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Foreword

This volume provides descriptions of supported projects in the Theoretical Condensed Matter
Physics (TCMP) Program, Division of Materials Sciences and Engineering (MSED) in the Office
of Basic Energy Sciences (BES) of the U.S. Department of Energy (DOE). It is intended to provide
material for the first TCMP Principal Investigators' meeting, held August 20-22, 2012, in
Rockville, Maryland.

BES supports fundamental research to understand, predict, and ultimately control matter and
energy at the electronic, atomic, and molecular levels and fundamental research that provides the
foundations for new energy technologies relevant to DOE’s missions in energy, environment, and
national security. Condensed matter theory plays a key role in both the discovery of new
organizing principles and the clarification of the origin of newly discovered phenomena. There are
major efforts in strongly correlated electron systems, quantum transport, superconductivity,
magnetism, and optics. Development of theory targeted at aiding experimental technique design
and interpretation of experimental results is also emphasized. There is ongoing work in nanoscale
science, where links between the electronic, optical, mechanical, and magnetic properties of
nanostructures and their size, shape, topology, and composition are poorly understood.

This research area has recently expanded its portfolio in computational materials science through
joint programs with the Chemical Sciences, Geosciences and Biosciences Division of BES, the
Office of Advanced Scientific Computing in DOE, and the interagency Materials Genome
Initiative.

The purpose of the BES biannual PI meetings is to bring together researchers funded by BES to
foster an awareness of the research of others in the program, to facilitate the exchange of new
results and research highlights, to promote new ideas and collaborations among participants and
BES scientific user facilities, and to identify and pursue new scientific opportunities and new
frontiers. For BES the Pl meetings provide an opportunity to see the entire portfolio/program at
one time and to assess the state of the program and chart new scientific directions.

We thank all the meeting participants for their active contributions in sharing their ideas and
research accomplishments. We wish to thank Teresa Crockett in MSED and Lee-Ann Kiser at
the Oak Ridge Institute for Science and Education (ORISE) for their outstanding work in all
aspects of the meeting organization.

Dr. James W. Davenport, Program Manager
Theoretical Condensed Matter Physics
Materials Sciences and Engineering Division
Basic Energy Sciences

Office of Science

U.S. Department of Energy
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Quantum Theory of Semiconductor Photo-Catalysis and Solar Water Splitting

Principal Investigator: Philip B. Allen
Dept. of Physics and Astronomy
Stony Brook University

Stony Brook, New York 11794-3800
philip.allen@stonybrook.edu

Project Scope

Four solar photons (of energy > 1.23 eV each) are in principle sufficient to drive the
splitting of water (2H20 = 2H: + 02), creating a versatile storable fuel (Hz) (artificial
photosynthesis.) A crystalline semiconductor can serve as the light-absorber,
driving heterogeneous catalysis of water splitting at the aqueous interface. The
problem, pioneered by Fujishima and Honda in 1972, is to invent an efficient,
inexpensive, robust, and scalable system of photo-absorbers and catalytic interfaces.
The semiconductor alloy GaixZnxN1.xOx is a promising candidate for the
photocatalyst. We model (a) optical and (b) dc transport properties of the bulk
alloy, and structure and thermodynamics of the (c) clean, and (d) wet surfaces of
this alloy. We want to understand how alloying affects the photo-absorption
spectrum and carrier mobility. We want to know the density of bulk and surface
carrier traps and their importance for photo-catalysis. How deep are the traps,
what are the rates of the carrier recombination processes that compete with energy-
harvesting, what are the chemically active interface sites where water oxidation
occurs, and what are the electron transfer rates governing delivery of hole carriers
to these sites, and then onto the oxidized water intermediates? How do electron
carriers separate from holes, and how mobile are they?

Recent progress

(GaN)1x(ZnO)x bulk alloy

The thermodynamics (T versus x (@) : : : .

phase diagram) was studied in detail 1400 |- i
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detailed DFT results would sample representative low energy structures. Then the
cluster expansion parameters were readjusted and improved. Next, Monte Carlo
simulations were done for large cells, at various x and T. Below 800K, phase
separation into an ordered x=0.5 compound and pure end-member GaN or ZnO is
found. The ordered compound has not yet been made, and would require non-
thermal methods, because lattice diffusion at such temperatures is too slow to allow
equilibration. In other words, at typical alloy fabrication temperatures T>1150K,
homogeneous alloys are stable at all x. Under available annealing schedules, these
alloys would not significantly readjust down to low T. However, the structures are
by no means totally random. Significant short-range order persists to very high T,
and bond-length changes occur which are not intuitively obvious.

Work is now underway to study the electronic structure of large realistic alloy
configurations (432 atom cells), generated from the cluster expansion using Monte
Carlo simulation, and then relaxed to their ground state structure using DFT.

GaN (1010) / water interface

A student, Jue Wang, working in collaboration with the group of Prof. Fernandez-
Serra, has looked in great detail at the behavior of this interface at 340 K, using ab
initio molecular dynamics (the GGA version of DFT in the SIESTA code was used to
compute forces.) Starting from pristine surfaces cleaved from pure water (92
molecules) and pure GaN (120 molecules), the waters rapidly equilibrated. The
equilibrated structures had ~83% of the surface Ga atoms hosting dissociated OH—

ions. The corresponding H* ions bonded to adjacent surface N atoms.

This result disagrees with our initial thoughts based on a prediction that at T=0,
100% dissociation should occur in a monolayer of water. Apparently, T>0 and
adjacent (“bulk”) water, combine to stabilize a fraction of undissociated water at the
surface. The undissociated waters are closely associated with surface Ga atoms, and
are centers of proton emission and absorption, both into the bulk water, and onto
adjacent surface-bound OH— species.

Work is now underway to see whether our earlier T=0 monolayer calculation
missed a partially dissociated state because of using too small simulation cells. The

answer appears to be no. The re-association of 2T T T T T ]
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amplitudes are smaller in the quantum regime. The most interesting exception is
ice, where D70 is actually expanded relative to H,0. We found that the reason is
anomalous behavior of OH-stretch vibrations when the H is hydrogen-bonded to a
neighboring O. The shorter of the two OH bonds in O-H—O is very covalent, and the
longer, hardly covalent but quite ionic. But if the oxygen 0-0 distance shrinks, the
short bond loses some covalency and transfers it to the longer bond. This
diminishes the OH-stretch vibrational frequency, thus lowering-zero point energy.
Therefore, the higher the zero-point energy, the more the crystal will want to
diminish 0-0 distances to reduce this energy. Since H20 has higher zero-point
energy than D0, it has more motive to contract. By the same argument, we expect
H>180 not to have such an effect. Our prediction is borne out by experiments
performed locally by Peter Stephens. This study was helpful to water-splitting
studies for two reasons. First, the role of hydrogen zero-point motion is surely not
insignificant in the physics and chemistry of water, and our study helps clarify the
importance. In particular, it shows the success of the quasi-harmonic
approximation and the need for accurate DFT energies rather than model forces.
Second, the computations are a sensitive test of the accuracy of DFT for water. This
issue is significant. DFT should be good for covalent and ionic materials, GaN and
ZnO for example. But water is a molecular substance. The intramolecular aspect is
in the realm where DFT should work. However, intermolecular forces have van der
Waals components which are not available (except by accident) to ordinary DFT.
This study enabled us to evaluate the effectiveness of new DFT functionals designed
to include van der Waals forces.

Future Plans
(GaN)1x(ZnO)x bulk alloy

The aim is to learn what is the nature the HOMO and LUMO states. Are they
localized at special sites? What is their expected hopping mobility. How would an
electron and a hole behave if injected at higher energies than the relevant HOMO or
LUMO levels? What would be their diffusivities, and how fast would they
thermalize? Our preliminary results suggest that a few 432-atom cells, studied in
detail, should enable answers to many of these questions.

Alloy surface and its water interface

[t is important to learn about active sites for catalysis. Which sites on the
semiconductor-water interface attract photoelectrons or photoholes? How do such
sites participate in water oxidation (consuming holes to produce H* and O2) or
proton reduction (consuming electrons to produce Hz from H+*)? This difficult
question has perhaps never been answered at the level of quantum theory of
electrons. It surely exceeds the ambition of one or two coupled individual-
investigator programs. Therefore we have aligned with groups at Brookhaven
National Lab (BNL), Yale, and Rochester, with significant expertise in chemical as



well as physical theory. A DoE CMCSN (Computational Materials and Chemical
Sciences Network) grant provides the glue. All catalysis-related work in the current
project takes advantage of this network. One colleague in this network is Prof.
Artem Oganov (Stony Brook Geosciences.) He is a leader in structure prediction of
inorganic materials, and principal author of the code USPEX, perhaps the premiere
code using genetic algorithms for this problem. Future work on surface and
interface structure in the current project will attempt to profit from a new version of
USPEX designed to do surface and interface prediction. We have preliminary results
for an interesting “semipolar” surface (101 1) of GaN. The motive for this particular
surface is experiments, still unpublished, done at BNL. Alloy powders show
evidence that this might be a dominant surface on micron-sized crystallites. GaN is
a very important material for optoelectronic applications. There has been much
work on many properties, including surface structure. Our preliminary results have
identified one new structure, not previously predicted, under nitrogen-rich
conditions. It has an unusual N3 moiety bonded between surface Ga atoms. Itis a
good example of the advantage of a bias-free genetic algorithm approach. The
advantage is, that unusual structures, not intuitively guessable, can be found.

We are about to embark on many projects using the new surface-USPEX code which
is nearly developed. This also motivates another project: band unfolding. Surface
computations use slabs whose surfaces are separated by bulk layers on one side,
and a thick “vacuum” layer on the other. The resulting bands lack a sensible Bloch
wavevector k; in the direction (z) perpendicular to the slab. We are developing
computer algorithms which endow the states with their approximate k, character
and allow graphical representations analogous to the ordinary bands of bulk
materials.
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Electron Interaction Effects in Nanosystems

Principal Investigator - Prof. Anton Andreev
Department of Physics, Box 31556
University of Washington
Seattle, WA 98195-1560
aandreev@Quw.edu
Project scope

The research in this program is to investigate effects of electron-electron interactions on the
transport and thermodynamic properties of low-dimensional electronic systems: carbon nan-
otubes, single atom carbon chains, granular and homogeneously disordered superconductors,
and superconducting single electron devices. This includes the study of:

e Influence of equilibration of electron fluid on the transport properties of high mobility
nanosystems

Electron correlations in single atom carbon chains

Boundary effects in the thermodynamic and transport properties of quantum dots based
on armchair nanotubes

Resistance of p-n junctions in armchair nanotubes due to umklapp processes and electron-
phonon processes

Transport phenomena in SNS junctions with p-wave superconductors

Recent progress

Effects of equilibration of electron fluid on the transport properties of high-
mobility nanostructures. Electron-electron (e-e) collisions in semiconductors conserve
momentum of electron fluid and thus by themselves do not give rise to a finite resistiv-
ity. Moreover, if correlations between e-e and electron-disorder scattering are neglected the
resistivity of the system also turns out to be unaffected by e-e collisions. Accounting for cor-
relations between e-e scattering and disorder results in a dependence of transport properties
of the system on the rate of electron-electron collisions. In the presence of the current, the
e-e collisions tend to establish an equilibrium state that is characterized by a nonvanishing
hydrodynamic velocity u. This effect is particularly pronounced in high-mobility devices,
where the e-e collision mean free path becomes shorter than either the correlation length of
a disorder potential or a characteristic device size. In this regime passage of electric current
may be described using the hydrodynamic approach. Two types of questions arise in this
respect: 1) understanding of transport properties of high mobility electron systems in the
hydrodynamic regime, 2) studying the kinetics of equilibration.

Resistivity in the hydrodynamic regime was studied in Ref. [6]. It was shown that the
hydrodynamic flow arising in a smooth disorder potential is markedly different from the
Stokes flow. The dissipation and resistivity are dominated not by viscous stresses but rather



by temperature gradients arising in the electron fluid. Surprisingly, because of this the
resistivity turns out to be proportional to the variance of the potential itself rather than
that of its gradients. The resistivity may be expressed in terms of the intrinsic parameters
of the electron liquid. These results are relevant to transport experiments on high mobility
semiconductor nanostructures with strongly interacting carriers, where the hydrodynamic
regime can be realized.

The hydrodynamic description of electron transport applies when the mean free path due
to e-e collisions is shorter than other length scales in the problem. If this is not the case e-e
collisions lead to only partial equilibration of the electron liquid and understanding of trans-
port requires the study of kinetic processes responsible for equilibration. In one-dimensional
systems equilibration requires back-scattering processes which involve high-energy hole-type
excitations. The microscopic mechanism of equilibration processes and their rate in the
regime of strong e-e interactions were studied in Refs. [3, 8, 10, 12]. The influence equilibra-
tion processes on conductance of quantum wires was addressed in Ref. [7].

Electron correlation effects in carbon-based electronic devices. The strong corre-
lations between electrons in carbon nanotubes (CNT) have a dramatic influence on their
transport and optical properties. The PI studied the following questions: 1) Plasmon decay
in strongly correlated armchair nanotubes, Ref. [4], 2) conductance of a Mott pn-junction in
an armchair CNT, Ref. [5] (it was shown that the pn-junction may be tuned to a quantum
critical point with an intermediate value of conductance) 3) photogalvanic effect in strongly
correlated chiral carbon nanotubes, Ref. [11].

Planned research activity 2012-2013

The planned research activity is focused on the following themes.

1. Transport properties of p-wave superconductors. Many of the transport properties of
unconventional superconductors with p-wave pairing have not been studied. In the
following year the PI will study the following topics: 1) mesoscopic fluctuations of
critical current in S-N-S Josephson junctions with p-wave superconductors 2) resistivity
of boundary between a normal metal and a p-wave superconductor, 3) intrinsic ac Hall
effect in p-wave superconductors.

2. Equilibration of one-dimensional liquids of spin-1/2 particles. In electron liquids at low
density the band width of spin excitations is much smaller than the bandwidth of charge
excitations. Therefore the most effective equilibration channel corresponds to a transfer
of a spin excitation from the right to the left Fermi point. So far the equilibration theory
of on-dimensional liquids has been developed for the spinless case. The PI will work on
extending this theory to the spin-1/2 case.
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Ab initio spin dynamicsin solids

Principle Investigator: Vladimir Antropov
Ames Laboratory, Ames, lowa, 50011
antropov@ameslab.gov

I. Project Scope

The scope of this project is to describe the spin dynamical effects in magnets using theoretical
models and modern first-principles electronic structure methods. Our approach includes
calculations of spin dynamical susceptibility using both density functional approach and many-

body GW approximation to explain current neutron scattering experiments. We also develop

methods beyond linear response approach and perform direct spin dynamical simulation at finite
temperatures. One of the goals of this project is to include spin fluctuations beyond mean field
description (like LDA, GW and so on) and treat them self-consistently. These developments

will allow us to address magnetic many body effects, renormalization of magnetic moments due
to quantum spin zero-point motion and finite temperature effects.

1. Recent Progress

We show that the most puzzling features of magnetism of iron superconductors can be naturally
reconciled within a rather simple effective spin model with a biquadratic interaction [1], which

is consistent with electronic structure calculations. By going beyond the Heisenberg model, our
description explains numerous experimental observations, including the peculiarities of the

spin-wave spectrum, thin domain walls and crossover from a first- to second-order phase
transition under doping. The model also offers insight into the occurrence of the nematic phase
above the antiferromagnetic phase transition.

Figure 1 Transition temperature and order of phase
transition as a function of biquadratic interaction
obtained by Monte Carlo simulations for Cak®.
Temperature is measured in units qf (MFA)=J43,
which is the second-orderyTin MFA. Each line is
labeled by a set of two parameters/¥d/J;). The
region of first-order transitions (empty symbols) i
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The dashed line shows the point of inversion,gf The
inset shows the mean-field phase diagram in a larger
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We suggested a model for the magnetic dynamicsRuoff [2] and its alloys in order to show that

the dynamical fluctuations of the magnetization density, or spin fluctuations, may be
responsible for the anomalies of their observed thermal expansion. We show that due to strong
magnetoelastic coupling, spin fluctuations may essentially contribute to the volume strain by
giving a negative magnetovolume contribution that is proportional to the squared local magnetic
moment and the magnetic Gruneisen constant which is negatixunla the presented model,

the local magnetic moment increases as the temperature rises, resulting in the interplay between
the positive contributions to the volume strain from the lattice and the negative contribution
from spin fluctuations, and finally leads to the Invar anomaly or to the negative coefficient of
thermal expansion. Our results agree closely with the measured thermal-expansion data for Pu-
Ga alloys.

