FTMS)) with modern surface imaging experiments
(electron microscopy, and variable temperature ultra high vacuum scanning tunneling microscopy
(STM)). These experiments are combined with conventional methods of UHV surface science (High
Resolution Electron Energy Loss Vibrational Spectroscopy (HREELS), Auger electron spectroscopy (AES),
x-ray photoelectron spectroscopy (XPS) and thermal desorption spectroscopy (TDS)). The conventional
surface probes provide well-tested methods for the preparation and characterization of substrates. The
optical probes used in our experiments provide powerful methods for the characterization of the
structure dependent optical properties of novel molecular and nanometer scale surface structures as
well as molecular identification and quantification of adsorbates in monolayers and ultrathin films. The
emphasis of our research will be on the generation of novel nanometer scale morphologies and the
resultant optical and chemical reactivity properties. These experiments will involve more complex
molecular adsorbates, which we are well equipped to study using techniques such as LD-FTMS.

We will use a combination of STM and SEM to study the growth of mesoscopically ordered nanometer
sized metal structures on well defined substrates such as highly ordered pyrolytic graphite (HOPG). We
will continue to develop methods (e.g., photochemical deposition) to decorate nanometer scale metal
oxide structures with transition metal nanoparticles.

Low-Density and High Porosity Hydrogen Storage Materials Built from Ultra-Light Elements

Institution: CALIFORNIA, UNIVERSITY OF RIVERSIDE
Point of Contact: Feng, Pingyun
Email: pingyun.feng@ucr.edu

Principal Investigator: Feng, Pingyun

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $252,000

This project seeks to develop innovative synthetic methodologies for the creation of advanced porous
materials with optimized framework compositions and pore architecture to maximize gas sorption
properties. The project integrates synthetic exploration, structural and topological analysis, with
extensive studies on sorptive properties of various gases such as nitrogen, hydrogen, carbon dioxide,
and methane to identify compositional and structural features required for enhanced performance of
such materials.

One synthetic strategy is the development of low-density porous materials for increased gravimetric gas
uptake capacity by employing lightweight elements such as Li, B, and Mg. The PI's group has developed
two large families of Li-based porous materials. One family, called Lithium Imidazolate Frameworks, is
based on the combined use of two types of charge-complementary ligands, and another family is based
on the lithium-phenolate cubane clusters with either covalently-linked or hydrogen-bond-linked porous
frameworks. Significant progress has also been made with magnesium-based porous materials, for
example, through the syntheses of a highly symmetrical chiral magnesium-based crystalline porous
framework with one-dimensional cylindrical nanotubular channels and the first example of porous
frameworks constructed with magnesium trimeric clusters.
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The second strategy that can be employed either independently or in conjunction with the strategy
above is to enhance the binding affinity between the framework atoms and gas molecules by
introducing functional framework sites. This can be achieved by developing novel materials with either
uncoordinated Lewis acid sites (also called open metal sites) or uncoordinated Lewis base sites (called
open donor sites here). Specifically, the Pl's group is targeting functional groups such as aromatic -N(H)-
donors found in metal azolate frameworks. To increase the percentage of open donor sites, ligands
containing multiple triazole and tetrazole groups (i.e., polytriazole or polytetrazole) are of particular
interest, because these ligands can achieve a high connectivity even if they only use one N-donor site
(per triazole or tetrazole group) for bonding with metals, which makes it possible to achieve the highest
percentage of open donor sites (67% for a triazole, and 75% for a tetrazole). Alternatively, heterocyclic
ligands such as imidazoles, triazoles, and tetrazoles can be used in combination with carboxylates. One
material developed with this approach has exceptionally high gas uptake properties, for example, with
an uptake of 115.6 cm*/g (5.2 mmol/g) carbon dioxide at 273 K and 1 atm.

In addition to the above two strategies focused on the framework compositional and localized structural
features, this DOE project also targets the development of the optimum pore architectures for
enhanced gas sorption. To maximize the pore space utilization, we are currently pursuing a unique
synthetic paradigm which is based on the delicate pore space partition through nested pore architecture
by using complementary coordination properties of multitopic ligands. One practical consideration in
pursuing such nested assemblies is the exquisite control that such architectures might offer in terms of
partition of the pore space and pore size for optimum fit with adsorbate molecules. The successful
development of this family of nested materials would require the conceptual development of a
generalized mechanism for establishing the radial inter-cage connectivity and for establishing the inter-
cage communication so that the initial formation of a cage can dictate the growth of either the inner or
outer cage based on the structural feature of the initially formed cage. A significant progress has been
made in this regard during the past year, and the rapid progress is currently being made towards the
development of such unprecedented pore architecture.

Solid State Electronic Structure and Properties of Neutral Carbon-Based Radicals

Institution: CALIFORNIA, UNIVERSITY OF RIVERSIDE
Point of Contact: Haddon, Robert
Email: robert.haddon@ucr.edu

Principal Investigator: Haddon, Robert

Sr. Investigator(s):

Students: 3 Postdoctoral Fellow(s), 0 Graduate(s), 3 Undergraduate(s)
Funding: $242,000

The goal of this project is to synthesize a new class of organic molecular metals and superconductors
based on neutral carbon-based radicals. While most organic conductors are based on charge transfer
salts, the elemental metals such as sodium and copper are based on the crystallization of atomic radicals
in which the unpaired electrons ionize in the solid state to produce a free electron gas.

During FY 2011 year we focused on the synthesis and crystallization of substituted phenalenyl-based
neutral radical with low disproportionation potential and we made significant progress in the synthesis
of new phenalenyl derivatives. In the current funding period we have discovered a synthetic route that
allows the introduction of sulfur and selenium substituents into the phenalenyl ring system. We have
already synthesized, crystallized and characterized some thioalkyl substituted phenalenyl radicals. We
have extended our synthetic effort on the alkyl thio substitution and we have now isolated some new
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thio- and seleno-bridged 9-hydroxy phenalenones and synthesized a number of boron salts containing
thio and seleno bridged phenalenones which show very promising results with respect to the
disproportionation potential. Our current focus is on the crystallization of these neutral radicals. We
continue to work on the alkoxy-substituted phenalenyl boron radicals.

Tuning Sorption Properties of Metal-Organic Frameworks via Postsynthetic Covalent Modification

Institution: CALIFORNIA, UNIVERSITY OF SAN DIEGO
Point of Contact: Cohen, Seth
Email: scohen@ucsd.edu

Principal Investigator: Cohen, Seth

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $221,000

This continuing proposal in the area of Materials Chemistry describes a successful, systematic approach
to the postsynthetic modification (PSM) of metal- organic framework (MOF) materials. To further
advance the utility of MOFs in the area of gas storage and other applications (particularly in energy
applications), the ability to chemically modify these structures in a predictable and reliable fashion is
essential. Realization of this goal will allow for the preparation of functionalized MOFs, which will have
unparalleled properties, such as controlled framework flexibility and highly unsaturated metal sites. This
research program will develop new methods to chemically modify MOFs. We will expand the scope of
reactions that can be performed within MOFs by introducing new chemical ‘handles’ within the
framework. Studies will focus on 1,4- benzenedicarboxylate (BDC) ligands, and extended analogues,
possessing amino-, nitro-, or bromo-substituents. Other substituents can also be used by application of a
new method, termed postsynthetic deprotection (PSD). Ligands with these chemical handles will be
assembled into a variety of known MOFs, including IRMOF, UMCM, MIL-53, and UiO-66 architectures.

Proposed studies will also focus on the development of systems that contain two or more, orthogonal
chemical handles on a single ligand (e.g., a bromo- and amine- group). These ligands will be used to
produce MOFs where more than one PSM reaction can be performed. Importantly, these bifunctional
systems will allow for control over the relative orientation of newly introduced functional groups, a feat
not yet achieved in PSM chemistry. Slightly more applied studies will focus specifically on using PSM (or
PSD) to control the selectivity, energetics, and capacity of gas sorption in MOFs. Our published findings
show that PSM can be used to control MOF flexibility (‘breathing’), improve heats of binding (for H,),
and facilitate introduction of unsaturated metal centers. Better understanding and control over these
features will be pursued in our ongoing investigations.

In summary, our research program will continue to advance the fundamental principles and applications
of PSM. Our improved capacity to modify MOFs in this manner will be important for the synthesis of
new materials, altering the physical properties of these materials, and ultimately the use of these
materials in advanced energy applications.
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Charge Recombination, Transport Dynamics, and Interfacial Effects in Organic Solar Cells

Institution: CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Point of Contact: Heeger, Alan
Email: ajhe@physics.ucsb.edu

Principal Investigator: Heeger, Alan

Sr. Investigator(s): Bazan, Guillermo, CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Nguyen, Thuc-Quyen, CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Wudl, Fred, CALIFORNIA, UNIVERSITY OF SANTA BARBARA

Students: 3 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)

Funding: $600,000

The objective of this proposal is to take advantage of new device strategies, function-specific materials,
and interfacial phenomena to improve the performance (open circuit voltage, short circuit current, fill-
factor and power conversion efficiency) of polymer-based photovoltaic devices fabricated by processing
all layers from solution. Fundamental understanding of charge generation, transport, and recombination
dynamics in thin film bulk heterojunction (BHJ) polymer:fullerene blends and in solar cells made from
such BHJ blends will be studied using transient photoconductivity and impedance spectroscopy. Light
intensity and temperaturedependent current-voltage measurements will reveal the charge
recombination kinetics. Devices utilizing conjugated polyelectrolyte and oligoelectrolyte interlayers to
improve open-circuit voltage and fill factor will be explored with an emphasis on establishing a deeper
understanding of the working mechanism. New conjugated polyelectrolytes and oligoelectrolytes will be
synthesized and their functions as interlayers in BHJ solar cells will be investigated. Sensitive probes and
experimental methods that enable detailed characterization of the interfaces, the local molecular
organization and the charge generation at the nanoscale will provide details of the structure/property
relationships across multiple length scales. The combined and synergistic multidisciplinary approach will
demonstrate the feasibility of stable, efficient solar cells that can be manufactured using printing and
coating technology as a route to low-cost solar energy conversion.

Relationships between the Adhesion, Friction and Nano/micro-structure of Materials, Surfaces and Films

Institution: CALIFORNIA, UNIVERSITY OF SANTA BARBARA
Point of Contact: Israelachvili, Jacob
Email: jacob@engineering.ucsb.edu

Principal Investigator: Israelachvili, Jacob

Sr. Investigator(s):

Students: 4 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $282,000

The aims of this recently renewed proposal is to apply recently developed experimental techniques, and
develop new ones, to make simultaneous static and dynamic measurements of adhesion, friction,
structure, and wear of both model and “engineering” surfaces and materials (i.e., surfaces and materials
of both fundamental and practical interest), conducted under conditions of “engineering interest.” The
project involves modifications or new attachments to the Surface Forces Apparatus (SFA) allowing for
simultaneous measurements of forces and other material properties such as the nano- and micro-
structures of the surfaces and thin films, and how these change with time during an interaction.

In 2011 we developed and started to use new experimental techniques to create patterned surfaces and
investigated the adhesion and (anisotropic and “3D”) friction of randomly rough, patterned and

[-176 | MSE Summaries



nanoparticle-coated surfaces, and correlated wear damage with tribological characteristics such as the
friction coefficient. We also characterized “shudder” (resonance friction) and wear in model machine
and automotive systems under extreme conditions. New results have also been obtained on the
electrochemical forces between rough surfaces and fundamental studies on the phenomenon of
corrosion (electrochemical) dissolution and damage.

Our experimental work is proceeding in collaborations with other top experimentalists and
theoreticians/modelers worldwide.

Nanoscopic Control of Liquid Crystal Orientation via Atomic Force Microscope Writing of Substrates

Institution: CASE WESTERN RESERVE UNIVERSITY
Point of Contact: Rosenblatt, Charles
Email: rosenblatt@case.edu

Principal Investigator: Rosenblatt, Charles

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 2 Undergraduate(s)
Funding: $128,000

Our work has three broad goals: (1) modification of surfaces on short length scales to alter the local
symmetry and to create novel scientific phenomena involving liquid crystals, (2) investigation of liquid
crystalline phenomena — both nanoscopic and macroscopic — arising from nanoscopically-controlled
surface modification, and (3) development and enhancement of new device concepts that may be
achieved by nanoscopic surface manipulation. Within these areas we examine issues such as wetting
and dewetting effects on surface-induced order, the induction of surface chirality using achiral materials
and the resulting physical phenomena that arise from the reduced symmetry, phase transitions and
phase separation near regions of high director curvature, and topological defects. Much of our work has
involved chirality transfer from chirally patterned substrates to the adjacent (and otherwise achiral)
liquid crystal. We also have studied issues involving chirality transfer from chiral nanoparticles such as
carbon nanotubes and the induction of molecular deracemization from macroscopic torsional strain. As
a body, these investigations are designed to increase significantly our understanding of how liquid
crystals behave when subjected to a reduced symmetry environment and how they may be manipulated
on very small length scales.

Measuring the Importance of Valence to Chemistry of Nanocrystal Surfaces

Institution: COLUMBIA UNIVERSITY
Point of Contact: Owen, Jonathan
Email: js02115@columbia.edu

Principal Investigator: Owen, Jonathan

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

Surface structure is central to the properties of colloidal semiconductor nanocrystals. Nonetheless, the
valence of atoms on nanocrystal surfaces and its influence on the bonding and exchange of their ligands
remains an essentially unexplored avenue of their chemistry. Current descriptions of semiconductor
nanocrystal surfaces do not adequately distinguish between dative ligand interactions (L-type binding)
and ligands that balance their charge with nonstoichiometric crystals (X-type binding). To address this
problem we propose to study the relationship between nanocrystal stoichiometry and the exchange of
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both X- and L-type surface ligands using nuclear magnetic resonance spectroscopy. We aim to
determine their thermodynamic binding constants and to study the mechanisms and kinetics of their
exchange.

Powerful methods to exchange surfactant ligands will allow us to fabricate thin films of nanocrystals
with an intact nonstoichiometric metal-ligand surface layer. We propose new methods to controllably
deposit films of nanocrystals using layer-by-layer dipcoating and electrodeposition where the X-type
organic surfactant ligands have been replaced with a halide ligand shell. With our techniques
nanocrystal thin films can be deposited with a small internanocrystal separation and therefore enhanced
electronic coupling. By maintaining the metal-halide surface layer within the film we will investigate its
role in passivating electrical trap states. Fabrication of field effect transistor devices using these
methods will allow us to relate the details of atomic surface structure with measurements of electrical
transport. Such studies are a promising step toward optoelectronic devices with high carrier mobilities
and low concentrations of charge trap states that are deposited from solution.

These studies are vital to the mission of the Department of Energy. To date, nanocrystal researchers
have heavily relied on a L-type ligand model when describing nanocrystal surfaces. This model is implicit
in numerous interpretations of experimental results, and has guided the design of ligand exchange
reactions used to deposit thin films from solution and theoretical models. As a result clarifying the
importance of X-type ligands to nanocrystal surface chemistry and its relationship to stoichiometry can
have a dramatic influence on all avenues of nanocrystal research. By investigating X-type ligand
exchange we stand to gain powerful methods to precisely tailor nanocrystal surfaces. In particular, these
methods can preserve the role of excess surface metal ions in trap state passivation, and may offer cast
improvements in nanocrystal thin film optoelectronic devices.

Development of Methods to Synthesize Nanoparticles of Ordered Intermetallic Compounds (Binary,

Ternary, and Quaternary): Application to Fuel Cell Elec
Institution: CORNELL UNIVERSITY

Point of Contact: DiSalvo, Frank

Email: fid3@cornell.edu

Principal Investigator: DiSalvo, Frank

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 1 Undergraduate(s)
Funding: $270,000

The adoption of fuel cell technologies, especially those based on polymer electrolyte membranes that
operate near room temperature, has been stymied due to the need for more durable and less expensive
materials in the heart of the fuel cell, the membrane electrode assembly. In particular, the catalysts
used in the electrodes need considerable improvement.

Only a few fuels can be directly used in polymer electrolyte fuel cells, namely hydrogen, formic acid, and
ethanol. Anode catalysts do not yet exist that will fully oxidize other fuels. Further, when hydrogen is the
fuel, the anode catalyst (usually platinum) can lose activity due to “poisoning” by impurities such as
carbon monoxide and sulfur containing molecules. At the cathode, the reduction of oxygen is kinetically
too slow. Platinum or platinum-cobalt alloys are currently the best catalysts for oxygen reduction, but
large improvements (many orders of magnitude) in the reduction rates are needed in order to increase
the efficiency of the fuel cell and lower catalyst loading.
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However, new catalysts must be prepared in nanoparticle form. New and improved catalysts are
expected to be binary, ternary or even quaternary ordered intermetallic compounds. Consequently, the
research proposed here will explore, develop and understand the synthetic procedures that are needed
to prepare such nanoparticles.

The synthetic method employed in this research is the reduction of solutions of appropriate metal
precursors, mixed at the desired composition, by a suitable reducing agent. The resulting nanoparticle
products of such reductions are very dependent on all the components involved (precursors, reducing
agent, solvent, ligands, anions) as well as the temperature of reaction or subsequent heating after
reduction. Methods of attaching the nanoparticles to a variety of conducting supports will be explored
as well, since conducting supports are needed in fuel cell applications. A variety of tools will be used to
characterize the structure, composition, surface properties and electrochemical activity of these
nanoparticles. The goal is to understand the mechanistic details of reaction well enough to be able to
design syntheses that will work for a broad range of potential compositions of catalysts that will be
discovered by collaborators at Cornell, who are experts in combinatorial materials chemistry.

Potential Impact: If the research is successful, it will likely have a large impact in helping fuel cell
technology reach the marketplace by making it more robust and affordable. The methods developed can
be applied to other electrochemical technologies, such as supercapacitors and batteries, to gas phase
catalyst systems, and to the preparation of a wide variety of nano-particle materials.

Low Temperature Synthesis of Carbide-derived-carbons from Binary and Ternary Carbides in the Si-Ti-C
System: Experiments and Modeling

Institution: DREXEL UNIVERSITY
Point of Contact: Gogotsi, Yury
Email: gogotsi@drexel.edu

Principal Investigator:
Sr. Investigator(s): Mochalin, Vadym, DREXEL UNIVERSITY
Presser, Volker, DREXEL UNIVERSITY
Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

Carbide-derived-carbon (CDC) is an evolving class of tunable nano-structured functional materials that
show promise in many fields of application, such as energy and gas storage. Results from the previously
funded period gave new insights into SiC-CDC and control of the carbon nanostructures as a function of
sample pre-treatment and carbon formation conditions, such as gas pressure and temperature.

Recently, we investigated low-temperature CDC formation on nanosized TiC powder via chlorination.
Here, we observed CDC formation at temperatures as low as 180°C. The resulting CDC nanostructures
were highly disordered with a large fraction of pores smaller than 0.4 nm. Furthermore, low-
temperature CDC materials are characterized by an extremely high reactivity shifting the onset of
oxidation from > 400°C to approximately 200°C.

In this proposal, we outline our plans to expand our study from SiC alone to binary and ternary carbides
of the Ti-Si-C system (i.e., TiC, SiC and TisSiC,). Our research will address CDC formation and structural
evolution at temperatures below 400°C.