We also analyze the magnetic stability of the grostade of magnetic systems, taking into
account strongly coupled zero-point spin fluctuations [3]. The formalism is applied to the
elemental 3d-metals Fe and Ni and to two phases of the 5f-metal Pu. Strong suppression of local
magnetism due to spin fluctuations is obtained tor Ru. Such inclusion of spin fluctuations
changes the character of the magnetismiBudrom localized to itinerant.

We developed a new technique to incorporate spin fluctuations into modern band structure
calculations. This technique is based on a many body perturbation theory treatment of electron-
electron interaction and represents an addition of particle-hole diagrams to the mean field
solution obtained by such static methods as LDA, GW, etc. This is a generalization of our
previous ab-initio calculations of dynamic spin susceptibility in magnetically ordered or
paramagnetic systems and consecutive estimation of particle-hole ladder diagrams, representing
electron-magnon interactions. Our results indicate that this method is important for magnetic
materials under pressure in general as well as itinerant magnet systems. We show significant
improvement of the description of magnetic properties in pure ferromagnetic 3d transition
metals under pressure and in iron superconductor compounds.

[1l.FuturePlans

We are planning to continue to develop ab-initio spin fluctuations approach. One of the
important goals is to develop self-consistent technique to include spin fluctuations and describe
magnetism of itinerant magnets. This will include the direct addition electron-hole diagrams of
many body perturbation theory. These diagrams are part of well-known FLEX approximation in
the electronic structure theory. We plan first to explore applicability of the electron-hole ladder
diagrams for the total energy calculations and for the description of magnetization. Next we will
proceed with calculations of the exchange coupling due to spin fluctuations. This exchange
coupling has not been described earlier and we expect this contribution to be important near the
Fermi level. From a point of view of applications we will apply these methods to the studies of
permanent magnet systems, which are being studied actively at Ames laboratory. Our approach
will allow us to calculate magnetization, Curie temperature and magnetic anisotropy in these



systems with much better accuracy in magnets with itinerant magnetic components. We will
also address such issues as temperature dependence of the exchange coupling and magnetic
anisotropy in permanent magnets — completely new area for the electronic structure
applications.

Next we will use this technique to describe spin fluctuations in disordered magnetic alloys using
coherent potential approximation. The theory of dynamic susceptibility for the disordered

magnetic alloys will be formulated and computer codes will be developed. After performing

testing calculations we will plan to address real world magnetic systems: 3d magnetic alloys,
permanent magnets in alloys, newly discovered iron superconductors, graphene systems.

We will also try to address the issue of spin fluctuations in actinides where we believe the
inclusion of these fluctuations will correct the ground state of numerous Pu and U systems
where density functional theory failed to describe magnetism. In this case we will add spin
orbital coupling and/or use full Dirac formalism to describe relativistic effects, which are crucial
in 5f systems.
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Integrated Modeling of Novel Materials

Pl A Balatsky
Theory Div. MS B262, LANL, Los Alamos, NM 87501, avb@Ianl.gov, (505) 6650077

Project Scope

The overarching goal of the project is to provide an understanding of the fundamental physical
processes that determine coupling between various degrees of freedom in correlated electronic
materials and define nanoscale inhomogeneity as a result of competing interactions. We gain
the new insights into physics of the correlated materials with the focus on competing interactions
and their consequences as heterogeneities and short length scale domains. We analyze closely
spaced energy levels (electronic, phononic, magnetic) belonging to two or more competing
phases which interact. These ingredients can lead to ordinary phase transitions, emergent phases,
and nanoscale phase separation or spontaneously generated hierarchical spatiotemporal patterns.
The research direction is to understand first and then control the outcome of these competitions
and to design their functionality Specific materials we choose to apply our methods to include
pnictide superconductors, heavy fermion materials and cuprate superconductors.

Recent Progress

Progress has been focused on two areas. The main objective is to
develop predictive theory for inhomogeneous states while retaining
aspects of strong correlations. We are developing an approach to
model effects of strong correlations within the class of hybrid
models that would allow us to combine ab initio aspects with the
more phenomenological strongly correlated models, see Methods
Development below. In parallel, we are developing theory of novel
(or in case of URu,Si; old but unsolved mystery) orders that could
capture tendencies for inhomogeneous domain structures in Single-particle spectral
correlated matter. We also start to develop theory approach that density map of a
allows us connect microscopic nanoscale in homogeneities With | e5esentative actinide
the macroscopic observables: resistivity, specific heat, thermal | system UCoGa-
conductivity, NMR. Progress is organized around two themes,
method developments and detailed studies that reflect our approach.
Methods Developments
e Ab inito and effective models for strong correlations. Debate about the significance of the
strong correlations and their role in superconducting pairing in actinides and pnictides is
ongoing. We have been working on implementing the approach to combine ab initio
methods with effective low energy models where we apply strong coupling terms.
Applications to a series of actinide systems (superconducting, magnetic or their variants) in
the 115 family reveal good correspondence between theory and experiments, and also
propose testable predictions. Our broad interest is to implement the approach to other classes
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of materials as different as cuprates, pnictides, two-
dimensional electron gases. [T. Das, J.-X. Zhu, and M. J.
Graf, “Spin fluctuations and peak-dip-hump in the
photoemission spectrum of actinides.” Phys. Rev. Lett. 108,
017001 (2012); T. Das, T. Durakiewicz, J. X. Zhu, J. J. Joyce,
J. Sarrao, M. J. Graf, “Imaging the formation of high-energy
dispersion anomaly in the actinide UCoGas~. Submitted to
Phys. Rev. X (2012); arXiv: 1206.1302.]

Step 1: Parameter dependent band structure. We use ab
initio approach like LDA to develop band structure and
eigenstates as a functions of parameter z that will parametrize

local changes in inhomogeneous states. But at the first step this | Local variation of
parameter is to be taken constant. The outcome of this step will | Superfluid density in a non-
be a set of LDA eigenfuctions and eigenvalues, we label as | Uniformly distributed
{wn(r, 2); En(2)}, n being the eigenvalue index. Impurity concentration.

Detailed Studies

Fano Lineshape in Kondo hole systems. To make a contact between local scale
inhomogeneity and available characterization tools we have developed a local electronic
structure theory in heavy-fermion systems in presence of disorder introduced by impurities,
defects, or vacancies. Our theory is based on a minimal two-band Anderson lattice model
with finite Coulomb repulsion on the f-orbitals. As an advantage, this model (i) captures both
the heavy fermi liquid and Kondo insulator in the pristine system and (ii) a direct treatment
of f-orbitals makes its connection to experimental observation more direct especially in the
context of Fano lineshape. In particular, it was shown that the Fano lineshape near the Fermi
energy is sensitive to the energy location of bound state. [Jian-Xin Zhu, Jean-Pierre Julien, Y.
Dubi, and A. V. Balatsky, “Local Electronic Structure and Fan Interference into a Kondo
Hole System, ,” Phys. Rev. Lett. 108, 186401 (2012); E. Bauer et al, PNAS 108 Issue:

45 Pages: 18233-18237 (2011)]

Nanoscale Swiss Cheese Models. We have calculated the superfluid density in PuCoGab.
We solve the Bogoliubov-de Gennes lattice model within the framework of the Swiss Cheese
model to explain the aging dependence of the superconducting transition temperature, gap,
and superfluid density. Since Pu is radioactive, it decays and creates disorder with time. This
disorder is well described by the Swiss Cheese model of holes in the fabric of the
unconventional superconductor PuCoGa5. We find good agreement between our
Bogoliubov-de-Gennes lattice model calculations and muon-spin rotation measurements on
samples 25-day and 400-day old by Ohishi and coworkers. [T. Das, J.-X. Zhu, M. J. Graf.
“"Local suppression of the superfluid density of PuCoGas in the Swiss Cheese model. ” Phys.
Rev. B 84, 134510 (2011)]

Low Energy Models. We have successfully developed low-energy effective models for
some d-electron systems (typically for recently discovered iron-based superconductors). This
type of models incorporates detailed crystal information from the band structure calculations
by performing the tight-binding fitting. [Rong Yu, Jian-Xin Zhu, and Qimiao Si, “Mott
Transition in Modulated Lattices and Parent Insulator of (K, TI) ,FexSe, Superconductors”,
Phys. Rev. Lett. 106, 186401 (2011)].
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Nanoscale Swiss Cheese Models. We started with the development of ‘
a general framework for strong disorder effects in short coherence [ i
length superconductors. In a first step, we developed a one-band
Bogoliubov-de Gennes (BdG) lattice model within the scenario of the

Swiss Cheese model to explain the aging dependence of the ' .n
superconducting transition temperature, order parameter, and s
superfluid density in the unconventional superconductor PuCoGas. (ﬁ%)%w
Since Pu is radioactive, it decays and creates disorder with time. The
suppression of the superfluid density in PuCoGas is much stronger Our results are
than that of the transition temperature or the order parameter, similar | highlighted on the
to the high-temperature copper-oxide superconductors. cover page of J.
Phys.: Cond. Mat.
Pairing Symmetry. The pairing symmetry of superconducting state In issue 18 (2012)

has then been predicted and confirmed via experiments, within strong and weak coupling
models, to be nodeless d-wave like in this newly discovered (K,Tl)FesSe; superconductors.
Sign-changing d-wave gap lends itself naturally to the sharp feature in neutron scattering
spectrum, the so called spin resonance. [T. Das, and A. V. Balatsky, “Stripes, spin resonance
and nodeless d-wave superconductivity in Fe,Sep-based layered superconductors”, Phys.
Rev. B 84, 014521 (2011); ibid. “Modulated superconductivity due to vacancy and magnetic
order in AxFe,»Se; [A=Cs, K, (TI,RDb), (TI,K)] iron-selenide superconductor ”, Phys. Rev. B
84, 115117 (2011); ibid. Testing the sign-changing superconducting gap in the iron-based
superconductors with quasiparticle interference and neutron scattering”, J. Phys.: Cond. Mat.
24, 182201 (2012).

In a related but distinct effort, we focused on global symmetry of the Hidden Order. We
are developing theory of hidden order as a hybridization wave where hybridization between
Ru d and U f bands develops in a mean field fashion with the finite momentum transfer. D-
f hybridized nature of the hidden order parameter seem to be consistent with the quasiparticle
interference seen in STM and can explain gap like features seen in spectroscopies of URu,Si;
below 17K. [Yonatan Dubi and Alexander V. Balatsky, “Hybridization Wave as the “Hidden
Order” in URu,Sip,” Phys. Rev. Lett. 106, 086401 (2011).] Success of the theory and
ongoing experimental efforts represents a significant step forward toward the solution of the
problem of “hidden orders” — e.g. pseudogap states, hidden order in URu,Si, nematic order--
the orders that are unconventional and therefore hard to define with simple single particle
spectroscopies.

Future Plans

Ab initio input for local band structure and real space inhomogeneity. We will focus on
understanding, characterization and simulation of novel properties of materials with nanoscale
structure. The relative strengths of various interactions change as we move from the
macroscale to the nanoscale. We continue to focus on two specific development of
modeling and theory:

First approach is to use a large enough unit cell in ab initio calculation that would capture at
the level of very detailed band structure calculations the inhomogeneous modulated states.
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This approach is computationally expensive and has not been attempted to date with the
exception of simple two sublattice magnetic structures in antiferromagnetic materials where
real space modulation is a simple two sublattice state.

e Another approach is to develop effective low energy model based on the inputs from realistic
ab initio calculations and then use this low energy theory to design inhomogeneous models.
Specifically, we plan use the following algorithm. Step 1 is a part of ongoing current
investigation. Now we are looking at implementing:

Step 2: Downfolding. In this step we will use downfolded effective bands that are relevant
for the observables we are describing.

e Hidden Order and Pseudogap in URu,Si,. We plan to develop a model for the Hidden
Order in in URu,Si, that would allow for the precursor to emerge. For the long history of
discussion on nature of the Hidden Order existence of the pseudogap seem to be overlooked.
We will develop a phenomenological and microscopic model for the PG in URu,Siy.

e Swiss Cheese models: In the next step, we will generalize the one-band BdG lattice model to
a multiorbital/multiband formulation relevant to a large class of iron-based high-temperature
superconductors and heavy-fermion cerium- and plutonium-based superconductors in the
presence of random and ordered defects, e.g., impurities vs. vacancy order.
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Project Scope

The present research project concerns theoretical studies of electronic structure, spectroscopic response,
and correlation effects in a wide variety of novel materials of current interest. Our overarching goal is to
undertake realistic modeling of various highly resolved spectroscopies of materials for providing
discriminating tests of competing theoretical scenarios, and as a rational basis for future experimentation.
We emphasize that spectroscopies do not provide a direct map of electronic states, but act as a complex
“filter’ or ‘mapping’ of the underlying spectrum. This link between electronic states and the measured
spectra—the ‘matrix element effect’—is in general extremely complex, but a good understanding of this
link is crucially important for fully exploiting various spectroscopies. Accordingly, we are working
toward formulating and implementing increasingly sophisticated methodologies for making direct
connection with angle resolved photoemission (ARPES), resonant inelastic x-ray scattering (RIXS),
scanning tunneling microscopy/spectroscopy (STM/STS), magnetic and non-magnetic Compton
scattering, and positron annihilation spectroscopies, including some work on neutron scattering and
optical spectra. Specific systems considered are cuprates, pnictides, topological insulators, manganites,
magnetite, and nano-particles. Although the LDA provides an important baseline, ‘beyond LDA” schemes
are invoked for modeling the underlying electronic spectrum in correlated materials in order to
incorporate the physics of superconducting orders, pseudogaps, impurities and nanoscale heterogeneities,
and how matrix element effects can enhance/suppress related signatures in various spectroscopies. The
present project thus aims to help fill a critical gap in the available tools for understanding, analyzing and
interpreting a wide range of spectroscopies in use today, and to obtain through direct comparisons
between theory and experiment new insights into electron correlation effects, Fermi surfaces, magnetism
and related issues.

Recent Progress

Tunneling Matrix Element, Asymmetries, Pseudogap, Two-gap Physics and Van-Hove Singularity
in the Doping Dependent STS Spectra of Bi2212 [PRL 102, 037001 (2009); PRB 85, 214504 (2012)]:
The figure compares the first realistic computation (black line) of the STS spectrum in overdoped Bi2212
with the corresponding experiments (red line), and shows that the striking asymmetry of the STS signal
between high positive and negative bias voltages (not the low energy
electron-hole asymmetry discussed below) arises from the way the _(3)'45_1; VHSa o
electronic states in the cuprate layer couple to the tip to produce the

tunneling current, and that with increasing negative bias voltage new
tunneling channels associated with d(z?) and other orbitals begin to open up
and yield the large tunneling signal. The asymmetry of the tunneling signal
at high energies can thus be understood naturally within the conventional
picture without the need to invoke exotic mechanisms, and it cannot be
taken as a signature of strong electronic correlations in the cuprates, A
contrary to what was thought to be the case previously. These results
establish clearly that the STS spectrum in the cuprates is not a simple reflection of the LDOS of the Cu-
d(x?-y?) band, but that it is modified strongly by the tunneling matrix element.