We chose the Ti-Si-C system for several reasons. First, carbides from this system were shown to yield
reproducible, tunable CDC materials at higher temperatures. Considering the conformation
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transformation of the carbide into carbon, carbides with heavier metal ions yield extremely porous
carbon, which is likely to cause delamination of CDC thin films. Also, the chosen carbides are widespread
in their application and different high-quality carbide material (nanopowder, micropowder, whisker,
single-crystals, thin films etc.) can be purchased from various suppliers. More importantly, the different
bonding strength between the metal ions and carbon in these carbides allows us to investigate possible
limitations of low-temperature CDC formation and strategies to overcome them. In case CDC formation
is limited by the presence of a native oxide scale (silica on SiC), removal of that oxide will enable carbon
formation. Parametric studies on sample pre-treatment will elucidate this aspect.

An important method for kinetic studies on CDC formation via low-T chlorination will be in-situ Raman
spectroscopy. It will be the first time that this method will be applied as a tool to monitor structural CDC
formation. With the high sensitivity of Raman spectroscopy for the structural characterization of carbon
materials, this method was an important tool in the previously funded research and will continuously be
accompanied with other analytical tools to characterize the structural (electron microscopy, IR-
spectroscopy, XPS), mechanical (nanoindentation), and electrochemical (potentiostatic and
galvanostatic studies) behavior along with the pore size distribution and bulk pore volume (gas
adsorption measurements).

This project will address low-temperature chlorination as a new way to inexpensively produce highly
reactive CDC material with high potential in the fields of gas and energy storage on a mass-production
level once the basic principles and limitation of CDC formation are understood. Until now, the lack of
systematic basic science studies greatly limits CDC applications.

Luminescence in Conjugated Molecular Materials Under Sub-Bandgap Excitations

Institution: FLORIDA, UNIVERSITY OF
Point of Contact: So, Franky
Email: fso@mse.ufl.edu

Principal Investigator: So, Franky

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $160,000

Light emission in semiconductors occurs when they are under optical and electrical excitation with
energy larger than the bandgap energy. In some low-dimensional semiconductor heterostructure
systems, this thermodynamic limit can be violated due to radiative Auger recombination (AR), a process
in which the sub-bandgap energy released from a recombined electron-hole pair is transferred to a third
particle leading to radiative band-to-band recombination. We have demonstrated that efficient
electroluminescence in poly[2-methoxy-5-(2’-ethylhexyloxy)-1, phenylenevinylene] (MEH-PPV) polymer
light-emitting devices (PLEDs) at drive voltages below its bandgap voltage could be observed when a
Zn0 nanoparticles (NPs) electron injection layer was inserted between the polymer and the aluminum
electrode. Based on these data, we propose that the sub-bandgap turn-on in the MEH-PPV device is due
to an Auger-assisted energy up-conversion process.

Based on our data, we study the sub-bandgap turn-on in MEH-PPV devices due to Auger-assisted energy
up-conversion process. Specifically, we would like to determine whether the up-conversion process is
due to charge accumulation at the polymer/NPs interface. This model requires that holes should be the
dominant carriers in the polymer and the polymer/ZnO NCs heterojunction should be a type II
alignment. In order to determine the mechanism of the up-conversion process, we will characterize
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devices fabricated using polymers with different carrier transporting properties to determine whether
hole accumulation at the polymer/nanocrystals is required. Likewise, we will also use nanoparticles with
different electronic structures to fabricate devices to determine how electron accumulation affects the
up-conversion process. Finally, we will measure quantitatively the interface charge accumulation by
electroabsorption and correlate the results with the up-conversion photoluminescence efficiency
measurements under an applied electric field.

Guided Assembly of Anisotropic Micro-Structures Into Mesoscale Hierarchies

Institution: GEORGIA TECH RESEARCH CORP
Point of Contact: Tsukruk, Vladamir
Email: vladimir@mse.gatech.edu

Principal Investigator: Tsukruk, Vladimir

Sr. Investigator(s): E-Sayed, Mostafa, GEORGIA TECH RESEARCH CORP
Students: 3 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $250,000

Several different tasks have been elaborated during the last year.
MANUFACTURING ANISOTROPIC ECO-CAPSULES AND ITS ASSEMBLY

Preparation of cubic microcapsules with well-defined shape by LbL technique includes sodium chloride
cubic cores that were coated by multiple depositions of alternate layers of poly(methacrylic acid)
(PMMA) and poly(N-vinylpyrrolidone) (PVPON). A nonhazardous core release by water has been used.
The overall thickness of these LbL shells with four bilayers is within 20 nm which is twice higher than for
the LbL shells produced from the aqueous solutions.

Assembling of the cubic capsules dispersed in water, polar and non-polar solvents in contrast to the
spherical capsules. The cubic capsules form the highly compacted 3D cubic arrays due to the face to face
interactions and steric confinements in sharp contrast to the assembly built by the spherical capsules for
which the hexagonal packing is generally favored. The assembled spherical microcapsules create a large
number of openings while the cubic microcapsules build close, compact aggregates. Thus the porosity of
the cubic assembly is mainly caused by the nano-porous shells which can be tuned by solvent
composition.

FLUORESCENCE ENHANCEMENT OF POLY(P-PHENYLENEETHYNYLENE) FLUORESCENT POLYMER ON
SILVER NANOCUBES COATED WITH DIFFERENT HYDROGEN-BONDED LAYER-BY-LAYER ASSEMBLED
SHELLS

Nanocomposites consisting of a cubic silver (AgNC) nano-core, a hydrogen-bonded polyelectrolytes-
spacer shell with controlled thickness and a poly(p-phenyleneethynylene) (PPE) was fabricated by
utilizing LbL assembly of poly(vinyl pyrrolidone) and PMAA. Langmuir-Blodgett (LB) was used to
assemble the cubic core-shell nanoparticles on the surface of a quartz glass for the investigation of the
fluorescence enhancement of the PPE polymer by AgNC.

The surface plasmon resonance spectrum of the core-shell cubic nanoparticles in dry state and in the
swollen state show two characteristic peaks at 470 nm and 670 nm that are attributed to silver cubes
and their aggregates, respectively. The fluorescent intensity of PPE coated core-shell nanoparticles
increases as the thickness of the separating shell increases. The optimum separation distance at which
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fluorescent intensity increased by 60 times in the swollen state and 30 times in the dry states was found
to be 15 nm.

DEPENDENCE OF THE PHOTOPHYSICAL PROPERTIES OF POLY(PARAPHENYLENEETHYNYLENE) POLYMER
ON CHAINS LENGTH: PURE POLYMER VERSUS HYBRID WITH SILVER NANOCUBE MONOLAYER

The photophysical properties of three poly(paraphenyleneethynylene) fluorescent polymers, varying in
chain length, were studied as a function of (1) pure polymer surface compression after deposition from
a LB trough onto a substrate and (2) deposition of a constant amount of polymer onto the surface of
silver nanocube arrays of varying particle densities. The results are discussed in terms of the surface
pressure and nanoparticle topography effects on conformation of the fluorescent polymer. A combined
effect of conformational changes shifts the emission to higher energy (blue-shift) and plasmonic effects
that result in enhancement of primary emission of the polymer (emission from the 0-0 and 1-0
transitions), thus narrowing the emission. There were a total of four papers published in 2011.

The Organic Chemistry of Conducting Polymers: From Molecular Wires to Photovoltaics

Institution: GEORGIA TECH RESEARCH CORP
Point of Contact: Tolbert, Laren
Email: laren.tolbert@chemistry.gatech.edu

Principal Investigator: Tolbert, Laren

Sr. Investigator(s): Kowalik, Janusz, GEORGIA TECH RESEARCH CORP

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $205,000

We are examining the fundamental principles of conduction in one-dimensional systems, i.e., molecular
“wires.” Interchain hopping and grain-boundary resistivity are limiting conductivity factors in highly
conductive materials. A partial breakthrough to this limitation may be represented by the extraordinary
progress in the use of graphene as an electronic material, although grain-boundary problems also exist
for graphene. However, this two-dimensional material can be shaped, molded, and cut into appropriate
feature sizes which both limit and control charge transport in such systems. We are examining the basic
principles underlying charge transport (the “rules of the game”) in two-dimensional systems by using
model systems which allow direct observation of such processes. We are studying the principles
underlying charge transport in two- and quasi two-dimensional systems by using graphene
“nanoribbons.” In addition we are completing studies on bulk-heterojunction (Gréatzel) solar cells using
organic blocking layers.

Controlling Magnetic and Ferroelectric Order Through Geometry: Synthesis, Ab Initio Theory, and
Characterization of New Multi-Ferroic Fluoride Material

Institution: HOUSTON, UNIVERSITY OF

Point of Contact: Halasyamani, Shiv

Email: psh@uh.edu

Principal Investigator: Halasyamani, P. Shiv

Sr. Investigator(s): Fennie, Craig, CORNELL UNIVERSITY

Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $339,000

Transition-metal fluoride materials have been studied extensively attributable to their important
magnetic, electric, multi-ferroic, and optical functionalities. Specifically, iron fluoride compounds have
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been investigated owing to their fascinating structural topologies and unusual physical properties. For
example, ferric fluoride (FeFs) is found in rhombohedral, hexagonal tungsten bronze, pyrochlore, and
amorphous forms and has been shown to exhibit magnetic frustration. Interestingly, some mixed valent
iron compounds also exhibit unusual magnetic properties as well as ferroelectricity. For example,
KsFesFis, which contains three Fe?* ions and three Fe** ions, shows multi-ferroic behavior. Mixed valent
and ordered Fe**/Fe* fluoride compounds are relatively rare, attributable to their synthetic preparation
as well as the control of the oxidation states. We have developed a low temperature hydrothermal
method using CF;COOH, instead of HF,q, that has enabled us to synthesize a variety of new mixed
valent and ordered Fe®'/Fe® fluoride compounds. We initially used this technique to synthesize the
BaMF, family (M = Mg, Mn, Co, Ni, and Zn) (J. Am. Chem. Soc. 2010, 132, 17684). Surprisingly these
materials had not been synthesized in the bulk, but only as crystals through the use of either HF ) or
CFag)-

With respect to mixed valent fluoride materials, we have synthesized RbFe,Fs and K;FesFi,. Both
compounds may be written more descriptively as RbFe**Fe*'Fs and K,Fe®*Fe*,F1,, and both have Fe**
and Fe** ordered throughout the crystal structure. The former exhibits a pyrochlore-related crystal
structure with Kagome-type nets in two planes. Variable temperature neutron diffraction
measurements indicated that is RbFe?*Fe**F¢ anti-ferromagnetic (a Curie-Weiss temperature of -270K) as
well as significant magnetic frustration, 6/Ty = 17. Variable temperature neutron diffraction
measurements did not reveal any structural transitions down to 4K. The magnetic structure was
determined from the powder neutron data. Theoretical calculations were performed (GGA and GGA+U)
and are consistent with an anti-ferromagnetic ground state. The paper on RbFe*Fe*'Fg is currently
under in press at Chemical Sciences. With K,Fe®*Fe® ,F,, neutron diffraction measurements are currently
underway, but magnetic measurements indicate the material is also anti-ferromagnetic.

Enhanced Mixed Electronic-lonic Conductors Through Cation Ordering

Institution: HOUSTON, UNIVERSITY OF
Point of Contact: Jacobson, Allan
Email: ajjacob@uh.edu

Principal Investigator: Jacobson, Allan

Sr. Investigator(s): Morgan, Dane, WISCONSIN-MADISON, UNIVERSITY OF
Grey, Clare, STONY BROOK UNIVERSITY

Students: 2 Postdoctoral Fellow(s), 5 Graduate(s), 0 Undergraduate(s)

Funding: $400,000

The work concerns multiple areas of Solid Oxide Fuel Cell (SOFC) cathodes related to their fundamental
properties and catalytic ability.

(1) Thermodynamics of oxygen non-stoichiometry of the ordered perovksites REBaCo,0s,, (Jacobson).
The ordered perovksites have some of the best oxygen transport and surface exchange rates measured
for mixed ionic and electronic conductors. We are experimentally determining the properties of selected
compositions as a function of temperature and pO,. An understanding of the oxygen non - stoichiometry
is of underlying general importance. We have used sealed electro chemical cells to determine the
oxygen non-stoichiometry of PrBaCo,0s,, as a function of T and pO,. Surprisingly the results indicate a
first order phase transformation at the composition PrBaCo,0s,s. A defect model is being developed
with Morgan to analyze the data. Measurements on NdBaCo,0s.,are in progress.
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(2) Neutron Diffraction studies of the structures and non-stoichiometry of REBaCo,0s,, (Jacobson). In
collaboration with Mclntosh at Lehigh we have recently completed a series of high temperature neutron
measurements at SNS on PrBaCo,0s,, and NdBaCo,0s,,. The results complement the stoichiometry
measurements and give structural details.

(3) La-Sr ordering in thin-film LagsSrosCo0s, (LSC) (Morgan). In close collaboration with co-Pl Jacobson
we have used ab initio methods to determine how strain might alter anion defect formation and cation
ordering and diffusion in strained thin-films of LSC. We demonstrated that strain could significantly
enhance the anion vacancy content as well as increase cation mobility. Together these effects were used
to explain the ordering of La and Sr in LSC thin-films observed by Jacobson and collaborators. This
ordering had never before been observed and opens a new path to manipulating LSC performance
through cation ordering.

(4) Descriptors for SOFC cathode activity (Morgan). We have used ab initio methods to find descriptors
that can predict SOFC cathode performance. We show that area specific resistance (ASR) and oxygen
exchange rates (k*) are correlated with ab initio calculated oxygen p-band centers and oxygen vacancy
energies in mixed electronic-ionic conducting perovskites. This result represents the first time it has
been shown that ab initio methods can directly predict SOFC cathode performance and the first
identification of a fundamental materials property descriptor for SOFC cathodes. These results open the
door to practical ab initio based design of SOFC cathodes.

(5) Local structure and oxygen transport mechanism in La,NiOs+d (Grey). For this project the local
structure and oxygen transport mechanism of Ruddlesden-Popper type La,NiO,+d, a candidate as an
intermediate temperature SOFC cathode material, is being investigated by using 'O and *’La NMR
techniques at various temperatures. The study will be supported by first principles calculations using the
CASTEP code. NMR methods will be used to investigate local structure and dynamics of the oxygen ions.
Preliminary NMR results for the orthorhombic phase at ambient temperature show a sharp resonance at
532 ppm, which is assigned to the interstitial oxygen sites. The other oxygen sites are nearby
paramagnetic Ni ions and their resonances are shifted out of the normal chemical shift range for *'O;
two different magnetic fields were required to resolve these oxygen environments.

Cathode Catalysis in Hydrogen/Oxygen Fuel Cells

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Gewirth, Andrew
Email: agewirth@illinois.edu

Principal Investigator: Gewirth, Andrew
Sr. Investigator(s): Kenis, Paul, ILLINOIS, UNIVERSITY OF
Nuzzo, Ralph, ILLINOIS, UNIVERSITY OF
Rauchfuss, Thomas, ILLINOIS, UNIVERSITY OF
Students: 0 Postdoctoral Fellow(s), 4 Graduate(s), 3 Undergraduate(s)
Funding: $350,000

In this project, we are engaged in a comprehensive plan of research directed at developing new catalysts
and new understandings relevant to the operation of low temperature hydrogen-oxygen fuel cells. The
focal point of this work is one centered on the Oxygen Reduction Reaction (ORR), which is the
electrochemical process that most fundamentally limits the technological utility of these
environmentally benign energy conversion devices. It is therefore to the single greatest challenge
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limiting wide-spread implementation of hydrogen-oxygen fuel cells, that provide robust low cost
cathodes that efficiently reduce dioxygen to water, that we address the work performed in this project.

Utilizing support from this project, we developed a new class of ORR catalyst, based on Cu dimers and
multimers. These new materials exhibit ORR onsets at potentials higher than any other Cu-based
material in neutral and basic environments and are inspired by the three-Cu active site in laccase which
has the highest ORR onset potential of any material known. By directly coupling laccase to a Au
electrode we showed that this three-Cu active site in laccase is especially competent for the ORR. We
also used microfluidic methods to evaluate these catalysts in both the acidic and basic electrochemical
environments. We have developed new XAS and microscopy based techniques with which to study the
ORR, which provide insight into the ORR active site with unprecedented resolution. These techniques
have helped us to develop insights into ORR reaction mechanisms on important electrocatalytic
materials. In turn, these insights are providing directions to synthesize new ORR catalytic materials.

Programming Function via Soft Materials

Institution: ILLINOIS, UNIVERSITY OF
Point of Contact: Lewis, Jennifer
Email: jalewis@illinois.edu

Principal Investigator: Lewis, Jennifer
Sr. Investigator(s): Granick, Steve, ILLINOIS, UNIVERSITY OF
Johnson, Harley, ILLINOIS, UNIVERSITY OF
Li, Xiuling, ILLINOIS, UNIVERSITY OF
Moore, Jeffrey, ILLINOIS, UNIVERSITY OF
Nuzzo, Ralph, ILLINOIS, UNIVERSITY OF
Rogers, John, ILLINOIS, UNIVERSITY OF
Schweizer, Kenneth, ILLINOIS, UNIVERSITY OF
Zukoski, Charles, ILLINOIS, UNIVERSITY OF
Students: 6 Postdoctoral Fellow(s), 23 Graduate(s), 2 Undergraduate(s)
Funding: $1,607,000

The overarching goal of our cluster is to establish the fundamental knowledge required to transform
diverse classes of information- and function-encoded building blocks into multiscale functional
assemblies that guide photon-electron conversion processes for light capture and utilization.

Our approach to Programming Function via Soft Materials integrates three core research areas:

(1) Dynamic supracolloidal assemblies — created by controlling the equilibrium and nonequilibrium
phase behavior, spatial organization, and connectivity of colloidal particles, clusters, and mixtures
thereof through self, driven and chemically amplified assembly and disassembly pathways.

(2) Deterministic assembly of fluid and solid inks — to precisely pattern micro/nanostructured materials
in the form of conductive pathways via omnidirectional printing and as solid "inks" composed of IlI-V
heterojunctions via transfer printing.

(3) Functional architectures for light capture and utilization — in flexible "skin-like" motifs. Light
collection and light emitting systems based on large microcell arrays represent new technologies that
are uniquely enabled by our scalable approaches and fundamental understanding of function-encoded
building block synthesis and assembly.
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Charging and Polarization of Organic Semiconductors in Energy-Efficient Circuits and Energy Capture
Models: Synthesis, Electronics, and Spectroscopy

Institution: JOHNS HOPKINS UNIVERSITY
Point of Contact: Katz, Howard
Email: hekatz@jhu.edu

Principal Investigator: Katz, Howard

Sr. Investigator(s): Andreou, Andreas, JOHNS HOPKINS UNIVERSITY

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $275,000

We are the first to demonstrate switching voltage tuning and improved gain by applying static charge to
an organic transistor dielectric prior to depositing semiconductor and contacts. A high electric field is
created via corona voltage, on the order of +/-10kV, and the grid voltage defines the total charge level in
the dielectric. A charging time of about 10 minutes is enough to acquire uniform charge density over the
dielectric material used. Atactic polystyrene was locally charged through patterned Cytop/photoresist,
layer, leaving patterns of <charges in the film. For n-channel transistors, N,N’-
bis(2(pentafluorophenyl)ethyl)- 1,4,5,8-naphthalene tetracarboxylic acid diimide (5FPE-NTCDI) is
sublimed. The same deposition technique is used for the p-channel transistors over the negatively
charged regions, where 50nm of pentacene is deposited. For 5FPE-NTCDI OFETs, a change of -35V is
observed in the threshold voltage on a +50V charged sample. There was no change in mobility, on/off
ratio, or the subthreshold swing of the transistor, implying that no additional traps were created at the
semiconductor/dielectric interface because of the stored charge. A similar effect on threshold voltage
was observed in a pentacene transistor which was charged with -25V and showed a shift in threshold
voltage of 10V. We also developed the first silicon-on-insulator (SOI) integration technique for organic
field effect transistor (OFET) based circuits. We fabricated p- and n-type transistors, and proof of
concept OFET-based complementary circuits, such as inverters and NAND-gates. Static charging
determines the exact position of the inverter switching voltage.

We are beginning a multipronged effort to visualize the charge distributions and identify charged
species in semiconductor-dielectric bilayers with embedded static charge and/or interfacial voltage.

Using Surface Kelvin Probe Microscopy (SKPM), we build on our pioneering result from the previous
project period in which we imaged the voltage drop at an organic lateral pn junction. We can now
visualize a voltage drop at an organic semiconductor-dielectric interface in a lateral geometry. We mimic
as much of the organic transistor layout as possible in an accessible, sideways orientation. We use a
sample with adjacent pentacene and polystyrene (PS) films. Before charging, the surface potential on
the pentacene side can be raised above the PS side, while after the +200V charging, the surface
potential on the PS side remains greater than the pentacene throughout, enabling the visualization of
the potential differences that led to the threshold voltage shifts discussed above. Conversely, negative
charging results in lowering the PS surface potential and the pentacene surface potential remains below
the PS surface potential throughout. Also, lower absolute values of charging voltages result in lower
surface potential differences between the PS and pentacene.

We are now extending our characterization techniques to include thermally stimulated discharge
current, surface sum frequency generation, and Raman spectroscopy. Finally, we are performing finite
element modeling of the charge distribution in the molecular semiconductor solids in response to
applied and local fields.
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Biaxiality in Thermotropic Bent-Core and Tetrapodic Nematic Liquid Crystals

Institution: KENT STATE UNIVERSITY
Point of Contact: Kumar, Satyendra
Email: skumar@kent.edu

Principal Investigator: Kumar, Satyendra
Sr. Investigator(s): Li, Quan, KENT STATE UNIVERSITY

Sprunt, Samuel, KENT STATE UNIVERSITY

Srinivasarao, Mohan, GEORGIA TECH RESEARCH CORP
Students: 3 Postdoctoral Fellow(s), 5 Graduate(s), 0 Undergraduate(s)
Funding: $350,000

The focus of this project is the phenomena of biaxiality in the nematic and smectic liquid crystals (LCs).
Liquid crystals are fluids, composed of anisotropic molecules, which possess some degree of
orientational and/or positional order. Plank-like or bent-core molecules give rise to the possibility of
forming optically biaxial nematic and smectic LC phases. The thermotropic biaxial nematic phase
predicted more than 40 years ago remained elusive until its discovery in 2003 in bent-core mesogens by
Kumar, et al. Five interdisciplinary researchers are investigating biaxiality in LCs using fluorescence
confocal polarizing microscopy (FCPM), micro-Raman spectroscopy (MRS), synchrotron x-ray scattering,
and dynamic light scattering. The objective of project includes the following:

SYNTHESIS OF NEW LC MATERIALS AND PHASE BEHAVIOR

The structure and the nature of LC phases and their dependence on molecular architecture are being
studied exclusively in bent-core mesogens. One of the research groups is synthesizing unique bent-core
molecules having 5- and 6-rings with different terminal and linkage groups, with different apex angles,
and with a chiral center. New synthesis pathways to compounds with low temperature biaxial nematic
phase and the previously predicted ferroelectric nematic phase are being devised.

PHASE DIAGRAMS AND CRITICAL BEHAVIOR

The topology of the phase diagrams is determined to test the predictions of current
theories/simulations (e.g., existence of Landau point or a linear phase boundary between the isotropic
and biaxial nematic phases). Quantitative studies of critical behavior at the transitions between the
isotropic, two uniaxial nematic, biaxial nematic, and smectic phases in these (single component and
mixtures) materials are planned in specific compounds. Experimental investigations of the various phase
transitions will yield critical exponents associated with positional order correlations and uniaxial and
biaxial nematic order parameters. These investigations will provide insights into the nature of these
transitions and symmetry of the biaxial nematic and smectic phases, and will test the theoretical
predictions.

BIAXIAL ORDER AND DEFECT TEXTURES

The biaxial order parameter, elastic constants, their temperature dependence, and the effect of
biaxiality on elasticity and viscosities of LC phases will be determined using MRS and FCPM techniques.
High-speed video imaging will be used to study static and dynamic topological defects in 3-D and the
escape of one of the directors in the third dimension near 2- or 4-brush disclinations in the uniaxial and
biaxial nematic phases.
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The research will provide a sound understanding of the biaxial phenomena and test the validity of
assumptions/concepts that form the foundation of the theoretical models and simulations, leading to
our ability to tailor desired phase behavior and physical properties. Faster optical switching of biaxial
nematics is expected to lead to disruptive new technologies for electro-optical and photonic devices. A
number of graduate students and postdoctoral scholars will be mentored in advanced scientific
research. A natural progression of this work is likely to lead to exotic materials such as ferroelectric
nematic fluids.

Electronic and lonic Conductors from Ordered Microporous Materials

Institution: MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Point of Contact: Dinca, Mircea
Email: mdinca@mit.edu

Principal Investigator: Dinca, Mircea

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

This project aims to develop rational pathways towards the synthesis of ordered microporous materials
with tunable electron and ion transport properties. Research will focus on developing new synthetic
routes towards the isolation of electronically active, highly porous metal-organic frameworks (MOFs). By
combining the synthesis of electronically active bridging ligands with rigorous topological design
principles, a cluster-directed approach towards porous and conductive MOFs will be developed. A
complementary approach involving a novel inorganic charge-transport formalism will also be explored.
Finally, topochemical ion metathesis reactions are proposed for the synthesis of MOF-based Li* and Na*
ion conductors. The electronically active microporous materials resulting from this research will display
unique, tunable multifunctional properties with a potential impact in electrical energy storage,
electrocatalysis, and ion conductors, among others.

Crystallization-Driven Assembly of Conjugated-Polymer-Based Nanostructures

Institution: MASSACHUSETTS, UNIVERSITY OF
Point of Contact: Hayward, Ryan
Email: rhayward@mail.pse.umass.edu

Principal Investigator: Hayward, Ryan

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

The goal of this project is to use crystallization of electronically conducting (conjugated) polymers to
fabricate well-defined crystalline building blocks of nanometer-scale dimensions. These materials will
then be assembled into photovoltaic devices with optimized structures and, therefore, improved
efficiencies, in a cost-effective manner. It is well known that conjugated polymers often crystallize into
nanowires or fibrils (i.e., one-dimensionally extended crystals with micrometer-scale lengths and
nanometer-scale widths and thicknesses). We will study crystallization of a model conducting polymer,
poly(3-hexyl thiophene) as a driving force for organization of several types of materials, including
inorganic semiconductor nanoparticles, diblock copolymers, and segmented polymer nanowires. We will
then determine how these nanowires of controlled structure can organize themselves into
superstructures on larger length scales, and how organization of material on each length scale
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influences the photophysical properties of the resulting devices. On the fundamental level, our work will
provide major impacts in the fields of optoelectronic materials and self-assembled nanomaterials by
opening new routes to simultaneously control the organization and electronic properties of matter on
three different length-scales: the molecular scale, the nanoscale, and the colloidal scale. On the applied
level, our work will contribute to the critically important mission of improving efficiencies of low-cost
polymer-based photovoltaic devices.

Interfacial Behavior of Polymers: Using Interfaces to Manipulate Polymers

Institution: MASSACHUSETTS, UNIVERSITY OF
Point of Contact: Russell, Thomas
Email: russell@mail.pse.umass.edu

Principal Investigator: Russell, Thomas

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $335,000

These studies focus on the manipulation of the structure and morphology of polymers using only
interfacial interactions or the combination of interfacial interactions with an external field or
confinement. The interactions between the segments of two polymers at an interface, the preferential
interactions of the segments of polymers with a solid surface, or the difference in surface energies of
polymers represent strong fields that can be used to control the orientation of polymer morphologies in
thins films. In the case of block copolymers, these interactions lead to a directed self-assembly where
the orientation of the arrays of nanoscopic domains have been shown to produce novel nanostructured
films that have led to applications in the microelectronics and magnetic recording industries. External
fields can also be used to overcome interfacial interactions generating non-equilibrium structures that
provide pathways to addressable media where long-range lateral ordering and orientation of structures
can be achieved. Developing strategies for such directed, self-orienting, self-assembling processes is one
focus of the proposed studies. Internal fields, as for example ion complexation, will be used to impart
rigidity to an otherwise flexible polymer that will be used to promote orientation and long-range
ordering in thin polymer films. The incorporation of ions will, by default, produce a dramatic change in
the dielectric constants of the components that will be used to enhance the influence of external fields
in manipulating the morphology and in replicating patterns. In addition, the confinement of polymers
within planar geometries and cylindrical pores, where the characteristic dimensions of the confining
geometry are comparable to the characteristic length scales in the polymers, will be used to take
advantage of commensurability conditions and forced curvature to manipulate the morphology in
polymers and, in fact, generate structures that cannot be produced in the bulk at equilibrium. While
model systems will be used, the findings in the proposed studies will be applicable to a much broader
range of materials.
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Symmetry Breaking for the Synthesis of Nanostructured Porous Materials

Institution: MICHIGAN, UNIVERSITY OF
Point of Contact: Matzger, Adam
Email: matzger@umich.edu

Principal Investigator: Matzger, Adam

Sr. Investigator(s): Wong-Foy, Antek, MICHIGAN, UNIVERSITY OF

Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $237,000

The overarching theme of the project is to develop and deploy new methods for the synthesis of
coordination polymers that can be used as high performance sorbents in applications such as efficient
separations and high density fuel gas storage. The specific goals of the project can be broadly defined as
those involving reduced symmetry linker design for producing coordination polymers and coordination
polymers involving mixed linkers.

REDUCED SYMMETRY LINKER DESIGN

In the area of reduced symmetry carboxylate-based linkers, we have been able to synthesize a
significant number of new linkers bearing coordinating groups not all related by symmetry elements.
These in turn have led to the discovery of new coordination polymers when combined with earth
abundant metals. With more structures in hand we have found that in addition to non-interpenetrated
structures that are overrepresented in this class of coordination polymers, we are starting to generate
interpenetrated structures when the metal cluster and ligand geometry are appropriately matched. In
one case, we hypothesize this assembly mode has become accessible because a new metal cluster is
generated. This cluster had not been observed before in either molecular or extended structures and is
another key validation of the reduced symmetry linker approach in that, as a result of unequal edges of
the linkers, new metal clusters are generated in order to satisfy (1) the coordination requirements of the
transition metal and (2) the geometrical constraints of forming an extended, uniform structure. Building
additional understanding of these cases is a key to both exploiting the novel properties of such clusters
and to establish more firmly the geometric requirements to thwart interpenetration and generate high
surface area materials.

COORDINATION COPOLYMERIZATION

In the realm of coordination copolymerization we have continued to focus on our new findings that
materials arising from two or more linkers with identical coordinating functionalities can yield extremely
high porosity. One exciting new direction was uncovered in a highly defective coordination copolymer in
which minor ligand incorporation, although unable to alter the gross structure, lead to defects. These
defects turned out to be ideal handles for the selective introduction of metals and the function of this
material in catalysis was very recently demonstrated.
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Spectroscopic Studies of Materials for Electrochemical Energy Storage

Institution: NEW YORK, CITY UNIVERSITY OF HUNTER C.
Point of Contact: Greenbaum, Steve
Email: steve.greenbaum@hunter.cuny.edu

Principal Investigator: Greenbaum, Steve

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $180,000

In the roughly 13 months that this grant has been in effect, we have made progress along several fronts
described below.

(1) We have demonstrated the effect of magnetic field alignment of cast films of polymer electrolytes
using wide-line ’Li NMR. A paper was published in Electrochimica Acta.

(2) We successfully undertook a collaborative study (with U. Paris-Sud and U NC/Chappell Hill) of ionic
transport in novel ionic liquids. The DCTA and DCA anions consist only of carbon and nitrogen, therefore
natural abundance *C NMR was used to measure anion self-diffusion coefficients using standard pulsed
field gradient methods, but with a lot of signal averaging! This is the first reported use of such methods
in ion conducting media. A manuscript has been submitted to the Journal of the American Chemical
Society.

(3) We have obtained single crystal NMR rotation spectra for LiFePO, and LiCoPO, which allows
complete mapping of the magnetic susceptibility tensor in the vicinity of both the “Li and *'P nuclei. One
of the surprising results to come out of this work is that there is evidence for both through-bond and
though-space interactions with the transition metal ion, whereas previous studies of polycrystalline
samples reported by other groups emphasized only the through-bond couplings. A presentation was
given by the DOE-funded postdoctoral fellow, Dr. Paul Sideris at a special meeting on Phosphates at
Argonne National Lab, and a paper on this is being submitted to the Journal of the American Ceramic
Society.

(4) We have begun work on BiF; conversion cathodes (with lithium anodes), in collaboration with
Rutgers Univ. The focus is on the ultimate fate of the organic electrolyte solvents, and we have obtained
13C enriched solvents for this purpose.
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Bimetallic Electrochemical Displacement Materials Yielding High Energy, High Power, and Improved

Reversibility

Institution: NEW YORK, STATE UNIVERSITY OF BUFFALO
Point of Contact: Takeuchi, Esther

Email: et23@buffalo.edu

Principal Investigator: Takeuchi, Esther

Sr. Investigator(s): Takeuchi, Kenneth, NEW YORK, STATE UNIVERSITY OF BUFFALO
Marschilok, Amy, NEW YORK, STATE UNIVERSITY OF BUFFALO

Students: 0 Postdoctoral Fellow(s), 6 Graduate(s), 3 Undergraduate(s)

Funding: $200,000

POTENTIAL PROJECT IMPACT

This project will fundamentally advance the three key performance metrics for energy storage: energy
density, power delivery, and reversibility.

HIGH ENERGY DENSITY

Currently, most battery cathode materials transfer of 0.5 to 1.0 electrons per formula unit, such as:
LiCoO, (0.5 e, 155 mAh/g), LiNiO, (0.5 e, 200 mAh/g), LiFePO, (1.0 e, 170 mAh/g). The proposed
materials will transfer multiple electrons per formula unit, providing opportunity for improvement in
theoretical energy density.

HIGH POWER CAPABILITY

Phosphates have been successfully implemented as cathodes in lithium based batteries with the most
notable recent success being lithium iron phosphate, LiFePO,. Phosphate materials have proven
attractive due to their high thermal and chemical stability yielding improved safety and broader
temperature performance windows over previous materials. However, a challenge to successful
implementation is overcoming their typically low electronic conductivity. The novel materials studied
here will form in-situ conductive metallic networks, providing a materials design approach that will
enable the use of nanomaterials and enhance energy density. The metal ion that is reduced to the
metallic state will provide an in-situ conductive network which will enable the use of small particles by
minimizing the inter-particle contact resistance. This should further enhance the discharge and charge
rates of the composite electrodes.

REVERSIBILITY

The bimetallic family of compounds that we are proposing will provide multiple electron transfers per
formula unit to yield high energy yet maintain a host molecular superstructure. Thus, the bi-metallic
electrochemical displacement materials should facilitate the opportunity for enhanced electrochemical
reversibility since the host superstructure will provide ion transfer channels.

METHODS TO BE EMPLOYED

Bimetallic electrochemical displacement reactions will be explored, where one ion (M) in a solid state
material is reduced to the metallic state and the second metal ion (M’) undergoes electron transfer, yet
serves to maintain a host structure. We propose to investigate bimetallic oxides, oxyphosphates and
phosphorous oxides (MM’O, MM’OPO, and MM’PO,). These material families provide rich compositional
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possibilities due to the presence of two metals as well as oxygen and phosphate structures. We have
four broad objectives:

(1) Develop a new class of improved materials based on bimetallic oxides, oxyphosphates, and
phosphorous-oxides: MwM’,0,, MwM’,0P,0,, MwM’,P,0,. The investigation will progress by (a)
rationally identifying specific target compounds, (b) developing synthetic strategies to prepare the
materials, and (c) conducting detailed chemical and physical characterization of the materials.

(2) Conduct electrochemical evaluation of the prepared materials to determine energy density,
electrochemical reversibility, and power capability.

(3) Determine the reduction/oxidation mechanisms of the materials.

(4) Evaluate suitability of these materials as electrodes in energy storage devices.

Fundamental Science of High Open Circuit Voltage Excitonic Solar Cells

Institution: NORTH CAROLINA STATE UNIVERSITY
Point of Contact: Ade, Harald
Email: harald_ade@ncsu.edu

Principal Investigator: Ade, Harald

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $250,000

During fiscal year 2011, we have finished and published the initial measurements of the miscibility of
phenyl-C61-butyric acid methyl ester (PCBM) with poly(3-hexylthiophene) (P3HT)and poly(2-methoxy-5-
(30,70-dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV). We found that, while no intercalation
occurs in P3HT crystals, amorphous portions of P3HT and MDMO-PPV contain significant concentrations
of PCBM, calling into question models of bulk heterojunction solar cells based on pure phases and
discrete interfaces. Our results suggest that current models of charge separation and transport must be
refined. We have followed up these important results by measuring miscibility in a number of other
systems and have shown that miscibility is a universal aspect of organic solar cells. Our measurements
thus require a redefinition of the paradigm of bulk heterojunction solar cells used for many years; and
we are in the process of developing such a new paradigm and about the implications of the miscibility
observed by us. Due to our important contributions to this area, we have been invited and have just
submitted a perspective on this topic to the Journal of Physical Chemistry Letters, which will be
published in a special issue focusing on organic devices.

We have also achieved significant results in relating device morphology to solar cell performance in two
widely studied and important all-polymer solar cell systems, including the system that presently holds
the all-polymer solar cell efficiency record. The results have been submitted for publication in ACS Nano.

We have collected data on a number of important device systems, including 8.4% and 7% devices with
high fill factor. Our soft x-ray scattering methods are unique and we have collected excellent data, which
is presently being analyzed and indicates significant results. Surprisingly, in many systems investigated,
the dominant domain size is ~¥80-100 nm, and thus much larger than the ~10 nm length scale set by the
exciton diffusion length and often assumed to be the required domain size for optimal performance. In
contrast to this, we find that many systems exhibit a hierarchy of length scale, which seems to help
them be very efficient.
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Great progress has also been made in using polarization dependent soft x-ray scattering for the
characterization of organic devices in general and organic solar cells in particular. This method is
sensitive to bond orientation anisotropy and we have shown that there is an in-plane molecular
orientation structure even in the amorphous parts of the polymeric component in bulk heterojunction
solar cells. Furthermore, this orientation is patterned by the dispersed component in the two
component active layer. The polarization dependent soft x-ray scattering method developed by us is the
only tool that can measure such orientation.