==Experiment

dl/dV (arb. units)
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Recently, we have extended the preceding modeling to consider the
full doping range. For this purpose, we include strong correlation
effects through a GW scheme, which we have shown through
analysis of various spectroscopies to produce viable self-energies in
the cuprates within an intermediate coupling scenario. Pseudogap
physics is modeled by introducing a (rw,x) AFM order, which is
perhaps the simplest model of the pseudogap as a competing order.
The results comparing theory and experiment in the figure [solid
lines are theory and dashed lines are experiment; panel (b) is a blow
up of the low energy region in panel (a)] show a good overall el
accord at all dopings x. The theory reproduces two gaps and their
doping evolution and the characteristic asymmetry of the coherence '
peaks with doping. The prominent hump in the theory around 200
meV at x=0.19, which moves to higher binding energies with 05 0 05 -004 0 004
underdoping is a VHS feature. Our study thus gives new insights Energy (eV)

into the complex role of the VHS in producing various features in the STS spectrum, and into the doping
evolution of coherence peaks and the mechanism through which two different gaps emerge.

dl/dV (arb. units)
w e

n

Doping Evolution of the Hole Wavefunction in La-Sr-Cu-O [Science 332, 698 (2011)]: Compton
scattering provides a direct, bulk sensitive image of the electron momentum distribution in a solid. By
taking differences between the 2D distributions so obtained as a function of

doping, the wavefunction (in momentum space) of the doped hole can be o i
imaged. The results so obtained for a hole in the underdoped system (upper ,' 15t BZ ‘..
panel) and in the overdoped system (lower panel) in the figure (reds are highs
and blues are lows) are seen to differ dramatically. To understand these results,
we carried out computations of the momentum density in LSCO using both the
band theory framework and appropriate Cu-O clusters, allowing us to obtain key
insights into the nature of the experimental spectra. The analysis shows that at

1.5

p, (a.u.) // [010]

low doping level (upper panel), the doped holes go mainly into O-sites, and the &

location of peaks and symmetry of the momentum density pattern is due to the S

expected Zhang-Rice singlet composed of Cu d(x*y®) and O-p./p, orbitals. In =

sharp contrast, in the overdoped system, the doped holes occupy Cu d(z?) orbital =

as well, yielding the characteristic new pattern in momentum density where the =

peaks now occur at the corners of the Brillouin zone (white square). We thus

establish clearly that a one-band model is not viable for describing the holes 15 -10 05 00 05 10 15
over the full doping range, and that a two-band picture must be invoked. Pola)

ARPES Spectra of Cuprates—Interplay of Self-energy, Matrix Element and Geometric Effects
[PRL 103, 067005 (2009); PRB 80, 214520 (2009); PRL 105, 189702 (2010) ]: The figure shows how
matrix element and self-energy effects play out to produce quite remarkable manifestations of the high-
energy kink or the waterfall effect in Bi2212 at different photon energies. In panel (a) the experimental
spectrum has the appearance of a pair of ‘waterfalls’ with steep slope
around 600 meV, while in panel (b) the same sample yields a ‘Y-shaped’
spectrum. This raises the natural question: Is the waterfall effect an
intrinsic property of the electronic spectrum or is it an artifact of the
ARPES matrix element? Our study settles this question directly by
showing that even though the ARPES matrix element plays a substantial
role in shaping the spectra, the experimental spectra cannot be
understood without including self-energy effects. We thus establish
clearly that the waterfall effect in ARPES is a genuine signature of the
high-energy kink in the underlying electronic spectrum.

Experimental
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The figure here highlights another of our ARPES studies, which was designed to address the controversy
surrounding the interpretation of the small dichroic signal (i.e.
difference in photoemitted intensity for right- and left- circularly
polarized light) that has been reported in experiments on Bi2212. The
guestion is: To what extent is the observed dichroic effect a telltale
signature of circulating current scenarios? The figure shows the
expected dichroic signal in Bi2212 within the conventional band theory
picture. The small orthorhombic distortion of the Bi-O plane in Bi2212
is found to be sufficient to more than explain the observed dichroic
signals without the need to invoke exotic mechanisms. Our study also
suggests that efforts to find support for circulating current scenarios through the measurement of dichroic
effects in ARPES will be complicated by the masking effects of geometric mechanisms.

Predicting New Classes of Topological Insulators [PRL 105, 036404 (2010); Nature Materials 9, 546
(2010)]: We have predicted many new classes of topological insulators using more or less standard band
theory approaches. As an example, the left panel shows band inversion in a new Tl-based system. Our
theoretical prediction that topological phases can be harbored by the ternary Tl-based chalcogenides has
since  been  experimentally TIBiTe, 28
verified. In this vein, the right L
panel shows results of our MR EA
extensive study of the half-
Heusler family, where
compounds displaying band
inversion at the I'-point are in  *L : i s P
the upper half of the figure with k "ok M &

Z,= -1. These results indicate (Zw+2) *V (nm’)
that the half-Heuslers present an exciting new platform for a host of topologically exotic compounds
through the inherent flexibility of their lattice parameters, spin-orbit coupling strength, and the magnetic
moment tunability, paving the way for the realization of multifunctional topological devices.

Planned activities

Highlights of ongoing/planned activities are: (1) Modeling/analysis of STS signatures of O-vacancies,
interstitials, and Zn and Ni impurities in Bi2212 and Bi2201. (2) Modeling ARPES spectra in cuprates
and pnictides where effects of superconductivity, pseudogap and kinks are included properly. (3) Analysis
and modeling of the high resolution Compton scattering LSCO and NCCO datasets we have available to
gain new insights into the doping dependencies of spectral weights, evolution of Fermi surfaces, and to
identify possible spectral signatures of exotic physics. (4) Development/implementation of relativistic
schemes for modeling STS and ARPES spectra of topological surface states. (5) First principles treatment
of alloying effects in the pnictides using our KKR-CPA based approach. (6) Multi-band modeling of STS
spectra in the pnictides. (7) Development / implementation of advanced schemes based on light scattering
techniques for characterization of Li content and behavior in Li-battery materials. (8) Modeling of RIXS,
XAS and XES spectra in complex materials, including work in the time-domain.

Selected Publications (Since 2009- from full list of 58 in Appendix)
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Quantum Phase Transitions in Nanosystems:
Wires, Dots, and Dissipation

Principle investigator: Harold U. Baranger
Department of Physics, Duke University
baranger @phy.duke.edu

project start date: September 1, 2010

Project Scope

Electron-electron interactions cause a variety of quantum phase transitions (QPT) in nanoscale
systems; the control and engineering possible experimentally in such systems then allows the
QPT to be probed and manipulated in detail in both equilibrium and non-equilibrium contexts.
The research in this program addresses such QPT in several settings; the focus is on quasi-one-
dimensional (quasi-1D) quantum wires and quantum dots connected to an environment.

In a quasi-1D wire, the positional order of the electrons can vary from extended liquid-like to
localized Wigner-crystal-like. In this part of the program, we use quantum Monte Carlo (QMC)
techniques to study the nature of the ground state wavefunctions (collaborator: C. Umrigar, Cor-
nell). Within the localized regime, symmetry about the axis of the wire can be broken, and we
study the QPT from a linear arrangement to a zigzag phase. In an inhomogeneous wire, we look
at the interface between a liquid-like and crystal-like region of relevance to the “0.7 anomaly”.

Quantum dots connected to leads and reservoirs lead to QPT in a variety of situations. For
example, we study a quantum dot containing a resonant level connected to dissipative leads.
The dissipation in the leads generates an effective Luttinger-liquid-like interaction between the
electrons. We study the quantum phase transition as the system is tuned through symmetric
coupling by mapping the problem onto a resonant Majorana level.

Recent Progress
Linear to Zigzag QPT in Quasi-1D Wires

A model QPT occurs in quasi-1D wires in the regime of low electron density where electrons
are localized: at the lowest densities, the electrons form a linear chain in the wire, but as the
density increases (but still in the localized regime) symmetry about the axis is spontaneously
broken and a zigzag configuration occurs. Previous theoretical work has studied this Ising-like
transition in the analytically accessible regimes [1].

We use Quantum Monte Carlo (QMC) techniques to study this QPT in the full range of den-
sities relevant to experiment [2] (with A. Mehta and C. Umrigar). We take Coulomb-interacting
electrons with harmonic confinement in the transverse direction; in the longitudinal direction we
use either periodic boundary conditions or a ring geometry. A zero temperature wave-function
based QMC technique is used: variational Monte Carlo followed by diffusion Monte Carlo in the
fixed-node approximation.

The zigzag transition is clearly seen—Fig. 1—directly in the density and pair-density. By
using a measure of the amplitude of the zigzag, we see that the transition is sharp. For tighter
transverse confinement, the zigzag transition moves to higher density, and eventually is precluded
by the transition to extended electrons. The number of gapless modes available should provide a
signature of this competition and is currently under study.
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Tunable QPT in a Resonant Level Coupled to Interacting Leads

A recent experiment [pub. #5] created a system which emulates tunneling into a Luttinger
liquid, by controlling the interaction of the tunneling electron with its environment. In conduction
through a resonant level placed into this environment, classic power-law scaling was observed.
A schematic of the system is shown in Fig. 2, which we analyze theoretically.

We show that several QPT exist in a model of a resonant level connected to a dissipative envi-
ronment, transitions which emulate those found in interacting systems such as Luttinger liquids
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FIG. 2. Resonant level with dissipative leads: QPT at symmetric coupling. Left: Schematic of a
resonant level coupled to a source, drain, and gate; dissipation is characterized by the two resistors R, and
Rg. Right: Phase diagram as function of energy of the resonant level (tuned by the gate, horizontal axis)
and the asymmetry of the source and drain coupling (vertical). On resonance with symmetric coupling
leads to competition between the S and D leads and so to a two-channel Kondo state but with interacting
fermions. The conductance at the critical point is e /h; elsewhere it is 0. (with G. Finkelstein, D. Liu, H.
Zheng, and H. Mebrahtu)
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or Kondo systems. We study a double barrier resonant level coupled to two dissipative leads
(source and drain) as well as to a dissipative gate. The electromagnetic environment couples both
to tunneling processes that produce source-drain current and to fluctuations of the total charge of
the dot. By using bosonization and unitary transformations, we map this dissipative resonant level
model to a resonant level in a Luttinger liquid, being careful to show that the transport properties
(current and conductance) of the two models are equivalent. Following methods for analyzing
Luttinger liquids at both weak and strong coupling, we obtain the phase diagram. For strong
dissipation, a Berezinsky-Kosterlitz-Thouless QPT separates strong-coupling and weak-coupling
phases. In the source-drain symmetric case, all relevant backscattering processes disappear at
strong coupling, leading to perfect transmission at zero temperature. In fact, a second order QPT
occurs as a function of the coupling asymmetry: the two phases correspond to the resonant level
merging with the right lead while the left lead decouples, and vice versa. At the critical point, the
two leads compete, leading to two-channel Kondo type physics, which we model with a Majorana
resonant level coupled to interacting leads.

Future Plans
Electron Localization in the Inhomogeneous Electron Gas: Quantum Point Contacts

As a model of quantum point contacts (QPC), we investigate the behavior of electrons in an
inhomogeneous quasi-1D wire—one in which a short low density region is sandwiched between
two high density regions. Electrons become strongly localized in the low density constriction
region, and previous work has shown that a gap of zero density can open between the localized
and liquid-like electrons in the system [3, 4]. We plan to investigate this phenomenon further, in
particular the role of exchange-correlation in causing the gap and the possible implications for
the “0.7 anomaly” seen experimentally in the conductance.

We model a QPC as a constriction in a quantum ring, and plan to use variational and diffusion
Quantum Monte Carlo (QMC) calculations to investigate the effects of different point contact
lengths and geometries on the electronic properties of the QPC. A preliminary result is shown in
Fig. 3. As the height of the constriction potential increases, the electron density in the constriction
decreases. For sufficiently high V,, an integer number of electrons localize in the constriction.
A gap forms in the density between the electrons in the leads and the localized electrons in the
constriction, a gap which cannot be accounted for by electrostatics alone.
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Dot+Dissipation: A Building Block for Quantum Simulation

We plan to further develop our collaboration with the experimental group of G. Finkelstein
[pub. #5]. These results deepen the close link between effects produced by dissipation and those
caused by electron-electron interactions established in earlier work [5]. This link is not surpris-
ing since dissipation connected to the electromagnetic environment is caused by electron charge
interactions. Thus, coupling to dissipation can be used to emulate what happens in a strongly in-
teracting electron system. Since the type of system we study is very flexible and can be extended,
for instance, to several quantum dots connected in a variety of ways to leads and gates, this sug-
gests the possibility of using dissipative systems as a quantum simulator of strongly correlated
electronic phenomena.

As a first step, we plan further studies of a single quantum dot, but in the strongly dissipative
regime and when the spin degree of freedom is not quenched by a magnetic field. This leads to
interesting generalized two-channel Kondo physics.

Publications
1. “Kondo Effect and Mesoscopic Fluctuations,” D. Ullmo, S. Burdin, D. E. Liu, and H. U.
Baranger, Pramana 77, 769 (2011).
2. “Detecting a Majorana-Fermion Zero Mode Using a Quantum Dot,” D. E. Liu and H. U.
Baranger, Phys. Rev. B 84, 201308 (2011) [Rapid Comm.].
3. “From Weak- to Strong-Coupling Mesoscopic Fermi Liquids,” D. E. Liu, S. Burdin, H. U.
Baranger, and D. Ullmo, EPL 97, 17006 (2012).

4. “Mesoscopic Anderson Box: Connecting Weak to Strong Coupling,” D. E. Liu, S. Burdin,
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5. “Quantum Phase Transition in a Resonant Level Coupled to Interacting Leads,” H. T. Me-
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Properties of multiferroic nanostructures from first principles

Principal Investigator: Laurent Bellaiche; Department of Physics, University of Arkansas,
Fayetteville, AR 72701; laurent@uark.edu

Project scope:

Multiferroics are materials that can simultaneously possess ferroelectricity
(that is, a spontaneous electrical polarization that can be switched by applying an
electric field) and magnetic ordering. Such class of compounds exhibits a
magnetoelectric (ME) coupling that is of high technological relevance, since it
implies that electrical properties are affected by a magnetic field or, conversely, that
magnetic properties can be varied by an electric field.

While multiferroics, in their bulk and (thick) film forms, have been intensively
studied, little is currently known and/or deeply understood about multiferroic
nanostructures -- e.g., ultrathin films, wires, nanotubes, and three-dimensionally
confined multiferroic nanodots. This, despite their technological promise in tuning
towards a desired behavior that is not always achievable in a bulk-like material and
despite their fundamental promise in yielding novel, exciting effects.

The broad objectives of this award are to gain a deep understanding of
multiferroic nanostructures, in general, and to reveal original, exciting phenomena
in low-dimensional multiferroics, in particular.

Recent progress:

To achieve these objectives, several research projects on multiferroic
nanostructures have been conducted (and are currently conducted) by developing
and/or using state-of-the-art techniques from first principles. Collaborations with
internationally-recognized groups, including DOE scientists, having vital
experimental programs in multiferroics are further strengthened, which allow us to
ground our simulations and to fully, deeply understand the complex materials under
investigation. It appears that our results are significantly enhancing the current
understanding of multiferroics and nanostructures, by revealing their (anomalous)
properties, identifying the microscopic features responsible for such properties, and
by discovering new phenomena. For instance, we demonstrated strain-driven phase
transition towards states with giant axial ratio and large out-of-plane polarization,
and revealed dramatic enhancement of magnetoelectric coefficients near this
transition, as well as the nearly simultaneous occurrence of a ferroelectric and a
magnetic transition near room temperature in BiFeO3 (BFO) thin films. Thanks to
DOE support, we also found counter-intuitive dependency of critical transition
temperatures with the epitaxial strain and the existence of array of ferroelectric
vortices in BFO thin films (both predictions were then experimentally confirmed).
We also predicted other new phenomena. Examples include the occurrence of novel
chiral states and a gyrotropic phase transition (for which optical activity
spontaneously appears) in BFO films, as a result of the formation of
interpenetrated arrays of ferroelectric vortices and antivortices. Conductivity was
also found to be enhanced at the ferroelectric vortex cores in BiFeO3.
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Future plans:

We now envision to develop computational schemes having unprecedented
capabilities to (1) model and understand complex properties of multiferroics solid
solutions (in their low-dimensional forms) and (2) design new multiferroic materials with
optimal or original properties.

Many of such compounds and effects are expected to be modeled and studied.
Examples include the development of an original method to predict dynamical properties
of multiferroics, which will allow the investigation of electromagnons and the possibility
of finding a material having a negative index of refraction; and the determination of the
atomic ordering and/or composition yielding various optimized properties (e.g.,
piezoelectric and dielectric responses, magnetoelectric coefficients, etc...) in (Bil-
xRx)FeO3 alloys, where R is a rare-earth ion.
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Theoretical Investigations of Nano and Bio Structures

J. Bernholc (PI) and C. Roland (co-PI)
Center for High Performance Simulation and Department of Physics
North Carolina State University, Raleigh, NC 27695-7518

bernholc@ncsu.edu

cmroland@ncsu.edu

Project Scope

This grant addresses fundamental issues in nanoscale science and technology, namely the design of nano-
and bio-inspired materials and processes with desired, novel characteristics. The research projects focus
on several broad areas, including environmentally important enzymatic reactions, self-assembly mecha-
nisms and structure evolution at surfaces, molecular devices and multi-terminal junctions with novel
characteristics. Methodology development is an important part of the research, enabling large-scale simu-
lations of solvated systems, evaluation of free-energy barriers, and calculations of quantum interference
effects in electron transport. Our real-space multigrid method is capable of simulating the dynamics of
systems containing thousands of atoms on DOE's leadership-class massively parallel supercomputers.