Linking lon Solvation and Lithium Battery Electrolyte Properties

Institution: NORTH CAROLINA STATE UNIVERSITY
Point of Contact: Henderson, Wesley
Email: whender@ncsu.edu

Principal Investigator: Henderson, Wesley

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $178,000

The research objective of this proposal is to provide a detailed analysis of how solvent and anion
structure govern the solvation state of Li* cations in solvent-LiX mixtures and how this, in turn, dictates
the electrolyte physicochemical and electrochemical properties which govern (in part) battery
performance. Lithium battery electrolytes remain a poorly understood and hardly studied topic relative
to the research devoted to battery electrodes. This is likely due to the fact that it is the electrodes which
determine the energy (capacity) of the battery. The electrolyte, however, plays a crucial role in the
power, low and/or high temperature performance, lifetime, safety, cost, etc. In particular, the state-of-
the-art electrolyte composition, consisting of LiPFg with ethylene carbonate (EC) and a linear carbonate
such as ethyl methyl carbonate (EMC), has undergone only minor changes over the past 18 years. This
electrolyte is poorly optimized for use with new electrode materials for advanced Li-ion batteries or for
batteries subjected to demanding applications [e.g., traction batteries in plug-in hybrid electric vehicles
(PHEVs)]. We believe that the development of a "looking glass" into the molecular interactions in bulk
electrolytes through a synergistic experimental approach involving three research thrusts will
complement the work by other researchers. This will in effect optimize multi-solvent electrolytes and
efforts to understand and control the electrode-electrolyte interface, thereby enabling the rational
design of electrolytes for a wide variety of battery chemistries and applications (low/high temperature,
high power, etc.) for electrolytes on demand.

These three research thrusts include (1) the exploration of the ionic association behavior of select LiX
salts with a wide variety of solvents, (2) the conduction of an in-depth analysis of the thermal phase
behavior of diverse solvent-LiX mixtures, and (3) the determination of electrolyte physicochemical and
electrochemical properties for comparison with the ionic association and phase behavior.

Thrust 1 involves the develop a Li* Solvation Scale for Solvents by directly examining Li*...anion
interactions in a wide variety of solvents to determine which types of solvates exist in solution, i.e.,
solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs) and aggregates (AGGs) in which the anions
remain uncoordinated (to a Li* cation) or are coordinated to one or more cations.

Thrust 2 consists of the creation of a library of binary solvent-LiX phase diagrams. This is highly
informative when combined with the ionic association information provided by Thrust 1. Numerous
solvate crystal structures have been determined to provide insight into the manner of Li*...solvent and
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Li*...anion coordination and to serve as model compounds for the Raman spectroscopic analysis used in
Thrust 1 to determine the degree of ionic association.

Thrust 3 consists of determining a variety of solvent-LiX electrolyte properties over a broad temperature
and concentration range including conductivity, LiX salt diffusion coefficients, viscosity and density. This,
in combination with the information from Thrusts 1 and 2, will result in a comprehensive understanding
of electrolyte/battery composition-property-performance relationships which is essential for the rapid
formulation of improved electrolyte materials for new battery chemistries. Through collaborations, this
work is being integrated with molecular simulations to greatly aid in understanding electrolyte solution
structure. This work clearly delineates which solvent and anion structural features are critical for
determining electrolyte bulk properties and how these properties are interrelated.

Theoretical Studies of Surface Reactions on Metals and Electronic Materials

Institution: NORTH CAROLINA STATE UNIVERSITY
Point of Contact: Whitten, Jerry
Email: J_Whitten@ncsu.edu

Principal Investigator: Whitten, Jerry

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $143,000

This research is a theoretical research program on the structure and reactivity of molecules adsorbed on
transition metal surfaces. A new direction of the work extends investigations to interfaces between solid
surfaces, adsorbates and aqueous solutions and includes fundamental work on photoinduced electron
transport into chemisorbed species and into solution. The goal is to discover practical ways to reduce
water to hydrogen and oxygen using radiation comparable to that available in the solar spectrum. The
work relates to two broad subject areas: (1) photocatalytic processes and (2) production of hydrogen
from water. The objective is to obtain high quality solutions of the electronic structure of adsorbate-
metal-surface-solution systems so as to allow activation barriers to be calculated and reaction
mechanisms to be determined. An ab initio embedding formalism provides a route to the required
accuracy. New theoretical methods are being developed and will be implemented in order to solve the
large systems involved in this work. Included is the formulation of a correlation operator that is used to
treat localized electron distributions such as ionic or regionally localized distributions. The correlation
operator which is expressed as a two-particle projector is used in conjunction with configuration
interaction.

Actinide Transition-Metal Chalcogenides and Pnictides

Institution: NORTHWESTERN UNIVERSITY
Point of Contact: Ibers, James A.
Email: ibers@northwestern.edu

Principal Investigator: Ibers, James

Sr. Investigator(s): Soderholm, Lynne, ARGONNE NATIONAL LABORATORY
Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $70,000

The overall objective of this grant is to increase our knowledge and understanding of Th, U, and Np
solid-state chemistry.
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More specifically, the objectives are to synthesize new transition-metal chalcogenides and pnictides of
these actinides, to characterize them structurally, to determine selected physical properties, and to
develop theoretical insights into these properties. Whenever possible, only compounds that we can
characterize by single-crystal methods have been studied. Physical properties measured have included
optical band gaps, magnetic susceptibilities, specific heats, and transport properties. In collaboration
with Prof Donald Ellis, some DFT and related calculations have been performed.

Detailed results on UFeS; and UFeSes;, UCUOP and NpCuOP, Nps3Ss and NpsSes, Tl3CusUSeg and
Tl,Ag,USe,, and three complex neptunium thiophosphate compounds have been published.

Our present work on U has led to a number of new compounds, many of which have new structure
types. These include the A,UM;Qg and A,UsM,4Q;7; compounds where A = alkali metal, M = Pd or Pt, and
Q = S or Se. Dr. Eun Sang Choi of the National High Magnetic Field Laboratory at FSU has studied the
magnetic properties of these compounds and obtained some very interesting preliminary results.

Our present work on Th compounds includes the syntheses of the new ternary compounds Rb,Th;Se;s,
Th,GeSes, and ThLn,Ss (Ln =Y, Th, Er), and the new quaternary compounds TICuThSe; and TIThSb,Ses.
Theoretical DFT calculations of electronic structures on the compounds AnQ, AnQ,, and AnOQ (An = Th,
U, Np, Pu; Q = S, Se, Te) are being made. The calculated optical band gaps will be compared to our
experimental results.

Our work on Np compounds has been stalled for more than eight months owing to numerous non-
scientific problems at Argonne National Laboratory.

Chemistry and Properties of Complex Intermetallics from Metallic Fluxes

Institution: NORTHWESTERN UNIVERSITY
Point of Contact: Kanatzidis, Mercouri
Email: m-kanatzidis@northwestern.edu

Principal Investigator: Kanatzidis, Mercouri

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

This project investigates the reaction chemistry and synthesis of intermetallic materials with complex
compositions and structures using metallic fluxes as solvents. The metallic fluxes offer several key
advantages in facilitating the formation and crystal growth of new materials (i.e., liquid aluminum,
gallium, and indium). We focus on the ability of these fluxes to produce phases which are difficult to
predict a-priori and are likely to feature novel characteristics. Specifically, we seek to:

(a) Discover mainly Si (or Ge)-based compounds with new structures, bonding, and exotic
physicochemical properties. The aim is to discover exciting new materials displaying unusual bonding
and enhanced cooperative phenomena, such as magnetic ordering, phase transitions, spin and charge
density waves, as well as other properties, such as oxidation resistance.

(b) Learn more about the reaction chemistry that is responsible for stabilizing such materials, and study
their structural interrelationships to ultimately be able to predict their existence.
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(c) Identify and characterize the complex phases present in many advanced Al-matrix alloys. Such phases
play a key role in determining (either beneficially or detrimentally) the mechanical properties of Al-
matrix alloys.

This project will enhance our basic knowledge of the solid state chemistry and physics of intermetallics,
enable us to produce new materials with unusual or enhanced bulk properties, and ultimately help
improve our understanding of component/matrix interactions that could lead to better Al-matrix alloys.

This work will be performed predominantly with graduate students, which will help ensure the
availability of future scientific talent trained in the important area of solid state and materials chemistry.
The new knowledge to be generated in this project will have scientific impact not only in materials
chemistry and condensed matter physics but also in other areas of science and technology, including
those where new coatings and materials are needed to operate in extreme environments.

Materials Science of Electrodes and Interfaces for High-Performance Organic Photovoltaics

Institution: NORTHWESTERN UNIVERSITY
Point of Contact: Marks, Tobin
Email: t-marks@northwestern.edu

Principal Investigator: Marks, Tobin

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 5 Graduate(s), 0 Undergraduate(s)
Funding: $533,334

Research and development in organic photovoltaic (OPV) cells have made impressive advances over the
last three years with laboratory cell efficiencies now reaching 9%. The upper limit of light to power
conversion efficiency for single layer OPVs as predicted by theory is ~23%. Organic cells offer a very low-
cost, readily manufacturable, and durable solar power for a wide range of in-door and out-door
applications. With further effort, the vision of OPV cells replacing the current generation of inorganic
solar cell systems may become a reality. Further gains in efficiency and durability, to that of competitive,
high-performance inorganic photovoltaics, will require effort and breakthroughs in transparent
electrode and interfacial materials science and engineering. This project pursues an integrated basic
research program by an experienced and highly collaborative interdisciplinary team of five principal
investigators with expertise in solid-state materials chemistry, organic materials, quantum theory, solar
cell fabrication and characterization, microstructure fabrication, and low temperature processing. This
team will address in unconventional ways, critical electrode-interfacial issues underlying OPV
performance —controlling band offsets between transparent electrodes and organics, addressing
current loss/leakage problems at interfaces, and new techniques in low temperature and large area cell
fabrication to minimize cost. The proposed research foci are (1) the design (based on theory) and
synthesis of advanced TCO layers with high conductivity and transparency but without (or minimizing)
the use of Indium, (2) the development of a theory-based understanding of the best configuration for
the ideal interface between oxide electrodes/interfacial layers and OPV hole-transporting organic
molecules/polymers, and (3) the exploration and development of new processing techniques and cell
architectures for the next generation of large-area flexible OPVs. The goal is to develop for the
academic, national laboratory, and industrial photovoltaic community, the fundamental scientific
understanding needed to design, fabricate, prototype, and ultimately test and commercialize high-
efficiency OPV cells incorporating these new concepts.
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Research Project on the Recruitment, Retention, and Promotion of Women in the Chemical Sciences

Institution: OREGON, UNIVERSITY OF
Point of Contact: Richmond, Geraldine
Email: richmond@oregon.uoregon.edu

Principal Investigator: Richmond, Geraldine

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $160,000

Energy is the lifeblood of the U.S. economy. It could also become the “Achilles’ heel” of the nation’s
economy if it continues on the path of relying on imported oil and environmentally damaging energy
resources to fuel its economy. Consequently, the development of new energy resources and
technologies that are efficient, environmentally benign and affordable has become a key component of
DOE’s strategy for meeting the nation’s future energy needs. Innovative advances in this area require
that DOE recruit the best and brightest to participate in this exciting and challenging science and
technology endeavor, and to provide them with a workplace environment where the best ideas can
flourish and grow. Currently this nation is far from reaching its recruiting potential in science,
technology, math and engineering (STEM) fields, particularly from underrepresented groups such as
women and minorities. In the field of Chemistry where women today earn 30% of the Ph.D. degrees,
only 15% of the chemistry faculty at the top 50 most research active universities are women. In
materials science and engineering (MSE), 13% of the faculties are women while 26% of the Ph.D. and
28% of the B.S. degrees are granted to women. In physics, women occupy only 9.5% of the faculty
positions across all ranks at the major research universities. This low representation of women in
leadership positions at research universities is also a problem at the DOE National Laboratories where
only 11% of scientific directors and 3% of directors and deputy directors are women.

In recognition of the need for a more diverse workforce in its DOE funded research programs, in 2000
the Basic Energy Sciences (BES) of DOE began funding a unique new research based program called
“COACh” (Committee on the Advancement of Women Chemists) that is developing programs to increase
the number and success of women chemists and chemical engineers. Since this initial funding from BES,
COACh has grown into an internationally recognized organization that has had a positive impact on the
careers of over 400 women chemists and several thousand other women scientists and engineers in the
fields of physics, engineering, math, computer science, materials science, geology and biology. The initial
DOE funding also gave credibility to COACh efforts that lead to other agencies, the National Science
Foundation and the National Institutes of Health, to join in and help fund other COACh activities in a
partnership.

This proposal seeks continued BES funding for COACh activities that are targeted towards increasing the
recruitment, retention and advancement of all that seek careers in STEM fields, particularly those from
underrepresented groups. The proposed projects build on the successful COACh activities of the past 8
years, and continue the expansion of its programs to other STEM fields beyond the initially targeted
chemistry community. The proposed projects have the goals of (1) understanding through research the
factors that are responsible for the lower representation of women in the STEM workforce and the
barriers that are slowing their career pace relative to their male colleagues; (2) using the research to
design and implement professional training, mentoring, and networking programs for women faculty,
graduate students, and postdoctoral associates that will increase their ability to achieve their career
goals; and (3) using the results of this research to develop and deliver programs to all faculty,
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department chairs, and research center directors that create a laboratory atmosphere that is inclusive,
supports diversity, and enhances scientific innovation.

Wet Interfaces: Molecular Processes Underlying the Structure and Assembly of Thin Films and
Nanoparticles at Complex Interfaces

Institution: OREGON, UNIVERSITY OF
Point of Contact: Richmond, Geraldine
Email: richmond@oregon.uoregon.edu

Principal Investigator: Richmond, Geraldine

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 3 Graduate(s), 1 Undergraduate(s)
Funding: $261,000

As a nation we face a multitude of challenges in our quest to develop sustainable and environmentally
benign energy resources for today and for future generations. Developing more efficient ways to
recover and use our existing fossil fuels, minimizing and sequestering excess green house gases resulting
from their usage, developing new alternative energy resources and increasing the efficiency of current
sources are all at the top of the “to do list” of challenges we face. Materials chemistry has a leading role
to play in these areas as well as in addressing many other important societal issues that rely on
advanced technologies. Many exciting advances in materials chemistry have been made in the past
decade towards the development of new materials, in the area of molecular architecture and
nanoscience, as well as in the development of new “bio-inspired” materials that seek to emulate
materials that have evolved in nature. Many of these new materials are being made in more complex
and reactive environments than in the past where vacuum or clean-room conditions were traditionally
used. The assembly of thin films at liquid/solid and liquid/liquid interfaces fall into this category as well
the multitude of unique nanostructured materials that assemble in solvents and at liquid surfaces. This
increased complexity of the materials growth environment is usually accompanied by less predictability,
often because of our limited knowledge of the fundamental molecular interactions that lead to the
assembly and stability of molecules at these interfaces.

The focus of the proposed studies is on obtaining a molecular level picture of how surfactants,
nanoparticles and macromolecules adsorb and assemble from aqueous solution to molecular and
substrate surfaces. The studies will (1) examine the molecular structure and dynamics of interfacial
constituents during the assembly of surfactants and charged polymers from aqueous solution to
interfaces, (2) measure the competitive and synergistic effects of mixed surfactant and polymer systems
as they adsorb and desorb at these interfaces, and (3) provide new insights into the molecular structure
of surfactants and macromolecules adsorbing to mineral particle surfaces, and the characteristics of
these coated particles in liquids and at liquid surfaces. The fundamental studies to be pursued have
direct relevance to many important areas of interest to DOE, including oil recovery, environmental
remediation, surface wetting, flotation, nanoparticle assembly, and biomolecular assembly. The
proposed projects build on some exciting new discoveries that we have made during the current funding
period, particularly in the areas of polymer and particle adsorption at surfaces. We will employ a variety
of new and existing experimental techniques including surface vibrational sum frequency spectroscopy
(VSFS), Raman spectroscopy, infrared reflection adsorption spectroscopy (IRRAS), atomic force
microscopy (AFM), contact angle, scanning electron microscopy (SEM), surface tension and zeta
potential measurements.
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Bi-Continuous Multi-Component Nanocrystal Superlattices for Solar Energy Conversion

Institution: PENNSYLVANIA, UNIVERSITY OF
Point of Contact: Kagan, Cherie
Email: kagan@seas.upenn.edu

Principal Investigator: Kagan, Cherie
Sr. Investigator(s): Murray, Christopher, PENNSYLVANIA, UNIVERSITY OF
Engheta, Nader, PENNSYLVANIA, UNIVERSITY OF
Kikkawa, James, PENNSYLVANIA, UNIVERSITY OF
Students: 3 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $732,000

Our SISGR team is exploring the synthesis and assembly and electrical and optical properties of three-
dimensional nanocrystal (NC) superlattices, comprising combinations of NCs that self-organize into well-
defined, crystalline architectures. We are focusing on crystal structures having bi-continuous, NC sub-
lattices assembled from n and p-type semiconductor NCs that will form type-Il energy offsets to drive
charge separation onto electron and hole transporting sub-lattices and provide wide coverage of the
solar spectrum. Wet- synthetic methods were advanced to achieve high quality, monodisperse II-VI and
IV-VI NCs, tunable in NC size and shape, that form the building blocks for our studies of NC superlattice
assembly and of charge transfer and transport and emission and energy transfer. We developed a
method to assemble NCs and transfer NC membranes, composed of single or multi-component NC
superlattices, from a liquid surface and then integrate them onto surfaces and into functional electronic
devices, with uniformity over large, centimeter squared areas. Slow drying of the NC dispersion forms
membranes tunable through concentration to be as thin as a NC monolayer, whereas fast drying gives
rise to instability in the drying front and oscillatory NC deposition forming periodically striped, NC
membranes. We have also developed the thiocyanate and its analogs, selenocyanate and selenourea, as
surface capping groups for NCs. The thiocyanate allows the NCs to be stable in solvents for NC film
deposition or for exchange of NC assemblies in the solid state. We have shown that the short
interparticle spacing provided by the thiocyanate allows for strong interparticle coupling and the
realization of facile band-like transport, giving rise to high carrier mobilities and to-date, to the highest
reported photoconductivities in NC arrays.

We are applying non-linear optical Kerr gating and time-correlated single photon counting to probe
qguenching observed in these more strongly coupled NC assemblies. Combining the liquid phase
assembly of PbS nanocubes and the mild processing conditions afforded by the thiocyanate, we realized
the first quantum-dot based circuits on flexible plastic substrates. In periodically striped NC assemblies,
we spatially-resolved enhanced photoconductivity in thicker NC regions, that are interesting for large
interfacial area solar cells. Using the liquid-air interfacial assembly process, we demonstrated that three
distinct NC components assemble into ternary NC superlattices, setting the stage for studies of bi-
continuous semiconductor NC sub-lattices with isolated plasmonic NCs to enhance NC absorption. We
have shown through simulation that enhanced absorption in semiconductor NCs may be realized
through the use of plasmonic resonance as the NCs are arranged in close proximity to metal
nanoparticles in the architectures of metal core- semiconductor shell NCs and in multi-component NC
superlattices. We have demonstrated using continuous wave and time-resolved optical spectroscopies
that plasmonic resonance acts to enhance optical processes in the absorption and emission of
nanostructured materials. We are combining structural, optical, and electrical measurements to probe
charge transfer and transport and emission and energy transfer at the length scale of the NC in multi-
component NC superlattices using scanning probe and transmission electron microscopies and at
shorter time scales using ultra-fast optical spectroscopies.
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New Superconducting Materials

Institution: PRINCETON UNIVERSITY
Point of Contact: Cava, Robert
Email: rcava@princeton.edu

Principal Investigator: Robert, Cava

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $186,000

The superconducting materials program at Princeton has recently begun looking carefully at a new track
for finding new superconductors, based on chemical reasoning to choose which elements to try in
combination. Purely ionic compounds such as NaCl and Al,05 have localized electrons and are insulating,
making them a poor choice when looking for superconductors. Intermetallic superconductors are the
most common superconductors such as Nb, NbsSn, RhSn,, AuPb,, and NiZr, but they tend to have low
transition temperatures (T 9 K, 18 K, 0.6 K, 3.1 K and 1.52 K respectively). Compounds with a balance
between metallic and ionic character are more rarely superconductors but they can be more interesting
in that they can have higher transition temperatures. For example the high T. copper oxide
superconductors, such as YBa,Cus0;, have a mix of ionic and covalent bonding while they still have a
partially filled band at the Fermi level. The iron arsenide superconductors, which also have both ionic
and covalent bonding character, have high T/s as well. For example in LaOFeAs the LaO sheets have
ionic character and the FeAs sheets have more covalent character. When this compound is doped with
fluorine it becomes superconducting at 26 K. With these compounds in mind, we believe that it is
reasonable to examine other compounds with a mixture of ionic and covalent character that are still
metallic.

Sulfur, with its electronegativity of 2.5 on the Pauling scale, has a mid-level electronegativity. Combining
it with an early transition metal (e.g., Nb, electronegativity 1.6) and another transition metal would lead
to a compound with a partially ionic character, which may lead to interesting superconductors. Quite a
few binary metal rich sulfide superconductors are currently known, supporting our idea. Therefore in
our DOE-sponsored program in superconductivity we are looking for new superconductors and new
compounds in the high temperature phases of ternary metal rich sulfides. We are systematically
performing reactions with combinations of three elements and testing them for superconductivity. One
of those elements is sulfur, the second element is an early transition metal (Zr, Nb, Mo, Hf, Ta or W), and
the third element is a first or second row transition metal from the mid to late columns in the d-shell
filling series. Reactions are being performed in an arc melter and on annealing at 1400° - 1600° C in
tantalum tubes to reach the high temperatures needed.
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Basic Surface Chemistry and Physics of Carbon-Based Electronic Materials Modified by Silane Molecular

Layers

Institution: RUTGERS - STATE UNIV OF NJ
Point of Contact: Podzorov, Vitaly

Email: podzorov@ physics.rutgers.edu

Principal Investigator: Podzorov, Vitaly

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $133,000

The main focus of this project is the study of physical and chemical aspects of the new class of
phenomena that we have discovered in 2008 — the molecular self-assembly at the surface of carbon-
based electronic materials, such as organic semiconductors, carbon nanotubes and graphene. It's been
realized that growth of self-assembled monolayers (SAM) at these surfaces is possible, and it results in a
high surface conductivity due to mobile holes induced by the SAM in the semiconductor. Since a
postdoctoral fellow joined the group to work on this project in February 2011, we have had a great deal
of progress.

Mitigating Breakdown in High Energy Density Perovskite Polymer Nanocomposite Capacitors

Institution: SOUTHERN CALIFORNIA, UNIVERSITY OF
Point of Contact: Brutchey, Richard
Email: brutchey@usc.edu

Principal Investigator: Brutchey, Richard

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

Current electrical energy storage technologies do not meet the exacting demands of commercial,
residential, and transportation applications in terms of energy density. For example, the conversion
from gasoline-powered vehicles to hybrids to plug-in hybrids to all-electric vehicles requires higher
energy density pulsed power sources. Such applications require a new generation of robust dielectric
capacitors that have (1) high electrical energy density (D, where D = 0.5¢g,Ew¢°), (2) low dielectric loss,
(3) high field endurance, and (4) increased temperature stability and environmental ruggedness. The
most promising solution to this challenge is to utilize polymer nanocomposites, whereby high
permittivity inorganic nanocrystals are integrated into a robust polymer matrix. In such an approach, the
polymer provides the processibility, light weight, and high breakdown voltage (target Eyy >250 V/um),
while the inorganic filler delivers the desired dielectric characteristics (target ¢” >350). The fundamental
challenge for these composites lies in aggregation of the inorganic filler at the percolation threshold
(~15-20 vol%), which leads to a precipitous drop in breakdown voltage (the dominant term in electrical
energy density) as the continuous particle network becomes a pathway for charge carriers. To solve this
challenge, and maximize the energy density of the resulting nanocomposites, our specific deliverable
objectives are two-fold:

(1) Utilize our low-cost, high yielding, and scalable syntheses of sub-15 nm perovskite nanocrystals to
make small fillers with maximized relative permittivity through compositional control. These small fillers
will be more easily processed and dispersed in the polymer matrix than ill-defined, large fillers.
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(2) Sterically mitigate nanocrystal percolation in the polyimide matrix in order to maximize the
breakdown voltage (and energy density) of these first generation nanocomposites.

Design Principles for Nanomagnets Based on Molecules: Investigation of Effect of Spin, Orbital &
Molecular Shape Anisotropies

Institution: TEXAS A&M UNIVERSITY
Point of Contact: Dunbar, Kim
Email: dunbar@mail.chem.tamu.edu

Principal Investigator: Dunbar, Kim

Sr. Investigator(s):

Students: 2 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $240,000

Efforts to engender bi-stability in clusters incorporating late first-row transition metal ions have focused
primarily on increasing the ground-state spin value (S) to raise the thermal barrier for spin reorientation,
but success has been limited. A less well-explored avenue to increasing the blocking temperatures of
SMMs is to incorporate early 3d and 4d/5d transition metal ions that exhibit strong spin-orbit coupling
into cyanide-bridged clusters, thereby introducing anisotropy into the M;-CN-M, metal-ligand bond
through exchange interactions. The synthesis of new clusters, guided by this premise, and the
assessment of their structural, electronic, and magnetic properties constitute the foundation for our
proposed research. The continuing interest in bistable complexes arises from their potential use in high
density data storage, quantum computing, and as sensors and switches in molecular electronic devices.
Bistabilty can arise from slow paramagnetic relaxation of the magnetization as well as by thermally- or
light-induced charge transfer and/or spin crossover events. Our DOE funded project thus far has led to
the development of new clusters that exhibit remarkable properties and which have provided us insight
into the complex interplay of metal ion, ligand, and intermolecular interactions with solvent and
supramolecular interactions that affect the properties of these materials. During the course of the last
grant period, we isolated a linear trimer based on Os(lll) hexacyanide and Mn(lll) with Schiff base ligands
that exhibits exchange-biased single-molecule magnetic (SMM) behavior due to extensive
intermolecular interactions, the first such evidence for this phenomenon in cyanide based SMMs. This
result provides us with an ideal platform to probe the effect of ligand and counterion variations on the
bistability of a small magnetic unit. We have also incorporated 4d and 5d cyanometallates (Os(l11), Ru(lll)
and Mo(llll) into trigonal bipyramidal clusters of the type ([M(tmphen),]s[M’(CN)gl,, resulting in the first
ferromagnetic interaction observed between Mo(lll) and Co(ll)/Ni(ll) through cyanide and the cluster
[Fe(tmphen),]s[0s(CN)s]l,, which undergoes a thermally-induced reversible intramolecular electron
transfer and was recently highlighted in Nature Chemistry. Efforts by our group have also yielded new
structures incorporating [Mo(CN);1*, namely two new octahedral clusters
(IM(tmphen),]Js[Mo(CN)],e(solvent); M = Cr(ll), Mn(ll)) with possible SMM behavior and an
extraordinary docosanuclear cluster that holds the record for the highest ground state spin value of any
cyanide-bridged cluster known to date, a molecule featured on the cover of Angewandte Chemie. We
plan on expanding the families of our trigonal bipyramidal, octahedral, cubic, and linear trinuclear
molecules to include more 4d/5d metal ions as well as early 3d metal ions, efforts that will be guided by
theoretical models. The use of various synthetic techniques, including anaerobic methods, and the
characterization of products using a wide range of tools, including XRD, EPR, and magnetic analyses and
infrared, electronic, and Mdssbauer spectroscopies, provides a broad education for all students and
postdoctoral researchers involved in the project and prepares them well for multidisciplinary research.
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The Synthesis, Structures, and Chemical Properties of Macrocyclic Ligands Covalently Bonded into
Layered Arrays

Institution: TEXAS A&M UNIVERSITY
Point of Contact: Clearfield, Abraham
Email: clearfield@mail.chem.tamu.edu

Principal Investigator: Clearfield, Abraham

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $60,000

Our goal is to investigate separations based upon a new class of porous layered nanoparticles. These
compounds have been found to reject or have a very low affinity for monovalent ions, low affinity for
divalent ions and high selectivity for tri- and tetravalent ions. We have found that Kq values of 10° — 10°
are obtained for lanthanides at pH of 3-3.3 and much lower with more acidic solutions. Thus, group
lanthanide separations from other ions have been effected. We are now investigating separations of
lanthanides from actinides by oxidizing the actinides to higher oxidation states to obtain yl ions of
charge +1 or +2. We have been able to oxidize Pu, Np, Am in this range and will carry out separations in
the next two months at Los-Alamos, Carlsbad. Separation of Am iron Cm is a distinct possibility. Other
separations are in the planning state.

The question to be answered is why do these porous zirconium and Sn(lV) phosphonates behave in this
manner? Because they are amorphous, we have to use unconventional methods of structure
determination. We are initiating a program of obtaining structural information by utilizing EXAFS and
atomic pair distribution functions. In addition, we have prepared similar but not identical compounds of
aluminum as fine powders with a reasonable X-ray powder pattern. We are in the process of solving this
structure and examining the ion exchange behavior of this aluminum compound.

Extracting Hot or Multiple Charge Carriers from Photoexcited Semiconductor Nanocrystals

Institution: TEXAS, UNIVERSITY OF
Point of Contact: Zhu, Xiaoyang
Email: zhu@cm.utexas.edu

Principal Investigator: Zhu, Xiaoyang

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $210,000

This research program addresses a fundamental question related to the use of nanomaterials in solar
energy—namely, whether semiconductor nanocrystals (NCs) can help surpass the efficiency limits, the
so-called “Shockley-Queisser” limit, in conventional solar cells. In these cells, absorption of photons with
energies above the semiconductor bandgap generates “hot” charge carriers that quickly “cool” to the
band edges before they can be utilized to do work; this sets the solar cell efficiency at a limit of ~31%. If
instead, all of the energy of the hot carriers could be captured, solar-to-electric power conversion
efficiencies could be increased, theoretically, to as high as 66%. A potential route to capture this energy
is to utilize semiconductor nanocrystals, where quantization in electronic structure may slow down hot
carrier cooling. To realize the potential of the hot carrier solar cell from semiconductor nanocrystals,
two more conditions must be met: (1) "hot" carrier transfer from a photoexcited semiconductor NC to
an electron or hole conductor must be competitive with cooling within each nanocrystal and (2) the hot
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carrier transfer process must occur in a very narrow energy window. During the last funding period, the
Pl and coworkers have successfully demonstrated the first condition. Using time-resolved optical second
harmonic generation (SHG), the PI's team showed unequivocally that hot electron transfer from
semiconductor NCs (PbSe) to a widely-used electron acceptor (TiO,) is indeed possible and, with
appropriate chemical treatment of the nanocrystal surface, occurs on a much faster timescale than
previously expected (within 50 fs). The objectives of the research in the current funding period are two-
fold: (1) to further establish the fundamental physical mechanisms in hot electron transfer from
photoexcited NCs to the TiO, electron acceptor and (2) to explore the possibility of energy selective hot
electron transfer through control of interfacial electronic energy landscape by core-shell structures and
molecular linkers.

Improved Electrical Energy Storage With Electrochemical Double Layer Capacitance Based on Novel
Carbon Electrodes, New Electrolytes...

Institution: TEXAS, UNIVERSITY OF
Point of Contact: Ruoff, Rod
Email: r.ruoff@mail.utexas.edu

Principal Investigator: Ruoff, Rodney
Sr. Investigator(s): Bielawski, Christopher, TEXAS, UNIVERSITY OF

Hwang, Gyeong, TEXAS, UNIVERSITY OF

Rogers, Robin, ALABAMA, UNIVERSITY OF

Chabal, Yves, TEXAS, UNIVERSITY OF

Ishii, Yoshitaka, ILLINOIS, UNIVERSITY OF

Alam, Todd, SANDIA NATIONAL LABS/ALBUQUERQUE
Students: 5 Postdoctoral Fellow(s), 5 Graduate(s), 4 Undergraduate(s)
Funding: $453,000

Our team is studying the interplay between graphene-based and graphene-derived carbons as the
electrode materials in electrochemical double layer capacitors (EDLC) systems on the one hand and
electrolytes including novel electrolytes such as newly synthesized ionic liquids (ILs), on the other. We
have made important advances including a paper published in Science in 2011 (team led by Ruoff) that
describes a new type of carbon with atom-thick walls and a distribution of mesopores and micropores
that favors high gravimetric capacitance and high electrical energy storage on a gravimetric basis, with
both organic or IL electrolytes. This carbon is made by KOH-activation at 800 °C under flowing argon gas
of microwave-exfoliated graphite oxide (MEGO), and is thus referred to as ‘activated MEGO’ or ‘a-
MEGOQ’. This effort included co-authorship by scientists from the Brookhaven National Laboratory (Drs.
Eric Stach and Dong Su) who contributed high resolution transmission electron microscopy and electron
energy loss analysis (EELS) of the carbon. In addition to synthesizing and studying new carbons such as a-
MEGO as electrode candidates, our team has had strong efforts in solid state NMR, synthesis and
characterization of new ILs, in study of the interaction between ions in the electrolytes and the carbon
materials, and in fundamental theory of EDLC.

Some examples of a wide range of efforts underway by our team include investigating the effect of
interactions of azolium azolates (Rogers) type ionic liquids (ILs), namely [BMIM][4,5-dicyanoimidazolate]
and [BMIM][2-methyl-5-nitroimidazolate], with graphene and graphite for potential use in advanced
battery and ultracapacitor applications. The aromatic character of both cation and anion rings is an
important tool for enhancing the interactions of the ionic liquids with graphitic surfaces. We have also
focused on the synthesis (Bielawski) of a broad range of ionic liquids (ILs) for applications in
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electrochemical double layer capacitors (EDLCs). Exploring and varying both the structures of the cations
and anions, the former incorporated into these ILs include cyclic and acyclic ammonium, N,N-
dialkylimidazolium, and N-alkylpyridinium species; anions studied include various halides (Cl, Br, 1),
tetrafluoroborate (BF;), hexafluorophosphate (PFg), trifluoromethanesulfonate (triflate; OTf),
bis(trifluoromethanesulfonyl)imide (bistriflimide; NTf,), and methylsulfate (MeSO,). To explore the
nature of the oxygen interactions (covalent vs. non-covalent) in thermally reduced graphite oxide (TRG),
initially intercalated with ionic liquids (ILs) synthesized by our team, we (Chabal) have studied the
intercalation of an extensive number of ILs. Based on the spectroscopic findings, particular attention has
been paid to three selected ILs: (1) N-methyl-N,N,N-tris(2-hydroxyethyl) ammonium iodide; (2) N-
methyl-N,N,N-tris(2-hydroxyethyl) ammonium methyl sulfate; and (3) N,N,N-tributyl-N-octyl ammonium
methyl sulfate.

Other efforts include the use of solid state NMR (SSNMR), such as for the study of the chemistry and
molecular-level structural changes in the production of chemically modified graphenes by chemical
reduction of 13C-labeled graphene oxide with 15N-labeled hydrazine by high-resolution **C and N
SSNMR (Ishii). This allowed identification of °N species having >N chemical shift of 190 ppm, which was
likely incorporated from ’N-labeled hydrazine to the edge of the graphene sheet. During the 2011 fiscal
year Sandia (Alam) has continued to provide NMR characterization of the unique ionic liquids (IL) being
developed by the Bielawski group, and the graphene nanocomposites developed by Ruoff group. This
NMR effort has resulted in two published manuscripts in 2011. In the upcoming year our efforts are
directed towards the combining of pulse field gradient (PFG) NMR experiments to measure self-diffusion
constants as a function of temperature and the recently published **N NMR relaxation experiments to
gain further physical insights into the molecular associations in IL. These experiments are being
extended to probe the interaction of IL on surfaces, including graphene. More recently we have begun
development of solid state 14N MAS NMR experiments to look at the dynamics in solid IL, and the
impact of surface association on local dynamics.

Our theoretical effort (Hwang) focuses on investigating the structure and capacitance of electric double
layers (EDLs) at the interface between ionic liquids (ILs) and carbon-based electrodes, with particular
attention to the effects of the size and chemical functionality of IL anions and cations as well as the
topological defects, functionalization, and geometric factors of sp’>-bonded carbon electrodes. Since the
EDLs are truly molecular phenomena, atomistic simulations can be very helpful in elucidating their
microstructure and properties.

Materials and Interfacial Chemistry for Next-Generation Electrical Energy Storage

Institution: TEXAS, UNIVERSITY OF
Point of Contact: Goodenough, John
Email: jgoodenough@mail.utexas.edu

Principal Investigator: Goodenough, John

Sr. Investigator(s): Manthiram, Arumugam, TEXAS, UNIVERSITY OF

Students: 3 Postdoctoral Fellow(s), 6 Graduate(s), 0 Undergraduate(s)
Funding: $700,000

The challenges facing rechargeable batteries are limited energy density, cycle life, and rate of charge
within the limits of safety and cost constraints. The energy density has two components: voltage and
capacity. To increase the rate of charge without the danger of plating of lithium on the anode and, at the
same time, to increase the anode capacity, we are developing nanoparticle alloys buffered by carbon
and nano-oxides that give a voltage 0.5 <V < 0.8 V versus lithium. To increase the voltage of the cell to V
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> 4.0 V with these anodes, we are investigating how to stabilize at 60 °C layered-spinel cathodes
containing Ni** and Mn**, which provide voltages up to 4.8 V versus lithium; formation of a cathode SEI
layer sets in above 4.3 V. This problem involves tailoring the chemistry at the electrolyte/cathode
interface. However, the specific capacity of a cell is limited by the solid-solution range of Li in the host
cathode structure, and formation of a Li*-permeable passivating SEl layer on the anode surface
introduces an irreversible loss of cathode capacity in the initial charge. To alleviate this loss and to
enable alternative cathode strategies, we are investigating the use of a solid Li* electrolyte as separator.
This strategy requires identification of an oxide Li* electrolyte having a conductivity sLi > 10-4 S cm-1
that is stable on contact with a lithium anode. For this purpose, we are investigating oxides with the
garnet framework and with the NASICON framework. This strategy would allow a different liquid either
side of the separator, and dendrites formed on a lithium anode would be blocked by the separator from
reaching the cathode. Moreover, the Li* of the SEI layer on the anode would, with this configuration,
come from the lithium anode, not from the cathode. If the solid Li*-electrolyte separator is stable in
water, it is possible to entertain a flow-through aqueous cathode or an air cathode. For these, we are
investigating air electrodes in an acidic phosphate buffer catholyte as well as oxide catalysts for the
oxygen-reduction and oxygen-evolution reactions. Finally, we are also investigating novel, low-cost
synthesis of electrodes consisting of nanoparticles of different morphology. These activities are
complemented by advanced materials characterization methodologies carried out in collaboration with
the Oak Ridge National Laboratory.