Recent Progress

Mechanistic Aspects of the Nitrogen Cycle: the Action of Copper Nitride Reductase

Copper nitrite reductase (CuNiR) is an enzyme that cat-
alyzes an important step in denitrification, a process in
which biologically bound nitrogen is released into the
atmosphere as inert nitrogen gas. Human activity has
increased the amount of bio-nitrogen via the use of
Bosch-Haber process for production of fertilizers and
by large-scale cultivation of nitrogen-fixing crops. Ex-
cess nitrogen causes many environmental problems,
especially in aquatic ecosystems, such as harmful algal
blooms and dead zones in the oceans. Denitrification is
currently the only proven process for nitrogen removal
from water and thus full understanding of the function-
ing of CuNiR as well as other enzymes involved in de-
nitrification is of high importance.

CuNiR catalyzes conversion of NO, to NO. In ad-
dition to its role in denitrification this enzyme is also
being explored for use as a sensor for nitrite, a wide-
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Fig. 1: Energy profile of enzymatic function of
CuNiR. Panel I shows substrate (NO,) attach-
ment, Il nitrite reduction and Ill represents re-
moval of the product (NO).

spread pollutant found in food, water
and physiological systems. CuNiR is
organized as homotrimer with three
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the overall functioning of CuNiR is
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main unknown. Some of them are
the origin of two protons taking
place in the reaction as well the role
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of two experimentally observed features: conformational change of the critical residue Asp98 and the un-
usual “side-on” attachment of NO to the T2 copper, in which N and O are equidistant to the copper.

To resolve these issues we performed density-functional simulations of catalytic functioning of Cu-
NiR. The nudged elastic band (NEB) technique was used to explore the enzymatic process, including the
attachment of NO,™ and the release of NO. The overall energy profile is displayed in Fig. 1. Our calcula-
tions show that the nitrite reduction process has the energy barrier of 0.94 eV, while the initial attachment
and release have barriers of 0.70 and 0.47 eV, respectively. A critical step in the catalytic process is elec-
tron transfer from T1 copper, which changes the NO, attachment to the T2 copper from bidentate (via the
oxygens) to monodentate via the nitrogen atom. The optimized structures before and after the electron
transfer are shown in Fig 2.

Our calculations also find that the conformational change of Asp98, which was previously detected
experimentally, has an important role in the enzymatic process, since it opens and closes the channel to
the catalytic copper center. In the resting state, the channel is opened and upon substrate attachment the
side chain of Asp98 rotates to close it. The side chain returns back to the open position during the reduc-
tion process, which brings it closer to the substrate. The Asp side chain then donates a proton to the sub-
strate, leading to removal of one oxygen from NO, and the formation of NO. The open conformation of
Asp98 then allows the product to be released and be replaced by a water molecule.

Molecular Self-Assembly on Metal Surfaces

In a joint experimental-theoretical effort with
ORNL researchers, we are investigating molec-
ular self-assembly and patterning on metal sur-
faces. Supramolecular engineering on well-
defined surfaces provides access to a multitude
of nanoscale architectures, including clusters of
distinct symmetry and size. The underlying
driving forces that lead to such self-assembled
supramolecular structures generally involve
both graphoepitaxy and weak directional non-
convalent interactions. We show, for the first
time, that the balance between very weak CH/n
bonding among the ethyne groups of the phe-
nylacetylene molecules and the molecule-

) . i

Fig. 3. High-resolution STM image of a hexamer and its
. . calculated structure. (a) STM image. (b) Structural mod-
surface interactions can enable robust supramo- | o\ ¢, 55 rejaxed hexamer. Experimental distances are in
lecular self-assembly of well-defined “magic red and calculated ones are in brackets. (c) Theoretical

mole.cular clusters. The nature of the process 1S | STM image for the fully relaxed hexamer on two layers
detailed from a corroboration of extensive | of Au(111).

STM/S and first principles density functional
theory calculations that demonstrate cooperative, multi-center CH/xn interactions as a dominant factor [9].
These interactions offer an attractive tunability via chemical functionalization and thus may allow new
avenues towards rationally designing desired supramolecular shape and size.

One of the outstanding paradigms of nanoscience is that of “magic” nanoparticles or molecular as-
semblies. Weak directional molecular forces are central to self-assembly in general, and are particularly
important for the formation of supramolecular structures on surfaces because they provide a balance be-
tween intermolecular and molecule-surface interactions, as well as the feasibility of coordination shell
saturation. Of the candidate attractive interactions, the hydrogen bonding is by far the most significant
because, despite being weak (enthalpy varying from 3 to 7 kcal mol ™) hydrogen bonding maintains well-
defined directionality, in contrast to van-der-Waals and ionic interactions. The distinctive properties of the
CH/r hydrogen bond are that it can operate in polar solvents and is highly cooperative, due to the ability
of the CH/n fragments to act as both a Lewis acid and base.

The building blocks of our investigations are the phenylacetylene molecule and the Au(111) surface.
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After low temperature deposition of ~0.1 ML, the molecules assemble themselves into largely disordered
clusters within the fcc domains of the Au(111) surface. A surprising transformation occurs when the sam-
ple is post-annealed to ~ 120 K for 10 minutes. Most of the molecules on the surface rearrange into a sin-
gle type of cluster with regular triangular shape and exactly six constituent phenylacetylene molecules,
which we call a hexamer in the following.

The hydrogen atom of the ethyne group of each molecule within the hexamer points approximately
toward the triple C=C bond of a central molecule, implying the formation of a CH/zx bond. However, alt-
hough the relative angle between peripheral and central molecules matches the 90° anticipated for CH/n
bonding, that between the central molecules becomes 120°.

Density functional calculations were performed for the phenylacetylene hexamer optimized over a
two-layer slab of Au(111). The relaxed structure (Fig. 3(b)) is in very good agreement with the experi-
mental observations and its size (the average distance between the centers of two peripheral molecules) of
16.4 A likewise matches the experimental value of 15.8 + 0.5 A. Finally, the simulated STM image (Fig.
3(c)) of the hexamer on Au(111) also matches the experiment (Fig. 3(a)) very well. Our results suggest
that the favorable formation of the hexamers is driven by a balance between CH/n and surface—molecule
interactions. Both the directionality and multi-centricity of the CH/x bond appear to be critical for supra-
molecular self-assembly, and in fact this self-assembly would not take place in the case of mere van-der-
Waals or electrostatic interactions. Z-V spectroscopy has further revealed that the electronic properties of
the molecules are modified upon self-assembly, despite of the relatively weak intermolecular interactions.
We envision that adding more acetylene groups to the phenyl ring will allow for additional structural flex-
ibility and possibly tunable control over both the shape and the size of supramolecular assemblies, as well
as the transition between supramolecular and extended self-assembled structures.

Future Plans

Some of the CuNiR calculations are still in progress and we are currently exploring the role of “side-on”
attachment of NO, which has been the subject of several recent investigations. The studies of molecular
self-assembly on surfaces are also continuing, and we are investigating the role of charge carrier injection
and surface structure on molecular patterns.

As a new project, we plan to develop new methodology for ab initio simulation of atomic motion and
reactivity in lithium ion batteries. These batteries are not only important for portable electronics, but are
also being increasingly used in the new generation of electric cars. However, the current batteries have
significant drawbacks, which include limited temperature range, short lifetime and restrictions on charge
and discharge currents. Addressing those will require microscopic understanding of the functioning of
these devices, which is currently lacking. At present, no consensus on the mechanism and energetics of Li
ion solvation and diffusion in commonly used electrolytes, such as ethylene-carbonate (EC) or propylene
carbonate (PC) exists. Almost all computer simulations performed to date have used force fields and
yielded differing pictures of Li-ion solvation in carbonate solvents. The main factor hindering the use of
ab initio approaches is the computational cost of describing the solvent, due to the high number of solvent
molecules that need to be included for accurate description of solvation.

We have previously developed a method that enables accurate explicit solvation in ab initio calcula-
tions at only a small additional cost. This method combines the usual Kohn-Sham (KS) density functional
theory (DFT) with orbital-free (OF) DFT, which is used to describe the solvent. The advantage of OF
DFT is its low computational cost. Our work has demonstrated that OF DFT has sufficient accuracy, as
compared to full KS DFT, to describe interactions between closed-shell water molecules, provided that
their internal degrees of freedom are frozen. We have thus devised a multilevel embedding scheme in
which the central region is described by KS DFT. This region is surrounded by an extended OF DFT re-
gion, in which OF DFT calculations are carried out. Our scheme works very well for simulating reactivity
of solvated biomolecules, and we already used it to investigate Cu attachment to prion [2] and Parkinson's
disease [7] proteins. We plan to employ a similar strategy for simulating Li diffusion in the electrolyte
environment. Support for the proposed project also comes from our earlier simulation of Li diffusion in
defected nanotubes, where we found that motion of Li could be described in OF DFT formalism.
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Our initial work will focus on parameterizing the charge density of the electrolyte molecules. For wa-
ter, a relatively simple description was sufficient, provided that it reproduced the overall charge, dipole
moment and radial distribution functions (RDFs) of liquid water. In order to separate theoretical limita-
tions from those introduced by parameterization, our initial tests will use superposition of KS-DFT-
computed molecular charge densities to evaluate Li ion energetics in OF DFT fashion. If these tests are
favorable we will develop a simplified parameterization and simulate the properties of small solvent clus-
ters and their interactions with lithium. The OF DFT results will be compared to full KS DFT simulations.

Once sufficiently accurate models of OF DFT models of EC and PC are available, hybrid KS
DFT/OF DFT calculations will be used to study key processes in Li ion battery functioning: Li ion diffu-
sion in electrolyte and its intercalation and reaction with electrodes. The description of the graphite elec-
trodes, which will use the full KS DFT, will require a van der Waals (vdW) corrected functional. For the
oxide electrodes, a better description of correlation will be needed. It will first be pursued within the
LDA+U formalism, which is straight-forward to implement in our codes.
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Internal Geometry, Stability and Design of Quantum Hall States

Principal Investigator: Dr. Ravindra Bhatt
Department of Electrical Engineering, Princeton University, Princeton, NJ 08544
ravin@princeton.edu

Co-Principal Investigators:

(i) Dr. F.Duncan M. Haldane, Department of Physics, Princeton University, Princeton,
NJ 08544 (haldane@princeton.edu)

(i) Dr. Edward H. Rezayi, Department of Physics, California State University, Los
Angeles, CA 90032 (erezayi@calstatela.edu)

(iii) Dr. Kun Yang, Department of Physics and National High Magnetic Field Laboratory,
Florida State University, Tallahassee, FL 32310 (kunyang@magnet.fsu.edu)

Project Scope

Research in this program, carried out at three institutions in a synergistic fashion, aims
at understanding the phase diagram of two-dimensional electrons in the fractional
quantum Hall (FQH) regime, at a fundamental and deep level, leading towards the
possibility of uncovering the Design Principles for FQH states. This involves the study of
different types of Hamiltonians applicable to various two-dimensional materials, currently
available, or possible in principle. Much of the current project uses numerical techniques
as well as variational many-body wavefunction methods, in conjunction with fundamental
theory to achieve the aforementioned goal. Because FQH states are characterized by an
energy gap between the ground and excited states (unlike Fermi liquids), numerical
approaches on finite size systems using different geometries are found to accurately
represent thermodynamic systems. Highlights of the past year and a half have been —

(i) a fundamental, new understanding of the role of geometry and anisotropy in the FQH
regime; (ii) novel opportunities afforded by materials such as Graphene with Dirac-like
spectrum; and (iii) understanding non-Abelian FQH states and quasiparticle tunneling. In
addition, serendipitously, a new, hitherto unknown, singularity of the Anderson model of
localization was discovered during a trial project with a beginning graduate student.

Recent Progress

Geometry of the FQHE

We uncovered the (previously unsuspected) importance of geometry in the FQHE. This
leads to a new way of understanding the origin of FQHE incompressibility [1] in terms of
the shape of the composite particle that forms a FQHE fluid. Thus, the Laughlin state is
not a unique state, but a family of states related by a shear deformation, characterized
by a true variational parameter given by a unimodular positive-definite symmetric metric
tensor. Consequently, the gauge field to which electrons couple is a linear combination
of the electromagnetic field and a geometric curvature gauge field. As a result, a direct
incorporation of the collective (magneto-roton) excitation becomes central to
phenomenological descriptions of the FQHE. This new approach leads towards a long-
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wavelength description of the FQHE that is an effective “quantum geometry” theory. A
remarkable property of the structure factor S(q) is a duality between small and large q
behavior where it is its own Fourier transform [2]. This is reminiscent of duality in
quantum gravity theories, and allows several new interpretations, e.g. the long
wavelength limit of the collective mode coincides with the short distance fusion of a
quasiparticle with a quasihole [3], and is analogous to a graviton.

We investigated the effect of anisotropy (e.g. due to mass or dielectric tensor, or tilted
magnetic field) on FQH states, in several numerical studies [4,5,6]. In [4], we used a
variational scheme to determine the optimum metric for the Laughlin state in the n=0
Landau level, and performed numerical diagonalization for n=0 and 1 Landau levels to
investigate transitions between incompressible and compressible, broken-symmetry
states. In [5], we constructed anisotropic versions of Moore-Read and Read-Rezayi
states as well, and applied it to cold atomic systems with anisotropic dipolar interactions.
In [6], we investigated fast-rotating quasi-2D dipolar Fermi gases in the FQH regime.

New Materials: Tuning the FQH Hamiltonian

The discovery of graphene allowed access to a FQH system differing from conventional
semiconductors in several ways, in particular, offering the possibility of tuning both the
single particle band structure, and the two-body electron-electron interaction, and with it
new possibilities for FQH states. Because the surface of graphene is exposed, unlike the
electron gas buried deep inside a semiconductor structure, the e-e interactions can be
controlled more substantially by dielectric/metallic screening. We numerically explored
[6] the possibility of obtaining different FQH states (including the elusive non-Abelian
states) and studied transitions between them. We then generalized the model to include
multilayer graphene, including the effect of electric fields [7], and showed that this offers
the possibility of in-situ tunability between several different FQH states, e.g. Laughlin
and bubble states, or Moore-Read and chiral Fermi liquid states [8]. We also studied [9]
the possibility of stabilizing the Read-Rezayi state (a candidate for universal quantum
computation). A summary of the work was presented as an invited talk [10].

Another opportunity that graphene affords is the possibility of observing universal low
energy behavior of chiral Luttinger liquids. Numerical calculations for graphene using a
disc geometry [11] and contrasting it with GaAs-based 2D electron systems [12] show
how the edge reconstruction in the semiconductor system can be avoided in graphene,
and the underlying universal behavior recovered. A final project was an examination of
the effects of the relativistic dispersion in graphene on the effects of e-e interactions vis-
a-vis the Landau level splitting [13]; here again graphene allows two possibilities at high
magnetic fields, unlike the 2D semiconductor counterpart.

Non-Abelian FQH States, and Miscellaneous Results

Non-Abelian FQH states are of great interest as potential candidates for quantum
computation. Real systems break particle-hole symmetry due to Landau level mixing,
neglected in most numerical studies. A comprehensive study [14] found that LL mixing
favors the anti-Pfaffian state at filling v = 5/2. Calculations in the disc geometry [15]
showed that Abelian and non-Abelian quasiparticles have very different tunneling
properties, which could be used to distinguish between them in experiments. Bilayers at
v = 2/3 filling was shown to be another potential system with non-Abelian states [16].
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Other results include: (i) Hall viscosity and related quantities for the Laughlin and Moore-
Read states [17]; (ii) Study of the connection between QHE wavefunctions and
correlators of Conformal Field Theories [18]; (iii) Quantum Entanglement Spectrum of
QH states, using cuts in real space [19]; (iv) Connection between QH fluids and type-I
and Il superconductors [20]; and (v) Discovery of a new singularity in the insulating
phase of the Anderson model of localization [21].

Future Plans

In the near term, we plan to exploit our new understanding of the geometry of the FQH
states to study several physical phenomena. These include:

(i) Effect of spatially inhomogeneous local electric fields (e.g. due to confining
potential near edges);
(i) Hall viscosity (i.e. the stress induced in the QH fluid by non-uniform flow

occurring due to non-uniform electromagnetic fields) for multi-component
anisotropic FQH systems;

(iii) Conductivity anisotropy in anisotropic QH systems

(iv) Extension of these ideas to compressible liquid states (e.g. at v = %), where it
might be easier to probe experimentally.

A second frontier of research involves extending numerical methods to larger system
sizes using methods such as Density Matrix Renormalization Group. A preliminary
exploration [22] shows that DMRG methods are severely restricted for spherical
geometry, but may work much better in cylindrical geometry. We therefore plan to study
this less-studied geometry in greater detail. If successful, these extensions would prove
very useful for the study of the more fragile QH states as well as compressible states.

A third direction we plan to follow is the study of entanglement spectra using real-space
cuts, which is turning out to be a powerful tool in determining the topological phase of
the ground state of generic Hamiltonians, and is able to discriminate between states that
are particle-hole conjugates.

Some other directions we have planned for further study are:

(i) QH phases with more complicated band structures;

(i) Effect of subband crossing in semiconductor based 2D electron systems;

(i) Spin and pseudospin structures & textures at QH edges in graphene multilayers;

(iv) Possible new QH phases in cold atom systems, methods for their detection, and
interaction driven QH phase transitions.
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Surface Electromagnetic Phenomena in Pristine and Atomically Doped
Carbon Nanotubes: Fundamentals and Applications

Principle investigator: Dr. Igor Bondarev

Department of Physics, North Carolina Central University
1801 Fayetteville Str, Durham, NC 27707
ibondarev@nccu.edu

Project Scope

This theoretical project addresses fundamentals and applications of electromagnetic
interactions in quasi-one-dimensional carbon nanomaterials. Ultra-fast quantum processes
in pristine and atomically doped carbon nanotubes are being explored in the near-field to
learn how to control and reliably manipulate by surface atomic, photonic and excitonic
states in these systems. The research program focuses on: (1)physical properties of surface
exciton-plasmon resonance excitations in pristine single wall carbon nanotube systems;
(2)properties of cavity polariton states in hybrid quantum systems composed of single wall
carbon nanotubes doped with single atoms, or ions, or nanotubes coupled to semiconductor
quantum dots; (3)exciton energy transfer in single wall carbon nanotube bundles/films, and
their related optoelectronic properties. The emphasis is on getting a better understanding of
underlying quantum phenomena and providing guidance for future experiments that might
result in creation of new research subfields, such as carbon nanophotonics (as opposed to
semiconductor nanophotonics) and carbon nanoplasmonics, focused on the development of
a new generation of carbon based, high-yield, high-performance, tunable optoelectronic and
sensory device components for use in solid state quantum information, quantum commu-
nication, energy conversion and storage technologies.

Recent Progress

(A.) Pristine Carbon Nanotubes

Optically excited excitons are theoretically demonstrated to generate and amplify surface
plasmons in individual semiconducting carbon nanotubes. Surface plasmons are coherent
charge density waves due to the periodic opposite-phase displacements of the electron
shells with respect to the ion cores. Charge density waves produce oscillating electric fields
concentrated locally throughout the nanotube surface. The entire process can be controlled
by a perpendicular electrostatic field [Fig.1(a)]. Our theoretical research shows that the
nonradiative exciton-to-plasmon energy transfer, whereby the external electromagnetic
radiation absorbed to excite excitons transfers into the energy of surface plasmons, can
efficiently mediate and greatly enhance the electromagnetic absorption by pristine
semiconducting nanotubes. This enhancement is caused by the buildup of the macroscopic
population numbers of coherent localized surface plasmons producing high-intensity local
oscillating fields throughout the nanotube surface [Fig.1(b)]. The strong local coherent fields
produced in this way can be used in various new technological applications of carbon
nanotubes, such as near-field sensing, optical switching, electromagnetic energy
conversion, and materials nanoscale modification. [see Figure 1; |.V.Bondarev, Physical
Review B 85, 035448 (2012)]
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Fig. 1(b): Generation of plasmons by optically excited excitons in individual semiconducting carbon nanotubes (CNs).
Calculations for the 1st bright exciton in the (11,0) CN. Top row, left to right: Schematic of the plasmon generation
process by the optically excited exciton. (a),(b) Exciton excitation by the external electromagnetic radiation.
(c),(d) Plasma oscillations (produced by the nonradiative exciton decay) are periodic opposite-phase displacements of the
electron shells relative to the ion cores in the neighboring elementary cells (blue and yellow) of the nanotube. Such
periodic displacements induce coherent oscillating electric fields (shown by + and - signs) of zero mean magnitude, but
non-zero mean-square magnitude, concentrated locally across the nanotube diameter throughout the nanotube length.
Bottom row, left: Local surface field amplitude as a function of temperature and perpendicular electrostatic field applied;
Middle and right: Low-T and high-T plasmon population (also representing increased light absorption by excitons).
1.V.Bondarev, Phys. Rev. B 85, 035448 (2012)

(B.) Hybrid Carbon Nanotube Systems

Hybrid carbon nanotube systems, nanotubes containing extrinsic atomic type species
(dopants) such as semiconductor quantum dots, extrinsic atoms, or ions, are promising
candidates for the development of the new generation of tunable nanooptoelectronic
devices — both application oriented, e.g., photovoltaic devices of improved light-harvesting
efficiency, and devices for use in fundamental research including nanophotonics,
nanoplasmonics, cavity quantum electrodynamics, and solid-state quantum information.
Here, we have studied theoretically a pair of spatially separated two-level dipole emitters,
two-level systems (TLS) to model the atomic type dopants mentioned above, in the regime
where they are coupled strongly to a low-energy resonant surface electromagnetic mode
(the plasmon resonance) of a metallic carbon nanotube. By explicit calculations of non-
linear response signals, we show that the 2D photon-echo spectroscopy is a very sensitive
tool for detecting and monitoring the bipartite TLS coherences and entanglement in such a
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hybrid quantum system. Specifically, the CN-assisted bipartite TLS entanglement can be
identified unambiguously through the presence of the cross-peaks in the 2D photon-echo
spectra. We analyze various experimental situations and formulate practical recommenda-
tions for the reliable experimental observation of this unique quantum phenomenon of
relevance to the solid-state quantum information science. [see Figure 2; collaborative work
with the Munich Advanced Photonics Center (MAP) @ TU-Munich, Germany; M.F.Gelin
l.V.Bondarev, and A.V.Meliksetyan, Chemical Physics Journal (Elsevier) Special Issue on
Nanotube Photonics, at prinf]
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Right: 2D optical photon-echo signals in the cases where the bipartite entanglement is absent fromt(left graph), or
present in (right graph) the system. The presence of the cross-peaks on the right panel indicates that the distant dipole
emitters are coupled strongly to the same CN surface plasmon resonance and ‘talk to each other’ via the virtual
plasmon exchange, being entangled. M.F.Gelin, 1.V.Bondarev & A.V.Meliksetyan,

Chem. Phys. Special Issue on Nanotube Photonics, at print

Planned activities: 2012-2013

For the second year of this project, we plan to continue our established collaborations with
MAP @ TU-Munich, Germany (Maxim Gelin & Wolfgang Domcke) and USF-Tampa, USA
(Lilia Woods). A new collaboration is under way with the University College London (UCL),
UK (Janet Anders, quantum information theory) to strengthen the quantum information
aspect of our research with nanotubes. The activities will be going as follows:
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(1.) Quantum theory of exciton energy transfer in single wall carbon nanotube bundles/films,
and their related optoelectronic properties, with the emphasis on the controlled absorption,
energy conversion and storage applications of nanotube composite materials.

(2.) Quantum electrodynamics of Surface Enhanced Raman Scattering (SERS) by trapped
molecules near carbon nanotubes — to take advantage of strong local-field enhancement
effect near carbon nanotubes for single-molecule optical sensing.

(3.) Analysis of quantum entanglement in strongly coupled exciton-plasmon excitations and
possibility for their Bose-condensation in individual CNs. [in collaboration with UCL, UK]

(4.) Theory development for non-linear optical experimental techniques, such as 2D photon-
echo spectroscopy and optical double-coherence spectroscopy, for non-linear optical
monitoring of near-field quantum effects in pristine (excitons/biexcitons) and hybrid (atoms,
ions, quantum dots) CN systems. [in collaboration with MAP @ TU-Munich, Germany]

(5.) Computational modeling program code improvement to include: (i)effects of trigonal
warping on exciton energies in individual single wall CNs, and (ii)exciton re-scattering effect
between constituent tubules in multi-wall nanotube combinations. These improvements are
needed, in order to be able to reliably simulate excitonic response spectra of smaller
diameter CNs (less than, or ~1 nm), including multi-wall carbon nanotubes. [in collaboration
with USF-Tampa, USA]

Publications

(1.) 1. V. Bondarev, "Single wall carbon nanotubes as coherent plasmon generators"
Physical Review B 85, 035448, (2012).
(2.) I.V.Bondarev, M. F. Gelin, and W. Domcke, "Plasmon nanooptics with pristine and

hybrid nanotube systems"
Bulletin of the American Physical Society, Vol. 57, No 1, p. V6.00002.

(3.) 1.V.Bondarev and T. Antonijevic, "Plasmon generation by excitons in carbon
nanotubes"
Proceedings of the Nanotech 2012 Conference, Vol.1, p. 334.

(4.) 1. V. Bondarev, "Nanotube plasmonics"
In: International Conference "Spins & Photonics Beams at Interface” (September 25—
26, 2011, Minsk, Belarus). Book of abstracts, p. 19.

(5.) M. F.Gelin, |. V. Bondarev, and A. V. Meliksetyan, "Monitoring bipartite entanglement
in hybrid carbon nanotube systems via optical 2D photon-echo spectroscopy”
Chemical Physics (Elsevier), Special Issue on Photophysics of Carbon Nanotubes
and Nanotube Composites, at print.

(6.) L.M.Woods, A. Popescu, D. Drosdoff, and I. V. Bondarev, "Dispersive interactions in
graphitic nanostructures"
Chemical Physics (Elsevier), Special Issue on Photophysics of Carbon Nanotubes
and Nanotube Composites, at print.

(7.) 1LV.Bondarev, M.F.Gelin, and W.Domcke, "Plasmon nanooptics with individual
carbon nanotubes”,
Journal of Physics: Conference Series (Dubna-Nano2012 Proceedings), submitted.
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Correlated Electrons in Reduced Dimensions.
Principal Investigator: N.E. Bonesteel

Department of Physics, Florida State University

Tallahassee, FL. 32310

bonestee@magnet.fsu.edu

Project Scope

The study of the quantum Hall effect — a phenomenon which occurs when a two-dimensional
electron gas (2DEG) is placed in a strong magnetic field and cooled to ultra low temperatures
— continues to provide fundamental insights into the remarkable variety of order possible in
strongly correlated quantum systems. For example, the fractional quantum Hall state observed at
Landau-level filling fraction v = 5/2 is conjectured to possess so-called “non-Abelian” order. In
states with such order, quasiparticle excitations are characterized by quantum numbers similar
to ordinary spin quantum numbers but which, unlike ordinary spin, cannot be distinguished by
local measurements. The Hilbert space describing such quasiparticles has a built in resistance to
decoherence, and for this reason non-Abelian states have been proposed as ideal physical media
for realizing an intrinsically fault-tolerant form of quantum computation (so-called topological
quantum computation) which would be carried out by “braiding” the world-lines of quasiparticles
in 241 dimensional space-time. Another quantum Hall system of current interest is the bilayer
v = 1 system which consists of two parallel 2DEGs each with v = 1/2. This system exhibits a still
poorly understood transition from an incompressible quantum Hall state for small layer spacing
to a compressible Fermi liquid of “composite fermions” (electrons bound to two flux quanta) for
large layer spacing. This project has focused on the theoretical study of non-Abelian states such
as the v = 5/2 state, addressing in particular how, precisely, one would use such states to carry
out topological quantum computation, as well as the possible phases associated with both regular
and disordered arrays of “interacting” non-Abelian quasiparticles. In addition, the effects of the
strong Chern-Simons gauge fluctuations associated with the composite fermion description of the
bilayer v = 1 state (valid for large layer spacing) on the possible instabilities of that state as the
layer spacing is decreased are being studied. Finally, work is being done in the rapidly developing
area of “surface codes.” Here the essential idea is to use the remarkable properties of topologically
ordered matter to carry out fault-tolerant quantum computation using more “conventional” qubits
(e.g. superconducting qubits, trapped ions, electron spins in quantum dots, etc.) — an approach
which has been shown to have significantly less stringent requirements on qubit coherence and
gate accuracy than previous fault-tolerant quantum computation schemes. Particular emphasis
is being placed on proposing experiments which can be feasibly carried out today using existing
qubit systems and which begin to probe the requirements for carrying out quantum computation
using the various known surface codes.

Recent Progress
Valence-Bond Entanglement and Fluctuations in Random Singlet Phases.

The ground state of the uniform antiferromagnetic spin-1/2 Heisenberg chain can be viewed
as a strongly fluctuating liquid of valence bonds, while in disordered chains these bonds lock into
random singlet states on long-length scales. We have developed a novel method for studying

this phenomenon numerically, even in the case of weak disorder, by calculating the mean value
of the number of valence bonds leaving a block of L contiguous spins (ny, the so-called valence-

39



ko o
2.0
N_‘ [
o L5
1.0
[ H
05 3 ! . I R L
25 [ k:3 SN«
20 f
. L u=1000 <+ _|
4 u=075%0 ©
© 15+ u=0625 = | o
L u=0500 o 107 £
0. u=0375  + - E
1.0 - u=0250 v
L ) 05
H
0.5 ‘ ‘ ! 0.6
0.1 T 0
25 k=2 00 - k=2 f-q-!mnmmnn-- b
[ 01 | 3 410° £
~ 2or o .‘f u=1000 + | i
_| r o U i u=0750 © r
S 1.5 o= <03 u=0.625 =
L b u=0500 o 107 k
-0.4 u=0.375 PO E
1.0 u=0.250
L : . i 0.5 B
05 M S| | L 0.6 . HHW\O N A
1 10 100 700 10" 10 o' O .
Lc Lc/&

FIG. 1: (Left Column) Log-linear plots of valence-bond fluctuations as a function of conformal distance
Lo = (N/w)sin(Lw/N), for both uniform and random chains for the spin-1/2 Heisenberg chain, (labeled
k — oo — upper panel), the “golden” chain (labeled ¥ = 3 — middle panel) and critical transverse-field
Ising model (labeled k£ = 2 — lower panel). (Middle Column) Scaling plots of the valence-bond fluctuations

(with the saturation value o2 subtracted out), o3 — o2, for k — oo (Heisenberg chain), k = 3 (“golden”

chain), and k = 2 (critical transverse-field Ising model) and various disorder strengths u. (Right Column)
Log-log plots of the crossover length scale £ as a function of u for k — oo, k = 3, and k = 2.

bond entanglement entropy) as well as the fluctuations in this number (¢%). The fluctuations are
particularly useful for studying random singlet state formation. They show a clear crossover from
a small L regime, in which they behave similar to those of the uniform model, to a large L regime
in which they saturate in a way consistent with the formation of a random singlet state on long
length scales.