Spectroscopy of Charge Carriers and Traps in Field-Doped Organic Semiconductors

Institution: TEXAS, UNIVERSITY OF
Point of Contact: Zhu, Xiaoyang
Email: zhu@cm.utexas.edu

Principal Investigator: Zhu, Xiaoyang

Sr. Investigator(s): Frisbie, C. Daniel, MINNESOTA, UNIVERSITY OF

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $57,000

The proposed research aims to achieve quantitative and molecular level understanding of charge
carriers and traps in field-doped organic semiconductors via in situ optical absorption spectroscopy, in
conjunction with time-resolved electrical measurements. Organic semiconductor materials are central
to a number of emerging technologies, such as organic photovoltaics (OPV), organic field effect
transistors (OFETs), and organic light emitting diodes (OLEDs). In spite of substantial commercial and
scientific momentum in the development of organic semiconductors, a clear understanding of the
fundamental mechanisms responsible for charge-carrier transport in these materials is still lacking. This
is especially true for OFETs that have undergone comparatively less development than OLEDs. OFETs are
the key switching devices for plastic electronics and are essential for logic, signal amplification, and
display control. Additionally, OFETs are excellent testbeds for probing electrical transport in organic
semiconductors as a function of continuously tunable charge density. Current knowledge on field-doped
charge carriers in OFETs comes predominantly from transport measurements. These measurements
provide direct information on charge carrier mobilities and their dependences on molecular structures,
film properties, doping levels (gate bias voltage), and temperature (thermal activation or the lack of).
However, little is known about the physical/chemical nature of the charge carriers, particularly the
molecular origin of charge carrier traps that are thought to be responsible for operational instability in
OTFTs.
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The long-term objective of the proposed research is to develop a quantitative and molecular-level
understanding of charge carriers in OFETs, from the onset of conductivity at low VG, to the metal-
insulator transition at high VG, and to the residual charge states (traps) when VG is switched to zero.
Towards this end, the Pls will employ total internal reflection Fourier transform infrared (ATR-FTIR) and
near-infrared (ATR-FTNIR) spectroscopies to directly probe the buried interfaces in operative OFETs
fabricated on top of waveguides. Here, ATR-FTIR and FTNIR spectroscopy will provide direct information
on charge carrying species from molecular vibrations that are distinctively different from those of the
neutral species, as well as from electronic transitions within the band gap due to polarons and
bipolarons. Complementary experiments from transient gate-current measurements will provide
guantitative information on the amount of charge traps and the rate of de-trapping. The feasibility of
this approach has been successfully demonstrated during the current funding period. Major
achievements include (a) establishing electrostatic and electrochemical doping in perylene
tetracarboxylic diimide (PTCDI), (b) demonstrating molecular control of electron injection barriers and
density of states in PTCDI and chemically modified PTCDI, (c) observing charge carrier traps in the form
of polarons and bipolarons in P3HT, and (d) quantifying trap density by displacement current
measurements for single crystal OFETs. These initial successes have laid the foundation for the
systematic approach proposed here. The specific aims are to (1) identify the chemical/physical nature
and quantify the concentrations of residual charge carrier traps in organic semiconductors, (2)
guantitatively correlate transport characteristics in OFETs with spectroscopic signatures of charge
carrying species determined in situ and establish fundamental mechanisms for the insulator-metal
transition at high doping levels in gate-doped P3HT, and (3) carry out comparative studies of high-
capacitance molecular dielectrics, including polymer electrolytes, ion gels, and self-assembled nano-
dielectrics.

Linking lon Solvation and Lithium Battery Electrolyte Properties

Institution: U.S. NAVAL ACADEMY
Point of Contact: Trulove, Paul
Email: trulove@usna.edu

Principal Investigator: Trulove, Paul

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $117,000

lonic association is a key feature of solvent-salt systems. It has long been known that different forms of
ionic species, i.e., solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs) and aggregates (AGGs)
form in which the anions remain uncoordinated (to a Li* cation) or are coordinated to one or more
cations, respectively. In addition to solvent and anion structures, temperature and salt concentration
also influence the types of solvate species present. Only very limited information is available in the
literature regarding the ionic association state of electrolyte mixtures and the link between this and the
electrolyte properties. Yet the electrolyte is both figuratively and literally the core of batteries, which, in
turn, are the heart of portable electronics and plug-in hybrid electric vehicles (PHEVs). Frequently, the
electrolyte is the bottleneck in achieving critical device performance criteria. Molecular-level electrolyte
interactions govern material properties, but such interactions remain a murky, poorly understood and
hardly studied topic despite the crucial role that the electrolyte plays in device power, low/high
temperature operation, lifetime, safety, cost, etc. Under this program were are undertaking a detailed
analysis of how solvent and anion structure govern the solvation state of Li* cations in solvent-lithium
salt (LiX) mixtures and how this, in turn, dictates the electrolyte physicochemical and electrochemical
properties and battery performance.
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Optical, Electrical and Magnetic Studies of Conjugated Systems

Institution: UTAH, UNIVERSITY OF
Point of Contact: Vardeny, Valy
Email: val@physics.utah.edu

Principal Investigator: Vardeny, Z. Valy

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $210,000

This project is an experimental and theoretical research effort focused on the fundamental and applied
science of pi-conjugated organic semiconductor systems including ordered and disordered polymer
films, small molecules and polymer/fullerene blends.

Our synthetic goal is focused on incorporating 13C isotope in a variety of polymers and fullerene
molecules. This isotope enhances the hyperfine interaction (HFI) of the injected carriers with carbon
nuclei, thereby enhancing the spin-lattice relaxation rate. We explore the increased HFI on various
optical and magneto-transport effects, and charge photogeneration in polymer/fullerene blends for
photovoltaic applications. We also synthesize deuterium rich and Pt-rich polymers for further tuning the
HFI and spin-orbit (SO) coupling, respectively.

Through optical, electrical and magnetic studies of pristine and blend of various pi-conjugated organic
semiconductor with fullerene molecules, we investigate a number of fundamental scientific questions
with important ramifications on potential applications of these materials. In particular, we address key
aspects associated with the following processes: (1) the photogeneration of interchain photoexcitation
species in ordered pristine polymer films, (2) the charge photogeneration in polymer/fullerene blends
that form active layers in organic solar cells, (3) photoexcitation in Pt-rich polymers with enhanced SO
coupling, (4) spin dynamics in pi-conjugated polymers that are active layers in OLEDs, and (5) the
influence of HFI, SO interaction, and spin exchange on the magnetic-field response of organic diode
devices. For these investigations, we use optical, electrical, and magnetic measurements, as well as
appropriate theoretical modeling.

The inclusion of several projects that span a variety of science and engineering disciplines is a
tremendous advantage in educating the next generation of scientists and engineers in the U.S.

Synthesis of Molecule/Polymer Based Magnetic Materials

Institution: UTAH, UNIVERSITY OF
Point of Contact: Miller, Joel
Email: jsmiller@chem.utah.edu

Principal Investigator: Miller, Joel

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 4 Graduate(s), 2 Undergraduate(s)
Funding: $237,000

The design/synthesis/characterization/exploitation of organic-based magnetic materials, and those
combining magnetism with other technologically important properties (e.g., electrical, optical, and
mechanical) is the research goal. These materials are important for future electronic/photonic devices,
especially due to the need for reduced energy consumption and environmentally friendlier processing
and disposal. The proposed work will continue our successful interdisciplinary studies of ferro-
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/ferrimagnetic ordering in organic-based materials. This embryonic area of materials chemistry has a
significant potential for technological innovation and the discovery of new phenomena. Our
multidisciplinary research builds upon these and other accomplishments and targets the several projects
to understand the structure-function relationship to ultimately enable the preparation of stable,
technologically useful, high-Tc organic/polymer-based magnets.

Design and Synthesis of Chemically and Electronically Tunable Nanoporous Organic Polymers for Use in
Hydrogen Storage Applications

Institution: VIRGINIA COMMONWEALTH UNIVERSITY
Point of Contact: El-Kaderi, Hani
Email: helkaderi@vcu.edu

Principal Investigator: El-Kaderi, Hani

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $190,000

The synthesis of nanoporous borazine-linked polymers (BLPs) featuring various 2-D and 3-D building
units has been established using thermolysis reactions of arylamine-borane or arylamine-borontrihalide
adducts in aprotic solvents. Pore surface chemical modification using H, Cl, and Br substituent on the
boron sites leads to diverse textural properties and gas (H,, CO,, CH,) storage and separation
performance. BLPs have moderate to high surface areas (in the range of 600 to 2800 m?* g-1) and can
store up to 1.93 wt% of hydrogen at 1.0 bar and 77 K; as in the case of BLP-12(H), this value exceeds the
performance of most organic polymers and is comparable to those of the best performing materials in
the field such as MOFs under similar conditions. The isosteric heat of adsorptions for H,, CO,, CH,; were
performed using the virial method. In addition to their performance in gas storage, the gas selectivity of
BLPs was investigated using initial slope calculations and the Ideal Adsorbed Solution Theory (IAST).
Interestingly, one of the BLPs that feature chloride lined channels exhibit very high (28) CO,/CH,
selectivity, making this class of polymers interesting for CO, separation from natural gas.

We also have extended our efforts to synthesize a new class of functionalized porous organic polymers
containing imidazol moieties in their pore walls and assessed their potential in gas separation and
storage. We have shown that BILP-1, which is composed of tetraphenylmethane and triphenylene units
linked together through imidazole ring formation, can store 4.3 mmol/g of CO, at 273 K and 1 bar; it also
stores about 2 wt% of hydrogen at 77 K and 1 bar. Thus far, the performance of BILPs in gas storage are
the highest by porous organic polymers reported to date under the aforementioned conditions. In
addition to their gas storage, BILPs display very high CO,/N, and CO,/CH, selectivity, reaching 113 and
17, respectively, at 273 K and 1 bar, making them highly attractive in post-combustion CO, capture and
natural gas purification applications. Worth mentioning is the chemical and thermal stability of BILPs;
they remain intact in aqueous or acidic media and possess high thermal stability (~450 °C). High pressure
gas sorption measurements are underway to evaluate the performance of both BILPs and BLPs in gas
storage under elevated pressure and ambient temperature.
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Molecular and Nanoscale Engineering of High Efficiency Polymer and Hybrid Organic/Inorganic Solar

Cells

Institution: WASHINGTON, UNIVERSITY OF
Point of Contact: Jenekhe, Samson

Email: jenekhe@cheme.washington.edu

Principal Investigator: Jenekhe, Samson
Sr. Investigator(s): Ginger, David, WASHINGTON, UNIVERSITY OF
Cao, Guozhong, WASHINGTON, UNIVERSITY OF
Students: 2 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $380,000

Despite rapid advances in device performance, the design rules for optimizing bulk heterojunction solar
cells remain elusive. Improving open circuit voltage, harvesting more of the solar spectrum, and
increasing fill factors are all obvious targets, but the pathways to achieve them are not clear. For
instance, in both organic and hybrid organic/inorganic excitonic solar cells, donor/acceptor interfaces
are used to dissociate excitons into free charges. Charge dissociation at these organic donor/acceptor
interfaces is widely believed to proceed through an intermediate “charge transfer exciton” state in
which the electron has transferred from the donor material to the acceptor, but in which the electron
and hole remain correlated. Many factors have been proposed as impacting this critical pathway,
including the free energy difference between donor and acceptor, the size of the donor and acceptor
domains, the existence of triplet states below the charge transfer state, the orientation/packing of
molecules at the interface, and even the dielectric constants of the donor and acceptor. However, the
relative importance of these various factors is not understood and materials design suffers as a result.
For example, attempts to increase cell voltage may inadvertently sacrifice quantum efficiency, and vice
versa.

We propose to address these challenges by combining our team’s expertise in the tailored design of
both organic and inorganic materials closely with its expertise in device measurement, optical
spectroscopy, and nanoscale probes. We will develop new materials to harvest more of the solar
spectrum, while at the same time uncover the factors that control relative branching ratios between
geminate recombination and free carrier generation at model donor/acceptor interfaces. These studies
seek to identify the design rules and fundamental performance limits for new organic and hybrid
organic/inorganic photovoltaic materials. Specifically, we propose to (1) develop new p-type polymers
with tailored energy level offsets and different morphologies (e.g., nanowires) to systematically explore
the effects of energetics and morphology on recombination loss in polymer/fullerene systems; (2)
develop new n-type polymers with a range of energy levels, optical bandgaps, and carrier mobilities to
enable investigation of effects of energetics and morphology on device performance and recombination
loss in polymer/polymer BHJ solar cells for comparison with fullerene acceptors; (3) design and study
new hybrid inorganic quantum dot/polymer combinations for extending the response of solution-
processable solar cell materials into the near and mid-IR; (4) manipulate the surface chemistry and
facets of ZnO nanostructures towards studies of effects of dielectric constant and morphology on charge
injection rate and surface recombination rate in organic/inorganic hybrid systems; and (5) use a suite of
experimental tools to probe and quantify the performance limits and loss mechanisms in BHJ solar cells
based on various model donor/acceptor pairs produced in this project.

Organic and hybrid organic/inorganic solar cells provide a promising route towards photovoltaic
technologies which could be cost competitive with fossil fuels and that could be manufactured on a
sufficient scale to impact our energy needs. However, fundamental progress is needed on many fronts
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before such a vision can be realized. This project will yield new organic and inorganic materials, advance
the development of new nanoscale characterization tools, and produce basic new physical insights to
underpin the rational advancement of organic and hybrid photovoltaics. Such a project is, by nature,
highly interdisciplinary and involves cross-fertilization of molecular and nanoscale science and
engineering across three departments (chemical engineering, chemistry, and materials science).

Fundamental Studies of Charge Transfer in Quantum Confined Nanostructure Heterojunctions and
Applications to Solar Energy Conversion

Institution: WISCONSIN-MADISON, UNIVERSITY OF
Point of Contact: Jin, Song
Email: jin@chem.wisc.edu

Principal Investigator: Jin, Song

Sr. Investigator(s): Wright, John, WISCONSIN-MADISON, UNIVERSITY OF
Hamers, Robert, WISCONSIN-MADISON, UNIVERSITY OF

Students: 3 Postdoctoral Fellow(s), 5 Graduate(s), 0 Undergraduate(s)

Funding: $650,000

We have developed nanomaterials of several materials and nanoscale heterostructures for
spectroscopic investigation. We have synthesized single-crystal iron pyrite (FeS,) nanowires (NWs) with
4-10 nm diameter, via a thermal sulfidation process, and structurally characterized them to be the pyrite
phase. Physical property characterization showed the NWs to be semiconducting with heavy p-type
doping. Pyrite is an earth-abundant semiconductor promising for solar energy conversion. We have
developed an improved method to synthesize hematite (a-Fe,0s) NWs via thermal oxidation that
reduces reaction time while improving NW density and uniformity. We have also developed a procedure
to dope the hematite NWs and significantly improved their conductivity. We have succeeded in
synthesizing heterostructures of PbSe QDs with a-Fe,03 NWs by combining the colloidal QD synthesis
with the NWs prepared via vapor phase growth. The key is the vacuum surface treatment we developed
that ensures the epitaxial integration of the two nanostructures. The results are QD-decorated NW
structures with the size of QDs tunable by controlling the temperature of the colloidal synthesis. These
nanostructures will be the model systems for the multidimensional spectroscopy investigation.

We have investigated several routes to chemical assembly of PbSe-TiO, heterojunctions that are stable
in nonpolar solvents using organic linkers and have used time-resolved surface photovoltage (SPV)
measurements to characterize how the nature of the ligand impacts the electron transfer efficiency and
the stability of the surface ligands. We have set up the TR-SPV measurement using a nanosecond
Nd:YAG pulsed laser, a fast amplifier, and a digital oscilloscope to enable measurement of charge
transfer and recombination times. Our recent results show that ligands with amino groups are able to
stabilize nanoparticles against photo-oxidation by removing the hole from the nanocrystal.
Measurements using time-resolved photoluminescence, TR-SPV, and optical absorption show a strong
correlation. Finally, we have been developing an ultrafast TR-SPV system using the femtosecond pulsed
laser system to measure short recombination or electron transfer lifetimes by exciting a sample with
two pulses separated by a time delay and monitoring the SPV signal at different delay times.

We have performed the first multiresonant coherent multidimensional spectra on PbSe quantum dots.
Three types of spectroscopy were demonstrated: 2-D frequency/frequency scans that identified coupled
spectral excitonic features, 2-D time delay scans that changed the time order of the interactions with
the different excitation pulses over all coherence pathways, and 2-D frequency/time delay scans that
measured the relaxation rates for different excitions. We demonstrated line-narrowing of the
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inhomogeneously broadening. We developed simulations that were able to extract the homogeneous
and inhomogeneous broadening of the different exciton and biexciton states, the Coulombic coupling of
the biexciton, and the relative transition moments for different excitonic states. We demonstrated that
these methods were able to directly probe surface states, and we showed that there was ultrafast
transfer of the excitonic state directly to the surface state. We have now implemented a femtosecond
system that will be able to tune over a much larger range and directly resolve the coherent dynamics.

DOE National Laboratories

Innovative and Complex Metal-Rich Materials

Institution: AMES LABORATORY
Point of Contact: Johnson, Duane
Email: ddj@ameslab.gov

Principal Investigator: Miller, Gordon
Sr. Investigator(s): Corbett, John, AMES LABORATORY
Thiel, Pat, AMES LABORATORY
Students: 3 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)
Funding: $920,000

This project works to (1) uncover and ultimately design new families of intermetallic phases and to
understand the factors that stabilize both new and known phases by combining experiment, viz.
exploratory synthesis, temperature-dependent structure determinations, and surface characterizations,
with electronic structure theory; (2) examine the fundamental surface characteristics of complex
intermetallics by investigating fundamental issues in surface science related to complex metal-rich solids
in bulk phases; and (3) establish structure-property relationships for complex metal-rich materials in the
bulk and at their surfaces as related to both practical as well as fundamental issues, e.g., thermoelectric,
magnetocaloric, catalytic, tribological, and structural behavior. Targeted compound classes include, but
are not limited to, Zintl-type, cluster-based, Hume-Rothery-type, polar intermetallics, quasicrystalline
and approximant phases, as well as complex metallic alloys.

Solid State NMR of Heterogeneous Polymer Systems

Institution: AMES LABORATORY
Point of Contact: Johnson, Duane
Email: ddj@ameslab.gov

Principal Investigator: Schmidt-Rohr, Klaus
Sr. Investigator(s): Hong, Mei, AMES LABORATORY
Levin, Evgenii, AMES LABORATORY
Students: 2 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $725,000

Advanced solid-state nuclear magnetic resonance (NMR) methods are developed and applied for
elucidating the nanometer-scale structure and dynamics of complex materials under the following types
of conditions: lonomers as used, for instance, in all-solid H,/O, fuel cells; Biological and biomimetic
nanocomposites; Complex tellurides for thermoelectric and other applications. For instance, a definitive
new model of the nanometer-scale structure of the Nafion ionomer, the benchmark material for fuel-
cell proton-exchange membranes, has been established based on high-resolution **C and **F NMR and
quantitative scattering analysis. "H->"P/?°Si/**C NMR methods for proving nanocomposite formation and
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measuring the thickness of inorganic nanocrystals in an organic matrix, for instance in bone and bone-
mimetic materials, have been introduced. Recently, high-resolution, magic-angle-spinning **Te NMR
was introduced as a new tool for characterizing the composition, as well as the charge-carrier
concentration and its distribution in high-performance thermoelectrics.

Directed Energy Interactions with Surfaces

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Savina, Michael

Sr. Investigator(s): Veryovkin, Igor, ARGONNE NATIONAL LABORATORY
Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $520,000

The Directed Energy Interactions with Surfaces Program focuses on fundamental studies of the
interaction of directed energy sources such as energetic ions, electrons, and photons with materials.
These interactions provide the basis for characterizing, modifying, patterning, and analyzing materials.
The fundamental understanding of energy-material interactions drives the development of world-class
instruments and methods for materials characterization, which in turn enables us to answer questions
about new or previously unobservable phenomena and develop new materials.

The long-term goal of the fundamental studies is to understand the interaction of directed energy
sources with materials, both in model systems, in which basic interactions can be studied in great detail,
and in complex systems, in which multiple interactions occur and evolve over varying length and time
scales.

The long-term goal of the instrument development program is to create instruments with unique
capabilities in high-precision ultra-trace and nanoscale elemental, molecular, and isotopic analysis. We
are developing a multidimensional approach in which most or all observables of energy-material
interactions are detected simultaneously and correlated with each other to give a complete description
of the energy-material interaction.

Fundamental Studies of Electrocatalysis for Low Temperature Fuel Cell Cathodes

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Markovic, Nenad
Sr. Investigator(s): Stamenkovic, Voya, ARGONNE NATIONAL LABORATORY
You, Hoydoo, ARGONNE NATIONAL LABORATORY
Chang, Kee-chul, ARGONNE NATIONAL LABORATORY
Students: 4 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $1,160,000

We propose an interdisciplinary, atomic/molecular level approach, integrating both experimental- and
computational- based methodologies to design, synthesize, and characterize electrochemical interfaces
for efficient transformation of chemical energy into electricity and/or to utilize the energy of electrons
for the synthesis of chemicals that can be stored and re-used. The proposal describes a science based
approach to developing new materials, and interfaces with specific focus on the electrocatalytic
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reactions involving the water cycle (H, + O, <— H,0) and the carbon cycle (C,H,0, + O, — x CO, +y/2
H,0). These two cycles are expected to constitute the core building blocks for an efficient, green and
viable energy landscape required for the design and synthesis of multi-functional electrochemical
interfaces with specifically tailored properties. A two-fold strategy is proposed. The first centers on the
design of novel energy efficient multi-functional materials with tailored properties, such as metals and
metal alloys, complex oxides, metal-metal oxides and chemically modified electrodes. The second
strategy centers on the understanding and design of multi-functional double layers, a “solution-phase”
of electrochemical interfaces established in the vicinity of catalytic materials. To develop a multi-scale
capability for tailoring electrochemical interfaces, we will rely on the research facilities at Argonne
National Laboratory and a set of unique, state-of-the-art, ex-situ and in-situ surface-sensitive probes.
The synergy obtained from the combination of experimental and computational methods, together with
the application of knowledge, concepts, and tools developed in this program, will lead to a new
generation of multi-functional interfaces for efficient energy conversion and fuel production.

Nanostructured Thin Films

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Curtiss, Larry
Sr. Investigator(s): Zapol, Peter, ARGONNE NATIONAL LABORATORY
Vajda, Stefan, ARGONNE NATIONAL LABORATORY
Markovic, Nenad, ARGONNE NATIONAL LABORATORY
Gruen, Dieter, ARGONNE NATIONAL LABORATORY
Students: 3 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $825,000

The world-leading capabilities at Argonne for nanodiamond and cluster synthesis, in situ
characterization, and state-of-the-art computational materials design will be utilized in an integrated
program for development of functionalized nanocarbon-based materials with controlled electrochemical
reactivity. Among the unique properties of ultrananocrystalline diamond is its large electrochemical
window, inert surface, and increased conductivity via doping that makes it very attractive as an
electrode material. These properties make it ideal to develop it as a support for small metal and metal
oxide clusters that we have recently shown to be highly active and selective for catalytic reactions. We
have unique capabilities to synthesize small metal and metal oxide clusters of specific size and
composition. The proposed program has the goal of interfacing well-defined clusters and UNCD to make
new hybrid materials with tailored electrocatalytic properties and using heterogeneous catalysis
knowledge as a guide. A key part of this program will be the use of ex situ and in situ characterization
and computational capabilities to both understand the properties of the new nanocarbon materials as
well as to perform screening to find optimal candidate clusters to be used on the nanocarbon supports
for the electrocatalysis. The focus will be on key electrochemical reactions for fuel production and
energy storage.
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Rational Synthesis of Superconductors

Institution: ARGONNE NATIONAL LABORATORY
Point of Contact: Norman, Michael
Email: norman@anl.gov

Principal Investigator: Kanatzidis, Mercouri

Sr. Investigator(s): Chung, Duck Young, ARGONNE NATIONAL LABORATORY
Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $750,000

We propose a focused materials synthesis program to investigate superconducting behavior in pnictide
and intermetallic systems exhibiting competing interactions and in narrow gap semiconductors. The
project pursues a multi-faceted approach that combines the rational design of novel materials with
structural and electronic probes. We hypothesize that the conception of homologous series of phases
with tunable building blocks enables the generation of specific and desirable compositions with
predictable structures. This strategy is coherent and can yield novel compounds with specific
characteristics desirable for achieving the goals of this program. Namely, we plan to create materials
with a high degree of structural and compositional freedom and chemical/electronic complexity with
which to investigate (a) density-wave instabilities (spin and charge), and their suppression through
chemical doping in order to generate superconductivity that may emerge from phase competition, and
(b) how narrow energy band gaps and facile doping properties could lead to a superconducting state. In
the former we investigate low-dimensional intermetallics exhibiting magnetic interactions and spin
density waves. In the latter we investigate narrow band ternary and quaternary chalcogenide phases
comprising heavy elements such as lead, bismuth, selenium and tellurium. We use a conceptually robust
tool in designing, predicting and creating sequences of structurally related materials. The project focuses
on relationships between structure, composition, electronic structure and physical properties. In the
long term, we expect to clarify the influence of various building blocks on the physical properties and
enhance our ability to further design members exhibiting superconductivity.

Chemical and Mechanical Properties of Surfaces, Interfaces and Nanostructures

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Salmeron, Miquel

Sr. Investigator(s): Somorjai, Gabor, LAWRENCE BERKELEY NATIONAL LAB
Yang, Peidong, LAWRENCE BERKELEY NATIONAL LAB

Students: 4 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)

Funding: $1,460,000

The purpose of this program is to carry out atomic level studies of surfaces and nanomaterials, focusing
on chemical, mechanical and physical properties such as structure, diffusion, reactions, catalysis,
friction, and wear. The molecular level knowledge generated by the proposed studies will help the
development of novel catalysts with higher activity and selectivity and the discovery of novel materials
of nanometer dimensions with unique mechanical, chemical and optical properties, and of materials
with improved mechanical properties of adhesion, friction, and wear. The results from this project
benefits many energy based industries, including chemical, petroleum, mechanical, electronics, solar
energy, etc. To accomplish these goals we utilize materials in the form of single crystals, biointerfaces
and nanoparticles. We develop methods for making nanocrystals with narrow particle size distribution
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and well-defined shape. We develop new instrumentation for the characterization of our materials
under the widest possible range of operating conditions such as under vacuum, at ambient pressure and
at the solid-liquid interface. These include sum frequency generation (SFG) surface vibrational
spectroscopy, high pressure scanning tunneling microscopy (HPSTM) and ambient pressure X-ray
photoelectron spectroscopy (APXPS).

The Chemical and Mechanical Properties of Surfaces, Interfaces and Nanostructures program
additionally received at least half of the research effort of one postdoctoral fellow who was supported
by an outside source (fellowship, TAship, etc).

Inorganic/Organic Nanocomposites

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Xu, Ting
Sr. Investigator(s): Alivisatos, Paul, LAWRENCE BERKELEY NATIONAL LAB
Cuk, Tanja, LAWRENCE BERKELEY NATIONAL LAB
Liu, Yi, LAWRENCE BERKELEY NATIONAL LAB
Salmeron, Miquel, LAWRENCE BERKELEY NATIONAL LAB
Wang, Lin-Wang, LAWRENCE BERKELEY NATIONAL LAB
Yang, Peidong, LAWRENCE BERKELEY NATIONAL LAB
Students: 4 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $1,253,000

This activity is directed towards organic/inorganic nanocomposite materials. The goal is to design
functional materials and make them by parallel and hierarchical self-assembly. In particular, we seek to
develop wet chemical processes by which organic/inorganic composites can be created with a high
degree of control on many length scales simultaneously. By developing a comprehensive ability to
design, assemble, and pattern organic/inorganic composites and control their interfaces, it will be
possible to prepare complex materials in which several microscopic processes are independently and
simultaneously optimized. A range of functional materials can be created in this manner, with
applications in energy conversion, mechanical composites, and optical/electrical devices. Special
attention is directed to solar cells.

Nuclear Magnetic Resonance

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Pines, Alex

Sr. Investigator(s):

Students: 3 Postdoctoral Fellow(s), 5 Graduate(s), 0 Undergraduate(s)
Funding: $1,000,000

The nuclear magnetic resonance (NMR) program has two complementary components. The first is the
establishment of new concepts and techniques in NMR and its offspring, magnetic resonance imaging
(MRI), in order to extend their applicability and enhance their capability to investigate molecular
structure and organization from materials to organisms. The study and diagnostic use of nuclear spins
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interacting with each other and with others degrees of freedom requires the development of new
theoretical and experimental methods; one consequence of these efforts is the design and fabrication of
next-generation NMR and MRI equipment. The second component of the research program involves the
application of such novel methods, together with other programs, and with outside laboratories and
industry, to significant problems in chemistry, materials science, and biomedicine. It is the unique
environment of interdisciplinary research and large-scale instrumentation capabilities at the Lawrence
Berkeley National Laboratory that cultivates these innovations, their diverse applications, and
technology transfer.

The Nuclear Magnetic Resonance program additionally received at least half of the research effort of
one postdoctoral fellow and six graduate students who were supported by outside sources (fellowship,
TAship, etc).

Physical Chemistry of Inorganic Nanostructures

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Alivisatos, Paul

Sr. Investigator(s): Leone, Stephen, LAWRENCE BERKELEY NATIONAL LAB
Yang, Peidong, LAWRENCE BERKELEY NATIONAL LAB

Students: 2 Postdoctoral Fellow(s), 6 Graduate(s), 0 Undergraduate(s)

Funding: $1,646,000

This program emphasizes the fundamental science of synthesis and preparation of the basic building
blocks of nanomaterials, as well as the characterization of their physical processes. The program consists
of three subtasks: Physical Chemistry of Semiconductor Nanocrystals, Fundamentals of Semiconductor
Nanowires, and Microscopy Investigations of Nanostructured Materials. The first subtask develops the
science of colloidal inorganic nanocrystals, and reliable and robust methods to prepare uniform
nanocrystals of different materials, including semiconductors, metals, and magnetic materials, and
investigates fundamental optical, electrical, structural, and thermodynamic properties of nanocrystals.
The second subtask develops the science and technology of a broad spectrum of 1-dimensional
inorganic semiconducting nanostructures or nanowires. The final subtask develops state-of-the-art
optical characterization microscopies and ultrafast dynamics measurements that provide higher spatial,
spectroscopic, and time resolutions than are afforded by conventional techniques.

The Physical Chemistry of Inorganic Nanostructures program additionally received at least half of the
research effort of three postdoctoral fellows who were supported by outside sources (fellowship,
TAship, etc).
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Plastic Electronics

Institution: LAWRENCE BERKELEY NATIONAL LAB
Point of Contact: Salmeron, Miquel
Email: mbsalmeron@Ibl.gov

Principal Investigator: Frechet, Jean

Sr. Investigator(s): Harris, Charles, LAWRENCE BERKELEY NATIONAL LAB
Segalman, Rachel, LAWRENCE BERKELEY NATIONAL LAB

Students: 1 Postdoctoral Fellow(s), 5 Graduate(s), 0 Undergraduate(s)

Funding: $1,000,000

This program is aimed at studying the fundamental molecular and physical principles that govern the
design of materials for organic and plastic electronics. Design, synthesis and characterization of new
molecules and polymers will allow us to explore materials with new functional properties. Comparison
of these properties through device characterization and photophysical experimentation will allow us to
determine structure-property relationships and general design rules for optimized organic electronic
materials for energy-related technologies.

Giant Nanocrystal Quantum Dots. Controlling Charge Recombination Processes for High-Efficiency Solid-
State Lighting

Institution: LOS ALAMOS NATIONAL LABORATORY
Point of Contact: Sarrao, John
Email: sarrao@lanl.gov

Principal Investigator: Hollingsworth, Jennifer
Sr. Investigator(s): Htoon, Han, LOS ALAMOS NATIONAL LABORATORY
Werder, Donald, LOS ALAMOS NATIONAL LABORATORY
Lauhon, Lincoln, NORTHWESTERN UNIVERSITY
Halas, Naomi, RICE UNIVERSITY, WILLIAM MARSH
Students: 3 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $651,000

Multiple technical challenges stand in the way of achieving robust, high-efficiency solid-state lighting
(SSL). These were summarized in the report of the DOE-BES Workshop on SSL (2006) in terms of two
Science Grand Challenges: (1) the need to develop the fundamental understanding of light-emitting
materials and nanostructures toward rationally designed SSL structures from the ground up and (2) the
need to control the competing pathways by which electricity is converted into light. Here, we directly
address both of these Science Grand Challenges. We establish the fundamental knowledge necessary to
develop a new class of emitting nanostructures that will serve as high-efficiency, robust “building
blocks” for rationally designed SSL. Further, we base this transformative development on a novel type of
semiconductor nanocrystal quantum dot (NQD) — the so-called “giant” NQD (g-NQD) — that affords
unprecedented control over excitation-to-photon conversion processes. Our research is organized
around three interrelated Research Goals that deal with fundamental aspects of g-NQD chemistry and
photophysics toward a proof-of-principle device demonstration. These Research Goals are summarized
as to (1) understand the precise relationships between g-NQD structure and optical performance toward
controlling critical aspects of structure that otherwise lead to non-uniformity in function, (2) understand
the intrinsic and extrinsic g-NQD properties that control carrier recombination processes and eliminate
losses in the light-emission process by manipulating these properties, and (3) demonstrate that the
unique g-NQD chemical and photophysical properties translate into significantly improved NQD-LED
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performance. We envision that this work will build practical foundations for realizing robust, reduced-
cost, high-efficiency SSL technologies.

Hydroxide Conducting Systems Fuel Cells

Institution: LOS ALAMOS NATIONAL LABORATORY
Point of Contact: Sarrao, John
Email: sarrao@lanl.gov

Principal Investigator: Boncella, James M

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $130,000

The primary advantage of an alkaline system for fuel cells is the enablement of non-precious metal
catalysis, a critical showstopper to widespread implementation of traditional (acidic) fuel cells. Alkaline
systems have been largely ignored by the fuel cell community due to concerns with carbonate formation
and the inability to produce anion exchange membranes (AEMs) of acceptable stability at high pH. Much
of what appears in the literature suggests that AEMs have inherent durability limitations, significantly
limiting operating times and temperatures in devices. To date, our experimental studies of cation
durability suggest greater durability than what has been reported for AEMs providing hope that
increased durability membranes can be developed. These statements highlight the lack of
understanding of cation degradation and the impact of covalently tethering cations in polymers. In order
to try to fill this gap, we have used chemical and thermal degradation studies to elucidate the
degradation mechanisms and rates of target cations and correlated these studies with computational
studies. These studies have shown the importance of ylide formation as a degradation pathway beyond
SN2 attack, the role of water (solvating media) in stabilizing cations, and explored cations with increased
stability. The results of the work provide a greater understanding of the fundamental aspects of
hydroxide conductors for fuel cell and electrolysis applications, and will be applied to our future work
which continues the search for the next generation of AEMs.

Hydroxide Conducting Systems Fuel Cells

Institution: NATIONAL RENEWABLE ENERGY LABORATORY
Point of Contact: Tumas, Bill
Email: Bill. Tumas@nrel.gov

Principal Investigator: Pivovar, Bryan

Sr. Investigator(s): Long, Hai, NATIONAL RENEWABLE ENERGY LABORATORY
Macomber, Clay, NATIONAL RENEWABLE ENERGY LABORATORY
Engtrakul, Chaiwat, NATIONAL RENEWABLE ENERGY LABORATORY

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)

Funding: $270,000

The purpose of this work is to provide a fundamental understanding of the stability and performance of
hydroxide and/or carbonate conducting materials, and from this understanding, develop novel materials
to help enable a hydrogen-based economy. The primary advantage of hydroxide conductors is the
enablement of non-precious metal catalysis, a critical showstopper to widespread implementation of
traditional (acidic) fuel cells. We have used chemical and thermal degradation studies of target cations
for use in anion exchange membranes (AEMs) to elucidate the degradation mechanisms and rates of
target cations and correlated these studies with computational studies. These studies have shown the
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importance of ylide formation as a degradation pathway, the role of water (solvating media) in
stabilizing cations, and explored cations with increased stability. Recently, advances in AEM durability
have been reported that are in reasonable agreement with our experimental studies of cation durability,
suggesting current AEMs may have the durability required for some limited applications. Further
advances will likely be required for widespread adoption. Issues involving carbonate formation and
performance have not been adequately addressed or demonstrated. Our continuing work will focus
more strongly on the fundamental role of carbonate and bicarbonate in these systems as these species
will be present whenever carbon dioxide is present and appear to be a potential limiting factor in
implementing AEM fuel cells. These studies will help lead to improved materials and commercializable,
Pt-free fuel cells.

Materials and Interfacial Chemistry for Next Generation Electrical Energy Storage

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Dai, Sheng
Sr. Investigator(s): Bridges, Craig, OAK RIDGE NATIONAL LABORATORY
Deen, Jiang, OAK RIDGE NATIONAL LABORATORY
Paranthaman, Mariappan, OAK RIDGE NATIONAL LABORATORY
Sun, Xiao-Guang, OAK RIDGE NATIONAL LABORATORY
Unocic, Ray, OAK RIDGE NATIONAL LABORATORY
Veith, Gabriel, OAK RIDGE NATIONAL LABORATORY
Students: 3 Postdoctoral Fellow(s), 0 Graduate(s), 0 Undergraduate(s)
Funding: $800,000

Electrochemical energy storage systems (EES), specifically batteries, are critically needed for effectively
using clean, abundant renewable sources of energy and effectively integrating these sources into the
electrical grid. Furthermore, the development of electric vehicles (EVs) of the future requires greatly
improved batteries. Today's battery technologies fall far short of meeting future needs for
transportation and grid application. The overarching goal of this project focuses on understanding and
controlling the fundamental processes that occur at the interfaces of the anode and cathode and the
limitations of electrolytes. To achieve this goal, we will address (1) the understanding and controlling
processes that occur at the anode, (2) the understanding and controlling mechanisms that occur at the
cathode, (3) the understanding voltage limits imposed by the electrolyte, and (4) the design of new
inorganic or polymer/ceramic composite electrolytes that allow the use of alternative, high capacity
cathodes. Thus, this proposal addresses opportunities for transformative advances in batteries for
vehicle and stationary storage applications.

This FWP is partnered with a university project led by John Goodenough (University of Texas, Austin).
The focus of the ORNL research effort lies in characterization and electrolytes.
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Polymer-Based Multicomponent Materials

Institution: OAK RIDGE NATIONAL LABORATORY
Point of Contact: Christen, Hans
Email: christenhm@ornl.gov

Principal Investigator: Sokolov, Alexei
Sr. Investigator(s): Sumpter, Bobby, OAK RIDGE NATIONAL LABORATORY
Urban, Volker, OAK RIDGE NATIONAL LABORATORY
Kisliuk, Alexander, OAK RIDGE NATIONAL LABORATORY
Baskaran, Durairaj, TENNESSEE, UNIVERSITY OF
Dadman, Mark, TENNESSEE, UNIVERSITY OF
Mays, Jimmy, TENNESSEE, UNIVERSITY OF
Students: 4 Postdoctoral Fellow(s), 4 Graduate(s), 0 Undergraduate(s)
Funding: $2,038,000

The central goal of this research is to develop a fundamental understanding of the chemical and physical
processes that can be used to design and control the interfaces, dispersion, and ordering in multi-
component polymer systems. Two research themes form the basis of the proposed research. The first
seeks to correlate structure-property relationships in polymer-nanoparticle mixtures with molecular
level interfacial interactions, while the second involves the correlation of molecular architecture and
orienting fields to the morphology and dynamics of multi-block copolymer materials, including both neat
block copolymers and those containing discrete nanoparticles. The nature of the interface impacts the
ease of processing, mechanical properties, dynamics and morphology, and the optical and electronic
properties of these promising materials; thus understanding and controlling the interactions between
polymers and nanoparticles, as well as between nanodomains in phase-separated block polymers, is
vital. Such understanding will provide new materials with superior properties and function that can
address many DOE challenges such as organic photovoltaics, fuel cell membranes, and stronger light-
weight materials that result in energy savings. To fully understand and exploit these novel materials, a
comprehensive interdisciplinary approach will be employed that includes tailored synthesis with precise
nanoscale control, state-of-the-art characterization techniques, including neutron scattering and
dielectric spectroscopy, as well as a wide range of theoretical tools.