We have performed Monte Carlo calculations of o% for a class of models which include the
spin-1/2 Heisenberg chain, the critical 1D transverse field Ising model, and the so-called “golden
chain” (a model describing a chain of interacting Fibonacci anyons — non-Abelian quasiparticle
excitations of certain fractional quantum Hall states). The results are summarized in Fig. 1. For
uniform models, 02 was found to scale logarithmically with block size L showing that valence
bonds are indeed fluctuating on all length scales (and consistent with analytic calculations based
on a field-theoretic mapping). For random models, 02 was found to saturate once L exceeded a
disorder-dependent crossover length scale &, signaling the expected locking of the valence bonds
into a particular random singlet configuration on long length scales. By performing a scaling
analysis of a% we were able to determine the dependence of ¢ on disorder strength u, finding & ~ uX
with model dependent exponent x. For the spin-1/2 Heisenberg model and the transverse-field
Ising model, our results for y were consistent with those based on a weak-disorder renormalization
group approach as well as previous numerical work. For the case of the disordered golden chain
we have determined this scaling exponent for the first time, finding that y ~ 1.55.
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FIG. 2: (a) Two fundamental quantum circuits which carry out specific operations when computing with
non-Abelian surface codes — the 5-qubit F-move circuit and the 2-qubit S-move circuit for Fibonacci
anyons (the simplest non-Abelian anyons for which braiding is universal for quantum computaiton). (b)
Two simplified quantum circuit identities, each requiring only two qubits, which fix the form of the single
qubit operations F' and S which appear in the fundamental circuits shown in (a). These circuits are suitable
for calibrating these operations and can in principle be carried out today using existing quantum computing
systems (e.g. superconducting qubits or trapped ions). (c) Full quantum circuits built out of the F-move
circuit and the S-move circuit (here the F'-move circuit is obtained by identifying the qubits labeled a and d
in the definition of the F-move circuit shown in (a)) that measures the plaquette operator By, which appears
in the Levin-Wen model for Fibonacci anyons for the case of a hexagonal plaquette. These measurement,
which our construction shows requires 18n — 26 Toffoli gates (i.e. controlled-controlled-NOT gates), 8n — 5
controlled-NOT gates, and 4n single-qubit rotations for an n-sided plaquette, will be required in order to
detect errors (in this case states in which B, = 0) when using the ground states of the Levin-Wen model as
a surface code. These rather demanding requirements become significanty more feasible of it is possible to
directly carry out “single step” n qubit Toffoli gates with n = 3,4 and 5.

Quantum Circuits for Measuring Levin-Wen Operators.

Recent developments in the theory of quantum computation have shown that the error
threshold — a measure of the required qubit coherence and quantum gate accuracy needed to
carry out arbitrary quantum computations — may be on the order of ~ 1%, a significantly
less demanding requirement than earlier estimates of 1 part in 10, and close to the accuracy
obtained experimentally for a number of physical qubit realizations. This improved threshold is
obtained using so-called “surface codes,” quantum error-correcting codes which can be viewed as
the topologically-ordered ground states of a class of 2D lattice models first introduced by Kitaev.
Recently Koenig, Kuperberg, and Reichardt have outlined a scheme for performing quantum
computition using “non-Abelian” surface codes. These codes are ground states of Levin-Wen
models, generalizations of the Kitaev model for which the excitations are anyons obeying so-called
non-Abelian statistics which can be used to carry out arbitrary quantum computation purely by
braiding, (something which is not possible using the “Abelian” Kitaev surface code). Motivated
by this, we have constructed explicit quantum circuits using standard elements (single qubit
rotations, CNOT gates and Toffoli gates) for measuring the commuting set of vertex and plaquette
operators that appear in the Levin-Wen model for the case of Fibonacci anyons — the simplest
non-Abelian anyons for which universal quantum computation can be carried out by braiding
(see Fig. 2). Such measurements will be required in order to detect errors in the quantum
error-correcting code defined by the ground states of this model. We were able to quantify the
complexity of these circuits with gate counts using different universal gate sets and found that
these measurements become significantly easier to perform if n-qubit Toffoli gates with n = 3,4
and 5 can be carried out directly. In addition to our measurement circuits, we constructed closely
related quantum circuits which require only a few qubits and which can feasibly be carried out
experimentally in the near future.
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Future Plans

Future plans for this project include applying ideas we’ve developed in earlier work about the
interplay between strong gauge fluctuations and possible phase transitions in bilayer quantum
Hall systems to other, formally similar, systems, most notably certain “spin-liquid” states
conjectured to have a spinon Fermi surface which may undergo a BCS pairing instability at low
temperature. In addition, we will continue to investigate the growing number of ideas emerging at
the intersection of the theory of topologically ordered states of matter and fault-tolerant quantum
computation, particular in the context of “surface codes” (both Abelian and non-Abelian). One
important theme of this aspect of the research program will be to focus on finding simplified
quantum circuits (i.e. circuits similar to those shown in Fig. 2(b)) which can feasibly be carried
out experimentally either today or in the near term, and which begin to explore various aspects
of quantum computation with surface codes. As one specific example, we propose borrowing
ideas from the study of interferometry of non-Abelian quasiparticles (closely related to current
experiments on the v = 5/2 fractional quantum Hall state) and applying them to quantum
computing. Essentially, by simulating an anyon interference experiment on a quantum computer
one can measure a kind of “flux” which, in the context of quantum error correction, corresponds
to an error which needs to be corrected. Our preliminary work in this direction shows that with as
few as 6 qubits one can come perform a nontrivial simulation of such an intereference experiment
for the case of Fibonacci anyons.

Publications

1. Quantum Clircuits for Measuring Levin- Wen Operators, N.E. Bonesteel and D.P. DiVincenzo,
Submitted to Physical Review B. (arxiv: 1206.6048).

2. Valence-Bond Entanglement and Fluctuations in Random Singlet Phases, H. Tran and N.E.
Bonesteel, Physical Review B 84, 144420 (2011).

3. Monte Carlo Simulations of Anyon Chains, H. Tran and N.E. Bonesteel, Comp. Mat. Sci. 49,
S395 (2010).

4. Resources Required for Topological Factoring, M. Baraban, N.E. Bonesteel, and S.H. Simon,
Physical Review A 81, 062317 (2010).

5. Topological Quantum Computing with Read-Rezayi States, L. Hormozi, N.E. Bonesteel, and
S.H. Simon, Physical Review Letters 103, 160501 (2009).

6. Numerical Analysis of Quasiholes of the Moore-Read Wavefunction, M. Baraban, G. Zikos, N.E.
Bonesteel, and S.H. Simon, Physical Review Letters 103, 076801 (2009).

7. Braiding and Entanglement in Non-Abelian Quantum Hall States, G. Zikos, K. Yang, N.E.
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2727 (2009).
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Density functional calculations of electron transport

Principle investigator: Dr. Kieron Burke
Departments of physics and chemistry, University of California, Irvine
Irvine, CA 92697

kieron@uci.edu

I. PROJECT SCOPE

The research in this program is about describing conductance through single molecular junctions using
density functional theory (DFT). The Landauer formula expresses conductance in terms of the one-body
Green’s function. However in practice, the exact one-body Green’s functions are usually approximated by
Kohn-Sham Green’s functions from DFT, i.e., the Green’s function of the KS orbitals which reproduce the
density assuming it is a ground-state density. Therefore, conductance through the Kohn-Sham potential is
calculated, rather than the true conductance of the many-body system, and there is no fundamental theorem
to guarantee that this is correct.

One goal of the project is to analyze the conditions under which Kohn-Sham conductances are, in fact,
accurate or even exact. We have a few preliminary results on the Anderson junction, a single impurity
connected to two leads. We hope to generalize our findings to other systems with more complicated internal
structure. We also plan to study finite-bias conductance extrapolating our weak-bias results. Another goal
of the project is to formulate transport in a real-space context because DFT is a real-space theory. We
plan to translate the important concepts and relations often used in lattice models, such as the self-energy,
Friedel sum rule, etc. to real space. Our previous result suggests that near a resonance, the Kohn-Sham

conductance should be very accurate. This will be a topic to study in this project.

Il. RECENT PROGRESS

A. Anderson Junction

We consider electron transport through an Anderson junction. The occupation is exactly solvable by
Bethe ansatz, and we can change the strength of interaction by changing the dimensionless variable U/T,
where U is the on-site Coulomb repulsion and I' the coupling to the leads. In the strong correlation
regime, this model exhibits a Kondo effect. We show that the exact Kohn-Sham functional yields the exact
conductance for transport through Anderson junction for all correlation strengths, at zero temperature and
in the linear response regime, as shown in Fig. 1. This is because Friedel sum rule applies to this one-
channel model, and transmission is a function of occupation on the central impurity site. We solve for the

occupations in the Anderson junction using Bethe ansatz, and invert the Kohn-Sham equations to derive
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exact Kohn-Sham potentials. We find that an important feature of the exact Kohn-Sham potential, namely
the derivative discontinuity, must be built in to an approximation in order to capture the Kondo effect in the
strong correlation limit. This can be seen in Fig. 2. As found in other problems, the derivative discontinuity
is vital to dealing with strong correlation using density functional methods. We give a simple and accurate
parametrization of exchange-correlation potential, using reverse-engineering of the exact solution and an
exact condition of charge susceptibility at particle-hole symmetry point. This parametrization works through
all regimes, from the weakly-correlated limit (where mean-field approaches are accurate) to the strongly-
correlated limit (where charge quantization occurs).

Based on the exact solution, we also analyze different approximations. We consider three different kinds
of approximation: (1) Smooth functionals, such as restricted Hartree-Fock (RHF). These functionals work
well in the weakly-correlated regime, but completely miss the sharp feature at strongly-correlated regime
(shown in Fig. 1). (2) Functionals with explicit derivative discontinuity, such as LDA+U type. These
functionals work well in the very strongly-correlated regime. (3) Unrestricted approach, such as unrestricted
Hartree-Fock (UHF). UHF reduces to RHF for weakly-correlated systems and is accurate, and works much
better than RHF at strongly-correlated regime due to symmetry breaking, capturing both the limit and the
approach to the limit exactly.

I1l. PLANNED ACTIVITIES

One immediate generalization of our results with zero-bias Anderson junction is, to see how Kohn-Sham
DFT does at finite bias. The complication with respect to the zero-bias case is that the Friedel sum rule

no longer applies, and the exact Kohn-Sham functional for zero-bias presumably does not work for finite
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bias. An important qualitative feature in the finite bias Anderson junction is the 2/3 plateau in the current
vs. bias figure. This is a true many-body effect and cannot be described by Hartree-Fock. Although Bethe
Ansatz does not work for large finite bias, we know the co-tunneling approximation is very accurate here
(but not exact). We plan to reverse-engineer the results from the co-tunneling approximation, and analyze

the special features that a Kohn-Sham potential must have in order to reproduce the 2/3 plateau.

Besides the Anderson junction, we plan to study more complicated systems, such as the two-channel
Kondo model, or the interacting resonance lattice model. So far we have a very accurate Kohn-Sham poten-
tial (with derivative discontinuity built in) working for one-channel problems such as the Anderson junction.
It will be very interesting to see if it works for more-than-one-channel systems. For those systems, transmis-
sion is no longer necessarily a simple function of occupation. In such cases, the Kohn-Sham conductance is
not expected to be exact, i.e., there should be exchange-correlation corrections. But these models will pro-
vide an opportunity to see under what circumstances the Kohn-Sham conductance is accurate. A particular

interesting question is to see if Kohn-Sham conductance always becomes accurate near a resonance.

We also are studying the relation between lattice site models and real space models. For example, we can
build a one-dimensional real-space double barrier, to mimic the Anderson junction. There we can use real-
space techniques, such as density matrix renormalization group (DMRG), to generate exact transmission.
We can calculate the Kohn-Sham potential in real space, and compare with the bare external potential, to
identify the exchange-correlation potential contribution, as well as comparing Kohn-Sham tunneling rates
with true tunneling rates. An important quantity in real space is the transmission phase. It plays a central
role in the Friedel sum rule and is related to the density change induced by the impurity (scattering region).

Because Kohn-Sham DFT by definition reproduces the density change, there may be a way to analyze
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transmission through its phase using the Friedel sum rule.

IV. PUBLICATIONS

1.

10.

11.

“Fxcited states from time-dependent density functional theory”, P. Elliott, F. Furche, and K. Burke,
in "Reviews in Computational Chemistry” Vol. 26. Wiley-Hoboken (2009).

“Charge transfer in Partition Theory”, M. H. Cohen, A. Wasserman, R. Car, and K. Burke, J. Phys.
Chem. A 113, 2183 (2009).

“Time-dependent density functional theory of high excitations: to infinity, and beyond”, M. van

Faassen and K. Burke, Phys. Chem. Chem. Phys. 11, 4437 (2009).

“Must Kohn-Sham oscillator strengths be accurate at threshold?” 7Z.-h. Yang, M. van Faassen, and

K. Burke, J. Chem. Phys. 131, 114308 (2009).

“Density-potential mapping in time-dependent density-functional theory”, N. T. Maitra, T. N.
Todorov, C. Woodward, and K. Burke, Phys. Rev. A 81, 042525, (2010).

“One-dimensional Continuum Electronic Structure Calculations with the Density Matriz Renormal-
ization Group”, E. M. Stoudenmire, L. O. Wagner, S. R. White, and K. Burke, to appear in Phys.
Rev. Lett. (2012).

“Exact conditions and their relevance in TDDFT”, L. O. Wagner, Z.-h. Yang, and K. Burke, in
”Fundamentals of Time-Dependent Density Functional Theory”, pp. 101-122, Springer (2012).

“The effect of cusps in time-dependent quantum mechanics”, Z.-h. Yang, N. T. Maitra, and K. Burke,
Phys. Rev. Lett. 108, 063003, (2012).

“Bethe ansatz approach to the Kondo effect within density-functional theory”, J. P. Bergfield, Z.-F.
Liu, K. Burke, and C. A. Stafford, Phys. Rev. Lett. 108, 066801 (2012).

“Accuracy of density functionals for molecular electronics: The Anderson junction”, Z.-F. Liu, J. P.

Bergfield, K. Burke, and C. A. Stafford, Phys. Rev. B 85, 155117 (2012).

“Reference electronic structure calculations in one dimension”, L. O. Wagner, E. M. Stoudenmire, K.

Burke, and S. R. White, Phys. Chem. Chem. Phys. 14, 8581 (2012).

46



CMCSN: Structure and dynamics of water and aqueous solutions in
materials science

Principle investigator: Roberto Car
Department of Chemistry, Princeton University
Princeton, New Jersey 08544
rcar(@princeton.edu

Project Scope

This project aims at developing accurate methodologies to model the microscopic
structure and dynamics of water and aqueous solutions from an ab-initio perspective, in
which the nuclear potential energy surface is generated on the fly from the quantum
mechanical ground state of the electrons within density functional theory (DFT). This
approach, called ab-initio molecular dynamics (AIMD), had considerable success in
predicting crucial phenomena, such as large dielectric screening, fast proton transfer and
molecular dissociation in solution. In the last decade, however, it became clear that the
liquid generated in this way is substantially overstructured with respect to experiment, an
outcome stemming from limitations of the adopted DFT approximation, such as the
generalized gradient approximation (GGA) for exchange and correlation, and the use of
classical mechanics for the nuclei. A goal of this project is to overcome these limitations
by seeking improved functional approximations in combination with quantum sampling
of molecular configurations to address key experimental results, such as those obtained
with x-ray and neutron diffraction, and with deep inelastic neutron scattering (DINS).
Other widely used experimental techniques to study water and aqueous solutions exploit
core excitation spectroscopies like x-ray absorption (XAS) and Raman scattering (XRS).
These studies are of more difficult interpretation, as they require an accurate theory of
electronic excitation occurring on the attosecond time scale, in addition to good sampling
of molecular configurations. To address this issue the project aims at developing new
methodologies based on quasi-particle excitation theory that will be used in conjunction
with accurate AIMD configurations.

Recent Progress

Proton momentum distribution

The momentum distribution of the protons extracted from DINS experiments in water
and ice deviates substantially from the classical Maxwell distribution. To compute the
momentum distribution we introduced an approach based on the sampling of displaced
Feynman paths in path integral (PI) simulations [6]. Using concepts introduced in [6] we
extracted with improved accuracy the spherical momentum distribution of the protons in
a recent DINS experiment in ice at T=271K [2]. The mean kinetic energy of the protons
measured in this experiment was ~155 meV, well in excess of the classical thermal value
of ~35 meV [2]. The momentum distribution was in good agreement with a quasi-
harmonic model suggested by PI-AIMD simulations [5]. A purpose of this study was to
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quantify the importance of nuclear quantum effects. Classical MD simulations based on
empirical force fields, which are adjusted to experiment, should roughly include some of these
effects but ab-initio simulations require a PI framework to sample correctly the equilibrium
properties of water.

Liquid water structure

A proper quantum mechanical framework, although important, is not sufficient to fix the
problems of GGA water, which is afflicted by self-interaction errors resulting in excessive proton
delocalization and red shifts of the stretching frequencies. In addition, GGA water lacks the effect
of attractive van der Waals (vdW) interactions originating from the dynamic correlations of the
electronic clouds in the molecules. vdW interactions improve significantly the density of high-
pressure ice phases [3]. We have implemented a new functional that we call PBEO-TS, which
combines the hybrid functional PBEO that significantly reduces the self-interaction error, with the

Tkatchenko-Scheffler (TS) vdW functional. TS include two-body interactions decaying as R
with the distance R between a pair of atoms, but the intensity of the pair interactions is governed
by coefficients that are functionals of the density and therefore capture environmental effects. The
water structure using PBEO-TS in combination with an approximate treatment of the nuclear
quantum effects is in excellent agreement with experiments, showing a marked improvement
relative to GGA based AIMD, as shown in Fig.1 for the oxygen-oxygen radial distribution
function (RDF). The PBEO implementation used an order N scheme for exact exchange [9].

Fig 1: g,, obtained from a PBEO-TS
AIMD simulation on a 128-molecule

Anders Nilsson (Private Communication) cell at the experimental density. T was

Y set to 330K to account approximately

30 - / T T o 128 _vdwpbe0 330K for nuclear quantum effects, as

i 4 XerayHura q =10 A" suggested by a previous PI-AIMD

251 K‘r © XerayHuang q_ =16 A’ simulation. The theoretical RDF (red

; l'ga’ Soper_joint x-ay/neutron) line) is compared to two x-ray

200 B ] diffraction experiments with different
88 : k % accessible maximum transfer wave
T ASE \‘% ] vector (q,.,. ), Hura et al. and Huang et
i ’h\" — e ] al., respectively. Interestingly, a new

or B M ARenoee?™ A0bes experiment (red star, Nilsson private
b & ] communication) with ¢ _ =23 A"
ot k 1 gives position and height of the first

0o E‘f‘ ' . . ' . ] peak in excellent agreement with our

3 4 5 6 7 8 calculation. The green triangles show

Distance(A) the RDF obtained by Soper with joint

refinement of x-ray/neutron diffraction
data. All experiments are at ambient
conditions.

Comparison with experiment in Fig.1 underlines the importance of large g, . to extract
the first peak of g,, from experiment. The figure also indicates the essential correctness

of joint refinement of x-ray/neutron diffraction data. From the theoretical standpoint this
study allows us to understand in detail the role of corrections to GGA-AIMD on the short
(SRO) and intermediate range order (IRO) of the simulated liquid.
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X-ray absorption spectra
The X-ray absorption spectra of water and ice have been calculated using a GW approach
in which the electron propagator (G) is dressed by the statically screened Coulomb

interaction (W), as proposed in [7]. The results are compared to experiment in Fig. 2.
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Fig. 2: comparison of calculated x-ray absorption
spectra with experiments for water (top), ice
(middle) and the difference between water and
ice (bottom). Two sets of experimental data are
included for each system (indicated as Ref. 3, 4,
and 23, respectively). Hartree-Fock (HF) data on
ice have also been included for comparison. HF
corresponds to a GW calculation in which W is
replaced by v, the bare Coulomb interaction.
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Water and ice configurations have been
generated with PI-AIMD simulations based on
DFT-GGA. Water is at room temperature in
theory and experiments, ice is at T = 269K in the
calculation, at T = 130K in Ref. 23 and at T =
40K in Ref. 4. Thermal effects are small
compared to zero point motion and the
differences between experiments in ice likely
reflect differences in the samples and in the
experiments (XAS in Ref. 23, XRS in Ref. 4).
The difference spectrum is obtained from
[I(water)-I(ice)]/S where 1 denotes spectral
intensity and S is the integrated area of the
spectra in the energy range of the figure.
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Quantized nuclear motions affect the calculated spectra in Fig. 2 because zero point
motion broadens the spectra via Franck-Condon factors that are included here by
averaging over the distribution of Feynman paths. Moreover, in the case of water,
quantum fluctuations modify the structure by facilitating H bond breaking. The spectral
features (pre-edge, main- and post-edge) have excitonic character. The difference
between water and ice in the main- and post-edge reflect IRO differences associated due
to a non bonded molecular fraction brought within range of the first coordination shell in
the liquid following partial collapse of the H bond network of crystalline ice [7].

Future Plans

The corrections to GGA water due to exact exchange, vdW interactions and quantized
nuclei affect differently SRO and IRO but are all of similar magnitude and should be
treated on the same footing. Thus an important goal of future research will be to perform
a benchmark PI-AIMD simulation based on PBEO-TS. This will allow us to properly
compute all pair correlations (g, .8,y and g,,) and to assess experimentally based
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estimates of triplet correlations ( g,,, ). This study will give unprecedented insight on

how basic molecular interactions, such as H bonding and vdW influence the local order
(SRO, IRO) of water. Moreover we will assess if including two-body vdW interactions
alone is sufficient or if inclusion of higher order terms [1] may lead to observable effects.
The highly accurate molecular structures generated in this study will be used to further
improve the XAS spectral calculations. In fact, while the overall greement between
theory and experiment in Fig. 2 is unprecedented, residual discrepancies remain. In the
case of water these are likely to come mainly from overstructuring still present in GGA
PI-AIMD simulations. Improving the spectral calculation should also play a role,
particularly in ice. The main approximation in the GW calculations of Fig.2 is in the
adopted screening form, which underestimates the microscopic inhomogeneity of the
medium. Full treatment of the inhomogeneity of the medium at the molecular scale is
possible but computationally very challenging in systems that require large simulation
cells and averages over many disordered realizations. Work in this direction is at an
advanced stage of development.

Studying aqueous solutions will be a further step in this program. The modeling
capability that we plan in this project will be extremely useful in studies of solvated ions,
interfacial water and bio-molecular environments. In all these systems X-ray spectroscopy
techniques are widely used at DOE facilities to extract microscopic information and the
computational techniques that we are developing will be invaluable to gain insight on the origin

of the spectral features that are observed in experiments and to associate these features to the
details of the molecular structure.
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Project Scope

The research in this program involves theoretical investigations of electronic, optical and
mechanical properties of graphene and its derivatives, such as bi-layer graphene, graphene
heterostructures, strained graphene, as well as graphene on various surfaces. One line of
research has been development of theoretical models that support graphene’s large array
of possible technological applications. For example one of our goals has been the under-
standing of surface plasmons and spin relaxation mechanisms in graphene, related to novel
optoelectronics and spintronics applications. Our current research focus is on understand-
ing the role of correlations in graphene under mechanical deformations, such as strain. The
main goal is to describe the mutual interplay between strain and electron-electron interac-
tions which could lead to the formation of novel electronic phases with strongly modified
electronic, magnetic and optical properties. This direction of research will therefore lead
to deeper understanding of interactions in graphene.

Recent Progress

Plasmonics in graphene

Plasmons are a direct consequence of electron-electron interactions. In graphene they are
particularly interesting because, unlike what happens in three dimensional solids, their en-
ergy is highly dependent on the wavelength and hence they can have energy that varies
from the infrared to the ultraviolet. Plasmons can be excited with light via the electron-
photon interaction. Recently, graphene has been recognized as a versatile optical material
for novel photonic and optoelectronic applications, such as ultrafast lasers, solar cells, opti-
cal modulators, photodetectors, light emitting devices and meta-materials. Graphene has
strong coupling effect to light due to the unique electronic structure. Moreover, the linear
dispersion of the Dirac electrons enables broadband applications. All of these photonic and
optoelectronic applications rely on the interaction of propagating far-field photons with
graphene. Surface plasmon-polariton waves exist in doped graphene. Surface plasmons in
graphene exhibits a number of favorable properties: first of all, graphene plasmons are con-
fined to volumes of the order of 10° times smaller than the diffraction limit, which facilitate
strong light-matter interactions. Secondly, surface plasmons in graphene are tunable via
electrical or chemical modification of the charge carrier density. Lastly, surface plasmon-
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lifetimes in graphene reach hundreds of optical cycles, which may circumvent one of the
major bottlenecks facing noble-metal plasmonics. Our group has been providing theoretical
guidance to one of the best plasmonics groups in the world lead by Prof. Dmitri Basov at
UCSD.

Spintronics in graphene

Graphene is considered as a potential material for spintronics devices due to the weak
spin-orbit (SO) interaction and long spin lifetimes. One of the most intriguing features
of spintronics in graphene is that the observed spin relaxation time is significantly shorter
than the values estimated theoretically. A number of recent experiments investigate which
spin relaxation mechanism plays the major role both in single layer and in bilayer graphene.
The Dyakonov-Perel and the Elliot-Yafet mechanisms have been discussed in the context
of graphene. Experiments suggest that the main source of spin relaxation in single layer
graphene is extrinsic, lending support to the Elliot-Yafet mechanism. Longer spin lifetimes
have been reported in bilayer graphene than in single layer, when the SO coupling in the
bilayer is expected to be somewhat stronger. We are currently developing the theoretical
background to study spin relaxation in these systems which is built on top of our earlier
successful theoretical proposal of the SO enhancement due to sp3 defects. We have made
various predictions that are being tested in several labs around the world.

Strain engineering in graphene

Being one atom thick, graphene is a very soft material, and hence can be easily folded,
twisted and stretched. For instance, we have shown theoretically that the edge scrolls in
suspended graphene short-circuit the source-drain current paths in the quantum Hall regime
inhibiting the observation of the Hall conductance quantization in such systems. Moreover,
current growth techniques based on chemical vapor deposition (CVD) have shown that
extended defects such as grain (GB) and domain boundaries (DB) are present in graphene
samples, modifying their electronic and structural properties. Extended defects lead to
internal strain and produce significant changes in the band structure. In this context, the
nature of the electronic states introduced by such extended 1D defects in graphene is a
topic that deserves close inspection. More specifically, whether GBs and DBs act as quasi-
1D conducting channels immersed in the bulk of graphene is the question we have been
studying. We also studied the issue of self-doping in graphene induced by the presence of
such extended 1D defects, that occurs when a defect attracts charge carriers, resulting in
charged defective lines surrounded by a doped graphene matrix.

Electron Correlations and Strain in Graphene

Long-range electron-electron interactions near the Dirac points can lead to profound effects,
such as reshaping of the Dirac cones in suspended graphene as well as interaction-driven
formation of “plasmarons” (i.e. quasiparticles bound to plasmons) in doped samples. The
subject of electron correlations is currently at the forefront of the physics of graphene. For
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Figure 1: Left panel: Formation of Anisotropic Dirac Cones in Graphene under uniaxial strain
(c)-(d). Right Panel: Mutual renormalization of the electron-electron interaction « and the Dirac
fermion anisotropy 6 = (v,/v;) — 1. The value § = —1 corresponds to decoupled chains, while
d = 0 is conventional (isotropic) graphene. A tendency towards interaction-driven quasi one-
dimensional behavior is present below the critical (dashed) line. From: “Interacting Anisotropic
Dirac Fermions in Strained Graphene and Related Systems,” Anand Sharma, Valeri N. Kotov,
and Antonio H. Castro Neto, arXiv:1206.5427 (2012).

example in graphene heterostructures the carbon atoms are not coupled directly by covalent
bonds but by electron-electron interactions. One of the most amazing consequences of this
kind of coupling is the so-called Coulomb drag. We have studied the Coulomb drag in
such structures and have found that their properties are extremely sensitive to the distance
between graphene layers. We have already made several theoretical predictions that await
confirmation.

Most recently we have investigated correlation-driven phases due to the interplay of
electron interactions and uniaxial strain (modeled as Dirac fermion anisotropy, i.e. different
velocities v, # v,), and have found that a rich variety of electronic behavior is possible
(Fig.1). In particular we have discovered unconventional interaction-driven quasi one-
dimensional electronic phase (anisotropic excitonic insulator). This line of research could
provide a new avenue for exploration of correlation effects in graphene, both theoretically
and experimentally.

Future Plans

For the next year, we plan to continue our studies of strain effects in the electronic and
magnetic properties of graphene. Focusing in particular on uniaxial strain, the following
topics will be investigated:

e Renormalization of the Dirac cones due to the interplay of strain and electron-electron
interactions, from weak to large strain. We will also analyze in more detail the nature of the
novel correlated, strain-induced states, which we have found during our ongoing research.
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e Effect of strain on the excitonic transition in graphene. Such a transition is from a semi-
metal to an insulator, and has not yet been observed in conventional (isotropic) graphene.
We will investigate how strain can facilitate the formation of the excitonic state.

e Studies of strain influence on the formation of magnetic states, both in the context
of localized magnetism (Anderson impurity), and band magnetism of anisotropic (due to
strain) Dirac fermions.

e Studies of charge re-distribution around external Coulomb impurities in strained graphene,
and its effect on electronic transport.
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Quantum embedding and many-electron wavefunctions for strongly correlated
solids
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This part of our DOE funded research program aims to develop controlled ab-initio methods to
model realistic solids with strong electron correlations. Our quantum embedding project focuses
on two techniques: density matrix entanglement embedding (DMET) and dynamical mean-field
theory (DMFT). These formalisms provide a route to bulk properties from the solution of a local
impurity model. We aim to go beyond current DFT-DMFT approximations, towards fully ab-
initio theories free of double counting and empirical screening corrections. Our complementary
wavefunction work targets the development of many-electron wavefunction methods directly in an
ab-initio periodic boundary condition setting. We have recently been developing density matrix
renormalization group, Jastrow-BCS, and coupled cluster techniques in this framework. At the
meeting, I will describe recent progress and future plans in the above two areas. Some topics will
include: the density matrix entanglement embedding theory and its applications to lattice and
ab-initio Hamiltonians; improved solvers for dynamical mean-field theory; and periodic boundary
condition ab-initio density matrix renormalization group calculations for three-dimensional solids.

I. QUANTUM EMBEDDING AND MANY-ELECTRON WAVEFUNCTION
APPROACHES TO SOLIDS

A. Recent Progress

While the electronic properties of many solids are described well by periodic DFT, solids with
strong correlations remain a major challenge for condensed matter electronic structure. For suffi-
ciently small lattices or molecules, strong correlations can be handled by several techniques, includ-
ing exact diagonalization, density matrix renormalization group, auxiliary field quantum Monte
Carlo, and multi-reference configuration interaction to name a few. Such approaches, however,
cannot easily be applied to infinite systems. Quantum embedding provides an attractive route
to bridge the gap between typically local descriptions of strong correlation and the extraction of
observables in bulk systems.

Over the last year we have devised a new rigorous quantum embedding formalism called density
matriz entanglement embedding (DMET). DMET allows us to embed many-body wavefunction
calculations in a correlated solid. Consider some small portion, say a unit-cell, of an infinite
solid, which we term the impurity. The basic observation is that the remainder of the solid (the
infinite environment) can be exactly replaced by a finite bath construction that reproduces the
entanglement between the environment and the impurity. From the Schmidt decomposition, we
can show that the entanglement of an impurity with M sites can be exactly reconstructed using only
M bath sites, which is a tremendous simplification from the complexity of the infinite environment.
In practice, such an exact bath construction requires the quantum state of the infinite system. In
DMET we use an approximate bath construction that is exact in a mean-field sense and which

*Electronic address: gkchan@princeton.edu
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FIG. 1: . Left. DMET calculations of the 1D metal-insulator transition yield gaps in good agreement with
the Bethe Ansatz. The results are of similar accuracy to similar sized cluster DMFT calculations but are
many orders of magnitude less expensive. (Coloured lines: DMET, Black line: Bethe Ansatz). Center.
DMET calculations of energies of the 2D doped Hubbard model, which compare very well to benchmark
QMC (Chang and Zhang) results. Right. Initial combination of DMET with ab-initio Hamiltonians yields
a dissociation curve for the H;0 hydrogen lattice which is indistinguishable from the exact FCI.

is efficiently obtained. The physics of DMET, with local (impurity) degrees of freedom described
exactly in the presence of Gaussian-like bath fluctuations, is similar to that of the dynamical mean-
field theory (DMFT) approximation. However, DMET possesses several important computational
advantages: the theory is completely frequency-independent, allowing for easy combination with
a wide range of powerful pure-state impurity solvers such as the density matrix renormalization
group or multireference configuration interaction, and the bath is of minimal size, greatly reducing
the cost of calculation. Consequently, we find that DMET calculations are orders of magnitude
faster than comparable DMFT calculations. In Fig. 1 we show the DMET energy for the 2D
Hubbard model as compared to constrained-phase AFQMC and extrapolated QMC data: very
good agreement is found and even using a modest 2x2-site embedded cluster, we find errors of
only about 1% in the total energy. Fig. 1 we also show the dn/du compressibility curve for the 1D
Hubbard model: compared to the Bethe Ansatz, Mott gaps are well reproduced, and the DMET
description of the metal-insulator transition is comparable to the cluster DMFT description at a
small fraction of the cost.