Solid State NMR Characterization of Ultra Capacitor Materials for UT Austin

Institution: SANDIA NATIONAL LABS/ALBUQUERQUE
Point of Contact: Simmons, Jerry
Email: jsimmon@sandia.gov

Principal Investigator: Alam, Todd

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 0 Graduate(s), 1 Undergraduate(s)
Funding: $47,000

This research effort is part of the SISGR-EES Program lead by Rod Ruoff, University of Texas at Austin.
The broad objective of the SISGR program is to advance the fundamental scientific understanding of
electrochemical double layer capacitance (EDLC) and thus of ultracapacitor systems composed of a new
type of electrode based on chemically modified graphene (CMG) and (primarily) with ionic liquids (ILs) as
the electrolyte. The objective of the Sandia component for this project is to provide both solid state
NMR characterization of these materials and interfaces, along with implementation of pulse-field-
gradient (PFG) NMR to directly measure diffusion rates of the IL in electrolyte solutions.
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During the 2011 fiscal year Sandia has continued to provide NMR characterization of the unique tetra-
alkyl ammonium ionic liquids (IL) being developed and tested by the Bielawski group (UT Austin), as well
as the graphene nanocomposites developed by Ruoff group (UT Austin). This NMR effort has resulted in
two published manuscripts in 2011, including one describing the development of NMR theory to obtain
molecular correlation times directly from 14N NMR relaxation experiments, without resorting to
motional-regime assumptions (Alam, 2011). In the upcoming year our efforts will be directed towards
the combination of pulse field gradient (PFG) NMR experiments measuring self-diffusion constants as a
function of temperature and the results of the 14N NMR relaxation experiments. These experiments are
expected to provide additional fundamental understanding of the molecular associations (ion-pairing
and clustering) in IL electrolytes. These NMR experiments are also being extended to probe the surface
interaction of IL with graphene and graphene oxide. In addition, we have also begun development of
solid state 14N MAS NMR experiments to look at the molecular dynamics and local interactions in solid
IL. These classes of IL, which are solid at room temperature, have recently been shown by the Bielawski
group to demonstrate increased capacitor performance.

Diamondoid Science and Applications

Institution: SLAC NATIONAL ACCELERATOR LABORATORY
Point of Contact: Devereaux, Thomas
Email: tpd@stanford.edu

Principal Investigator: Melosh, Nicholas
Sr. Investigator(s): Dahl, Jeremy, STANFORD UNIVERSITY
Devereaux, Thomas, SLAC NATIONAL ACCELERATOR LABORATORY
Manoharan, Harindran, STANFORD UNIVERSITY
Shen, Zhi-Xun, STANFORD UNIVERSITY
Hussain, Zahid, LAWRENCE BERKELEY NATIONAL LAB
Students: 0 Postdoctoral Fellow(s), 8 Graduate(s), 0 Undergraduate(s)
Funding: $792,000

Diamondoids are unique new carbon-based nanomaterials consisting of 1-2 nanometer, fully hydrogen-
terminated diamond particles. Unlike their conjugated counterparts, graphene or carbon nanotubes, the
carbon atoms in diamondoids are sp3 hybridized, leading to unique electronic and mechanical
properties. Diamondoids behave much like small molecules, with atomic-level uniformity, flexible
chemical functionalization, and systematic series of sizes, shapes and chiralities. At the same time
diamondoids offer more mechanical and chemical stability than small molecules, and vastly superior size
and shape control compared to inorganic nanoparticles. This family of new carbon nanomaterials is thus
an ideal platform for approaching the Grand Challanges of energy flow at the nanoscale and synthesis of
atomically perfect new forms of matter with better precision than any other nanomaterials system.

This program explores and develops diamondoids as a new class of functional nanomaterials based upon
their unique electronic, mechanical, and structural properties. This includes all phases of investigation,
from diamondoid isolation from petroleum, chemical functionalization, and molecular assembly, as well
as electronic, optical and theoretical characterization. We have currently focused on four areas of
research: synthesis, electronic properties, theory, and thin film growth. This naturally requires the broad
expertise and collaboration between a number of investigators to successfully craft an approach to
tackle these problems. This approach has yielded fruit, enabling synthesis of a number of new
compounds, and exploration of their structural and electronic properties. In particular the ability of

MSE Summaries| 1-223



these materials to control the flow of electrons and emitted electron energy at the molecular level is an
exciting direction for mastering energy flow at the nanoscale.

Mechanical Behavior and Radiation Effects

Institutions Receiving Grants

The Inverse Magnetoplastic Effect of Magnetic Shape-Memory Alloys

Institution: BOISE STATE UNIVERSITY
Point of Contact: Mullner, Peter
Email: petermullner@boisestate.edu

Principal Investigator: Mullner, Peter

Sr. Investigator(s): Lindquist, Paul, BOISE STATE UNIVERSITY

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 2 Undergraduate(s)
Funding: $144,000

We study fatigue mechanisms of magnetic shape-memory alloys and methods to improve the fatigue
life. For this purpose, we apply coatings to Ni-Mn-Ga single crystals. The coatings provide pinning sites
for twinning dislocations that prevent long-range motion of twin boundaries. A nonlinear strain behavior
of the coatings prefers uniform straining of the MSM sample to local straining. A dense twin structure
with thin twins results in uniform straining. In contrast, a coarse twin structure leads to more local
straining. A dense twin structure prevents the formation of orthogonal twins. Orthogonal twins form
frequently in coarse twin structures. The interaction of orthogonal twins causes crack nucleation in
cyclic applications and leads to fracture. Hence, stabilization of the dense twin structure increases the
fatigue life of MSM materials.

We selected Nis; sMnyg3Gay, 4 (in at %) as a test material. An MSM sample of about 1 x 2 x 20 mm? was
coated with titanium nitride of 1 micrometer in thickness on three long sides of the sample. Initially, the
sample exhibited a two-variant structure and it strained about 6 % in a magnetic field of a sufficient
strength. Twins in the uncoated sample were very broad. In one variant, the short crystal axis c is
parallel to the long dimension of the sample, and in the other variant, the c axis is perpendicular to the
sample surface. After coating the sample on three surfaces, the sample exhibited a multivariant twin
structure due to high coating temperature and constraining effects of the coating. After turning the
magnetic field of 1 Tesla between the directions of the long dimension and short direction for several
times, a two-variant twin structure was recovered. The twins were very thin. The average width of twins
was only about 20 um. The twins remained thin also after straining the sample hundreds of times by a
magnetic field and by a mechanical stress. The sample strained about 2.5 % in the magnetic field.
Twinning stress was increased after coating. After removing the coating by grinding and
electropolishing, the initial broad twin structure recovered.

An MSM sample of about the same composition and size was cast in an elastomeric resin. The sample
remained martensitic during curing due to the low curing temperature of the resin. The sample
exhibited broad twins initially. After encasing in resin, the twins were thin and regularly spaced. They
remained thin also after straining of the sample by the magnetic field and the mechanical stress. The
width of the twins was about 100 um. When the elastomeric resin was removed, the initial coarse twin
structure recovered.
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The theory of deformation twinning making use of twinning disconnections is well-established in the
field of crystal plasticity. This theory has found little attention in the MSMA community. Neglecting the
basic principles of twin crystallography has hindered a fundamental advancement towards
understanding the effects of microstructure and martensite crystallography on the magneto-mechanical
properties and, particularly, on inverse magnetoplasticity of the MSMA Ni-Mn-Ga. This part of the
project aims at rigorously applying the crystallographic theory of twinning and twinning disconnections
to the various martensite structures and twinning systems of Ni-Mn-Ga.

The ground state of the martensitic phase with composition near Ni,MnGa is thought to be tetragonal.
However, several studies have reported modulated forms with monoclinic symmetry, such as 14M, due
to the intrusion of nano-scale twinning. Using TEM imaging, we found that this microstructure results
from deformation twinning produced by motion of disconnections with Burgers vector b = 1/6[100] and
step height h = d(goy on the (001) twin plane, where the indexing is referred to the “monoclinic” 2M
structure. Kinematical theory was also used to confirm our experimental observation that diffraction
patterns vary from being characteristic of the 2M structure at one extreme to the 14M structure at the
other extreme, depending on the extent and spatial configuration of the twinning. The origin and extent
of twinning was addressed using the topological theory of martensitic transformations. We found that
(001) twinning is the lattice-invariant mode of deformation necessary to accommodate one component
of the misfit at the austenite-martensite interface. The other component is accommodated by an array
of disconnections whose motion across the interface also produces the transformation.

An important finding is the coincidence of the 60-2,» and 600.mr) reflections. This implies that the
twinning shear is a/3d01), Which is about 1/3. Micrographs of twin tips indicate three levels of contrast,
consistent with elementary twinning disconnections with b = 1/6[100] and h = d(gg,). When the operative
reflection was g = 200,m), the phase shifts produced by a train of six elementary twinning disconnections
was 27*g*nb, i.e., 27*(1/3, 2/3, 1, 1/3, 2/3, 1).

Understanding and Controlling Toughening Mechanisms in Nanotube Reinforced Ceramic Coatings
Institution: BROWN UNIVERSITY

Point of Contact: Sheldon, Brian

Email: Brian_Sheldon@brown.edu

Principal Investigator: Sheldon, Brian

Sr. Investigator(s): Curtin, William, BROWN UNIVERSITY

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)

Funding: $220,000

The performance of many ceramic coatings is limited by low fracture toughness. Nanoreinforcements in
these materials can provide substantial toughness improvements, based in part on research at Brown
University that has provided the first direct evidence that ceramics can be toughened with multiwalled
carbon nanotubes (MWNTs). The research conducted in this BES program focuses primarily on
developing fundamental understanding of toughening mechanisms. These investigations consist of well-
integrated experimental and theoretical/computational efforts. The experiments are investigating
ceramic coatings reinforced with nanotubes, to obtain detailed information on the relationships
between materials characteristics and mechanical behavior. The modeling efforts are based on
integrating atomistic, mesoscale, and continuum descriptions. These are aimed at an understanding of
deformation and interfacial sliding on the nanoscale, and on correlating nanoscale material properties
with behavior at larger length scales. These combined efforts will identify how features of the material,
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at atomistic and microstructural scales, lead to macroscopic properties. These efforts will ultimately be
used to guide the design and synthesis of new nanoceramic composite materials.

Investigation of Radiation Damage Tolerance in Interface-Containing Metallic Nano Structures

Institution: CALIFORNIA INSTITUTE OF TECHNOLOGY
Point of Contact: Greer, Julia
Email: jrgreer@caltech.edu

Principal Investigator: Greer, Julia

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 1 Undergraduate(s)
Funding: $150,000

The proposed work seeks to conduct a basic study by applying experimental and computational
methods to obtain quantitative influence of helium sink strength and proximity on helium bubble
nucleation and growth in He-irradiated nano-scale metallic structures, and the ensuing deformation
mechanisms and mechanical properties. The proposed nano-scale in-situ tension and compression
experiments on low-energy He-irradiated samples combined with site-specific microstructural
characterization and modeling efforts present a powerful method for gaining this understanding. This
systematic approach will provide us with critical information for identifying key factors that govern He
bubble nucleation and growth upon irradiation as a function of both sink strength and sink proximity
through an experimentally-confirmed physical understanding. The attention will be focused on studying
the following interfaces (likely) in order of increasing affinity for vacancy absorption: grain boundaries in
a monolithic bcc metal, bec/fcc and bee/bec interfaces, and periodically arranged metallic glass/metal
multi-layers spanning the entire nano-pillar volume. The model material systems are (1) pure Fe
containing 1-5 grain boundaries, (2) a single Fe (bcc)-Cu (fcc) boundary per pillar oriented perpendicular
to the pillar axes, (3) a single Fe (bcc)—Cr (bcc) boundary per pillar oriented perpendicular to the pillar
axes, and (4) periodically arranged CuxZry metallic glass/Cu nanolaminates with thicknesses between
15nm and 100nm. A FIB-less nano-pillar fabrication approach with precise initial microstructure control
(both dislocation density and grain boundaries) and experimentally determined stress-strain
relationships will be enhanced by in-situ SEM observations coupled with TEM microstructural
characterization of the same samples before and after deformation and atomistic modeling. The Pl will
conduct a comprehensive suite of experiments to quantitatively assess the key parameters for He
bubble nucleation and growth by independently varying the sink strength, sink proximity, and
implantation temperature. Pillars containing He-enriched interfaces will be tested under uniaxial tension
to assess embrittlement, resulting boundary strength, and deformation mechanisms. Successful
execution of this work will help identify which types of interfaces are particularly resilient against
radiation damage.
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Energetics of Radiation Tolerant Nanoceramics

Institution: CALIFORNIA, UNIVERSITY OF DAVIS
Point of Contact: Castro, Ricardo
Email: rhrcastro@ucdavis.edu

Principal Investigator: Castro, Ricardo

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 1 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

Nanostructured materials are likely to play a large role in future nuclear reactors and radioactive waste
storage due to their strength and potential resistance to structural damage from radiation. However,
this potential is hindered by significant gaps in the understanding of interfaces’ properties and their role
in the overall performance of the nanocrystalline structures. The lack of reliable thermodynamical data
of nanomaterials makes it extremely difficult to predict and fully exploit nanomaterials’ properties in
high-radiation environments, this being one of the major reasons why the stability of the nanomaterials
is still a big unresolved question.

The goal of this project is to investigate nanomaterials with potential interest for nuclear components
[the aluminate based spinels (MAI,0,, M = Mg, Ni, or Zn), investigate zirconia based materials (ZrO,
doped with Mg, Y, or Ca), and establish the link between composition, interface thermodynamics, and
radiation resistance, aiming to enable a better understanding of the nature of enhanced performance in
nanocrystalline ceramics. Thereafter, we will exploit the achieved knowledge as a foundation in order to
design a new nanocomposite ceramic capable of withstanding high radiation exposition by using
elements of interface engineering on a thermodynamic basis.

Mechanical Behavior in Ceramics with Unusual Thermal-Mechanical Properties

Institution: COLORADO SCHOOL OF MINES
Point of Contact: Reimanis, Ivar
Email: ireimani@mines.edu

Principal Investigator: Reimanis, Ivar

Sr. Investigator(s): Ciobanu, Cristian, COLORADO SCHOOL OF MINES

Students: 0 Postdoctoral Fellow(s), 2 Graduate(s), 1 Undergraduate(s)
Funding: $120,000

The study of materials with unusual properties offers new insight into structure-property relations as
well as promise for the design of novel composites. In this spirit, the PIs seek to (1) understand
fundamental mechanical phenomena in ceramics that exhibit pressure-induced phase transitions,
negative coefficient of thermal expansion (CTE), and negative compressibility, and (2) explore the effect
of these phenomena on the mechanical behavior of composites designed with such ceramics. The broad
and long-term goal is to learn how to utilize these unusual behaviors to obtain desired mechanical
responses.

While the results are expected to be widely applicable to many ceramics, most of the present focus is on
silicates, as they exhibit remarkable diversity in structure and properties. Eucryptite, a lithium aluminum
silicate (LiAlSiQ,), is specifically targeted because it exhibits a pressure-induced phase transition at a
sufficiently low pressure to be accessible during conventional materials processing. Thus, composites
with eucryptite may be designed to exhibit a novel type of transformation toughening. The Pls propose a
combination of activities that encompass synthesis and processing to control structures, atomistic
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modeling to predict and understand structures, and characterization to study mechanical behavior. As a
longer-term aim, the Pls will extend this study to other materials that exhibit unusual thermal-
mechanical properties, including the enstatites (MSiO3), where M may be Mg, Fe or Ca, and lanthanum
niobate (LaNbQO,), which exhibits a negative linear compressibility. Part of the work during the next
period of funding will be to survey potential ceramics and perform preliminary experiments in the
context of what is learned through the more extensive studies with eucryptite.

The Coupling Between Interfacial Charge and Mechanical Deformation at High Temperatures in

Ceramics

Institution: COLORADO, UNIVERSITY OF
Point of Contact: Raj, Rishi

Email: rishi.raj@colorado.edu

Principal Investigator: Raj, Rishi

Sr. Investigator(s):

Students: 1 Postdoctoral Fellow(s), 2 Graduate(s), 0 Undergraduate(s)
Funding: $150,000

The overall scope of this research effort is to understand how applied electrical fields interact with
stress—induced interfacial thermodynamic and kinetics in ceramics at high temperature. The
experimental approach is to investigate how electrical fields applied to oxide ceramics with a pair of
electrodes influence densification and deformation at high temperatures. Sinterforging experiments
where densification and shear deformation are achieved simultaneously are typical of this approach.
One of the most intriguing results from this project has been the discovery of an unusual effect: that
yttria stabilized zirconia can be sintered and superplastically deformed in just a few seconds at furnace
temperatures well below 1000 °C under DC fields applied by means of a pair of electrodes directly to the
specimen. We have called this phenomenon flash-sintering and flash-sinterforging. This effect occurs at
a threshold combination of electric field and furnace temperature: a higher field lowers the onset of
flash-sinterforging. A further unexpected result is that both the applied stress and the electrical field
reduce the temperature for the onset of the flash effect, the implication being that applied stress and
the temperature act in equivalent ways. The flash phenomenon has another characteristic: the onset of
densification is accompanied by a sudden increase in the electrical conductivity of the oxide ceramic.
However, the Joule heating induced by high conductivity does not raise the temperature to explain
sintering and deformation in a few seconds. These findings raise a clear fundamental question: what is
the mechanism whereby both mass transport, required for sintering and diffusional creep, and electrical
conductivity, which is controlled by the faster moving charged species, are coupled. The proposed
hypothesis being investigated is that the flash-effect is precipitated by a defect avalanche that causes
both an increase in the mass transport and electrical conductivity. The nucleation of Frenkel pairs
followed by ionization of the charge on interstitials and vacancies by the Poole-Frenkel mechanism is
being investigated. The role of applied stress is being studied in terms of a newly defined electro-chemo-
mechanical potential.
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Continuum Plasticity: From Grain Boundaries and Coarsening to Cellular Structures and Recrystallization
Institution: CORNELL UNIVERSITY

Point of Contact: Sethna, Jim

Email: sethna@ccmr.cornell.edu

Principal Investigator: Sethna, James

Sr. Investigator(s):

Students: 0 Postdoctoral Fellow(s), 3 Graduate(s), 0 Undergraduate(s)

Funding: $250,000

Under external load, crystals may plastically deform or undergo fracture. Under plastic deformation,
dislocations tangle and organize into complex structures, often forming cells nearly free of dislocations
separated by fairly sharp walls. The mechanical behavior of practical materials (yield stress, work
hardening, transpor