Over the last year, we have also been investgating several aspects of ab-initio DMFT. Using a
Hartree-Fock description of the periodic solid, we carried out ab-initio DMFT calculations which
are completely diagrammatically controlled, i.e. with no double counting error. We have also
been exploring more efficient impurity solvers, with the view to ab-initio DMFT calculations where
weakly correlated degrees of freedom are treated in a coupled manner with the strongly correlated
impurity sites. We showed recently that simple configuration interaction wavefunctions yield highly
accurate approximate solvers and can treat impurity bath problems with more than 30 orbitals with
no discernible loss of accuracy when compared to exact diagonalization (see Fig. 2).

Our work on correlated wavefunction methods is complementary to the above efforts in quantum
embedding. Here we aim to develop the capability to directly use correlated wavefunction methods
in periodic systems. To extend powerful wavefunction methods, such as the density matrix renor-
malization group, to ab-initio descriptions of infinite systems, requires us to treat the infinite-range
Coulomb matrix elements that occur in the periodic setting. Very initial results of this effort are in
Fig. 2, where we show results from fully periodic coupled cluster and density matrix renormalization
group calculations on a 2x2x2 Brillouin zone sampling of 3D LiH solid (compared to benchmark
FCI data). While the results are very preliminary, they show that all the basic functionality is
complete in our periodic implementation, and that fully correlated wavefunction calculations in 3D
solids are feasible. In addition, we are also investigating new algorithms to efficiently handle the
large number of orbitals within the typical correlation length of a three-dimensional solid. Using
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FIG. 2: Left. Comparison between ED and CI solvers for single-site DMFT spectral functions; the CI
spectral functions are indistinguishable from ED, but the CI calculations are about 100 times faster. Centre.
Using tensor factorizations of CC theory, we are able to carry out accurate calculations on molecular crystals.
The computed binding energies have a smaller uncertainty than the experimental binding energies. Right.
Initial applications of a periodic ab-initio density matrix renormalization group code to a 2x2x2 Brillouin
zone sampling of the LiH crystal.

tensor factorization ideas we recently devised orbital-specific virtual (OSV) local coupled cluster
methods that constitute the fastest local coupled cluster algorithms to date. We are in the process
of applying OSV coupled cluster methods to molecular crystals; our early studies show that we
are able to obtain theoretical binding energies with an uncertainty considerably better than the
experimental estimate (Fig. 2).

B. Future plans

As stated above, the overarching aim in our work in quantum embedding and many-electron
wavefunctions is to enable the fully ab-initio modeling of strongly correlated solids. In the next
year, we will extend the basic DMET formalism to time-dependent quantities such as spectra.
These basic developments will be applied and evaluated in further lattice Hamiltonian studies,
including calculations of full phase diagrams and spectra. We will also embark on the combination
of DMET with long-range and ab-initio Hamiltonians. Our early results appear highly promising.
For example, in Fig. 77 we show an initial test of the ab-initio DMET embedding for the dissociation
of a cyclic hydrogen lattice (which mimics a metal-insulator transition). As seen from the curve,
the DMET dissociation curve is essentially indistinguishable from the exact curve. Over the next
year, we will also extend our work on dynamical mean-field theory to treat long-range dynamical
contributions within the quantum chemical perturbation theory/configuration interaction/coupled
cluster hierarchy. Finally, we are also very excited to make further progress with our new periodic
correlated wavefunction methodology, and we will initiate the study of 3D doped transition metal
oxides using our periodic density matrix renormalization group implementation.
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Project Scope

The goal of our program is to examine an important class of materials: oxides with attention
paid to the nature and role of defects in transition metal oxides. Transition metal oxides span
a wide range of structural and electronic properties. These oxides crystallize in a wide range of
structures and exhibit a wide range of interesting physical properties ranging from simple ferroelec-
tricity to correlated electron effects such as magnetism and superconductivity. Oxide materials find
numerous applications as passivating agents, dielectrics, actuators, switches, magnetic field sensors,
photovoltaic materials, photocatalysts, and new types of electronic memory devices. In all these
applications, defects play an important role. From basic thermodynamics, defects are unavoidable.
Oxides of transition metals, in particular, are known to exhibit unusually high concentrations of
defects owing to the variable valence or oxidation state of a metal with a partially filled d-shell.
Elementary point defects include vacancies and interstitials, as well as dopant impurities, which
may be either substitutional or interstitial. The electro-neutrality rule dictates more complex de-
fects, i.e., charge defects appear in balancing pairs such as Frenkel-type (vacancy plus same type
interstitial) or Schottky type (pairs of vacancies) defects. Experimentally, the electronic properties
of such defects can be determined by either optical or electric measurements, but the proper inter-
pretation of both is far from trivial owing in part to sensitivity issues and in part to the complexity
of the fundamental physics involved. Moreover, the experimental determination of the exact defect
structure is extremely difficult, especially in the context of surfaces, interfaces or nanostructures.

As a consequence, theoretical modeling of the structure of the formation energy of defects is of
great importance as a first step in any analysis. Once the defect structure is known, the electronic
properties can be calculated and compared with those measured.

Recent progress

We outline some of our recent work in several different areas relevant to understand oxide
materials, including advances in numerical approaches.

Oxide vacancies in dielectric materials: We have examined defects, oxygen vacancies, in an
important high-k dielectric material: hafnia [2]. We calculated the quasiparticle defect states and
charge transition levels (CTL’s) of oxygen vacancies in monoclinic hafnia using density functional
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theory and the GW approximation. We found that the quality and reliability of CTL’s can be
assessed by calculating the same CTL via two different physical pathways. We showed that it is
necessary to include important electrostatic corrections, which were previously neglected within the
supercell density functional theory - GW approach. Contrary to previous reports, we determined
that the oxygen vacancies in hafnia are large positive U centers, where U is the defect charging
energy.

Dye sensitized solar cells; The development of new types of solar cells is driven by the need
for clean and sustainable energy. In this respect dye-sensitized solar cells (DSC) are considered as a
promising route for departing from the traditional solid state cells. The physical insight provided by
computational modeling may help develop improved DSCs. To this end, it is important to obtain an
accurate description of the electronic structure, including the fundamental gaps and level alignment
at the dye-TiOs interface. This requires a treatment beyond ground-state density functional theory.
We presented a many-body perturbation theory study [8], within the GoW( approximation, of two
of the crystalline phases of dye-sensitized TiOg clusters, reported by Benedict and Coppens, [J. Am.
Chem. Soc. 132, 2938 (2010)]. We obtained geometries in good agreement with the experiment
by using density functional theory with the Tkatchenko-Scheffler van der Waals correction. We
demonstrated that even when density functional gives a good description of the valence spectrum
and a qualitatively correct picture of the electronic structure of the dye-TiOs interface; GoWy
calculations yield more valuable quantitative information regarding the fundamental gaps and level
alignment. In addition, we systematically investigated the issues pertaining toGoWj calculations,
namely: (i) convergence with respect to the number of basis functions, (ii) dependence on the
mean-field starting point, and (iii) the validity of the assumption that the DFT wave function is a
good approximation to the quasiparticle wave function. We showed how these issues are manifested
for dye molecules and for dye-sensitized TiOy clusters.

Oxide surfaces and heterointerfaces: We investigated electrostatic doping as a possible
mechanism for achieving a 100% spin polarized two dimensional electron gas at the stoichiometric
LaAlO3/EuO heterointerface [4]. We carried out a first-principles study of stoichiometric het-
erostructures composed of polar oxide LaAlOs and the ferromagnetic semiconductor EuO. We
found that electrostatic doping achieved by an electric field in the polar oxide leads to a fully
spin-polarized two dimensional electron gas at the interface. The localized charge carrier density
is on the order of 4 x 10" ¢cm™2 at the interface and decays exponentially within five to six EuO
atomic layers (~10 A). This mechanism contrasts with a previous calculation of the LaAlO3z/EuO
interface in which electron doping was introduced through a nonstoichiometric LaAlQO3 layer. Our
configuration allows a low level of doping in EuO that is comparable to the Gd-doped EuO as in
recently reported experiments and tunable by adjusting the thickness of the LaAlO3 layers. We
predict a change of the magnetic moment of Eu and increase of the Curie temperature in the doped
layers of EuO.

We used density functional theory to investigate the influence of surface vacancies on the surface
stability of a stoichiometric free-standing LaAlO3 (001) thin film [13]. Defect-free three and five unit
cell thick LaAlO3z (001) thin films exhibited macroscopic electric fields of 0.28 V/A and 0.22 V/A,
respectively. The built-in electric field was sufficiently strong for the five unit cell thick film to
undergo a dielectric breakdown, within the local density approximation. We showed that the
electric field can be effectively compensated by La vacancies on the LaO surface, O vacancies on
the AlO4 surface, or both types of vacancy present at the same time. Comparing surface Gibbs free
energies we found that several surface vacancy structures are thermodynamically stable. Recently,
SrTiO3 (STO) and LaAlO3 (LAO) have attracted considerable attention due to the two dimensional
electron gas observed at the interface between these two wide gap insulators. The origin of this
two dimensional electron gas has been a source of considerable debate. Oxygen vacancies form
an n-type defect in both STO and LAO and the origin of charge in LAO/STO heterostructures is
sometimes attributed to the presence of these defects [13]. The electronic structure and nature of
vacancy induced defect states in these oxides are important.

Numerical algorithms: Another aspect of our work involved the development of high perfor-
mance algorithms for solving the Kohn-Sham equation, which arises in density functional theory.
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Obtaining a solution of the Kohn-Sham equation is a standard procedure to determine the elec-
tronic structure of atoms, molecules, and condensed matter systems. The solution of this nonlinear
eigenproblem is used to predict the spatial and energetic distribution of electronic states. How-
ever, obtaining a solution for large systems is computationally intensive because the problem scales
super-linearly with the number of atoms. We demonstrated a “divide and conquer” method that
partitions the necessary eigenvalue spectrum into slices and computes each partial spectrum on
an independent group of processors in parallel [6,7]. We focused on the elements of the spectrum
slicing method that are essential to its correctness and robustness such as the choice of the filter
polynomial, the stopping criterion for a vector iteration, and the detection of duplicate eigenpairs
computed in adjacent spectral slices. We resolved several issues in developing an optimized imple-
mentation, e.g., the addition of extra layer of parallelism and the ability to examine systems with
hundreds of thousands of atoms.

The generation of unoccupied orbitals within density functional theory for use in GW calcula-
tions of quasiparticle energies becomes prohibitive for large systems. We showed that, without any
loss of accuracy, the unoccupied orbitals may be replaced by a set of simple approximate physical
orbitals made from appropriately prepared plane waves and localized basis orbitals, which repre-
sent the continuum and resonant states of the system, respectively [14]. Our approach allows for
accurate quasiparticle calculations using only a very small number of unoccupied density functional
orbitals, often resulting in an order of magnitude gain in speed.

Planned activities

Doping titania: The conduction band energies of TiOs are properly matched to the redox
properties of water, making it an excellent system for hydrogen production by water-splitting.
The main challenges for this application are to engineer the band alignments of the TiOs-based
photocatalyst system to utilize visible light instead of ultraviolet and to decrease the recombination
rate of photo-excited electron-hole pairs. TiO9 has been doped with several transition metal ions
to reduce its band gap by introducing defect levels in it. These defects are expected to introduce
localized states, which promote sub-band-gap absorption in the material. However, experimental
studies on transition metal dopants have shown both increase and decrease in photoreactivity of
TiOs depending on the sample preparation method. The increase in photoreactivity is due to
enhanced absorption, while its decrease has been attributed to the recombination of carriers at the
defect center. It has been proposed that co-doping transition metal ions with appropriate anions can
alleviate the problem of decrease of photoreactivity by charge compensation. We plan to perform
calculations using V and Cr ions as substitutional defects and determine CTL’s, formation energies,
and optical properties. Further, we also plan to assess the effect of co-doping V with N and Cr with
C. This is important because in addition to charge compensation, co-doping can potentially change
the electronic structure of the system and have unintended consequences on optical properties.

Oxide heterojunctions: The ability to control the length scale, strain, and orbital order in
oxides offers a uniquely rich toolbox for designing materials. Because the oxide layers are very
thin, the physics is often controlled by the interface. The electronic properties of oxide interfaces
are governed by a subtle interplay of many competing mechanisms such as polar catastrophe,
Jahn-Teller coupling, electron correlation, defects, and phase stability issues. The sheer number
of materials systems is overwhelming: SrTiOs (STO), SrRuO3 (SRO), BaTiO3 (BTO), LaAlO3
(LAO), LaTiO3 (LTO), CaMnO3z (CMO), CaRuO3 (CRO), and YMnOg3 (YMO), to name a few.
The properties range from high-k dielectrics to superconducting; ferromagnetic to antiferromagnetic
to piezoelectric, ferroelectric and even multiferroic. It is not clear which, if any, of these systems
will find applications in future devices. However, they undoubtedly hold tremendous promise. The
possibility for building all-oxide electron devices has been suggested following the discovery of the
high mobility two dimensional electron gas at the LAO/STO interface. An important development
in the field of oxide heterostructures is monolithic integration with Si using MBE. This opened new
avenues for band gap engineering, and combining electronic properties of 3d electrons in the oxide
with those of sp? electrons in the semiconductor. We will focus on the perovskite oxides ABOs,
where the d manifold of the transition metal ion can be manipulated both in terms of its occupation
and its interactions with the local environment.
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Project Scope

The theme of this research program is to develop and implement theoretical methods for predict-
ing and understanding the properties of functionalized matter at the nanoscale. Within this regime,
phenomena occur that are characteristic of neither the atomic limit, nor the macroscopic limit. Such
phenomena can have direct consequence for understanding materials appropriate for applications in
electronic, optical and spintronic devices. To capitalize properly on predicting such phenomena in this
transition (nano) regime, a deeper understanding of the electronic, optical and magnetic properties of
matter will be required. Our research program builds on our previous work within this area of study,
and explores promising areas of materials and computational research. We focus on the following areas:
(a) The electronic and structural properties of dopants relevant for the functionalization of nanostruc-
tures (nanocrystals, nanowires, and nanofilms), including both magnetic and non-magnetic dopants.
(b) The origin and mechanisms involved in the self-purification process of nanostructures, specifically
the energetics and diffusion of defects at both the macroscopic- and nano- scales. (c) The evolution
of bulk-like properties from the nano to macro scale, with particular emphasis on the role of dimen-
sionality and quantum confinement. Our proposed areas of research will enhance our understanding
materials and the role of quantum confinement and dimensionality at the nanoscale.

Recent progress

We will illustrate our progress by outlining a number of different topics below. Each of these topics
corresponds to a published paper as indicated. Unless otherwise stated, we used a real space pseu-
dopotential method to solve the Kohn-Sham problem.

Efficient first-principles simulation of non-contact atomic force microscopy for structural
analysis [4]:  Atomic force microscopy (AFM) was developed to overcome a basic drawback of scan-
ning tunneling microscopy (STM). STM can only image the surface of conducting or semiconducting
materials. AFM has the advantage of imaging almost any type of surface, including polymers, ceram-
ics, composites, glass, and biological samples. However, one notable drawback of AFM compared to
STM concerns the existence of a simple theoretical method for the interpretation of AFM images. Our
work addressed this issue. We developed a method to simulate AFM images by employing quantum
mechanical approaches to find the force of the substrate on the tip. The presence of the substrate
perturbs the vibrational modes of the AFM probe, which determines the AFM image. Our method
is simple, requires only a knowledge of the electrostatic potential of the substrate, and can be used
to rapidly screen structural models. Most importantly our work does not require a detailed atomistic
structure of the AFM probe. Current applications include imaging semiconductor nanocrystals and
fragments of DNA and other large biological molecules. An example of an AFM image (see Figure
below) using a first principles simulation is shown below for Ag overlaid on a silicon substrate

Controlling Li diffusion in semiconductor nanostructures by size and dimensionality [5]:
The ability to control the diffusion of dopants or impurities is a controlling factor in the functionalization
of materials used in devices both at the macro- and nanoscales. At the nanoscale, manipulating diffusion
of dopants is complicated by a number of factors such as the role of quantum confinement and the
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large surface to volume ratio. In this work, we examined Li in Si nanostructures. Atoms with low
atomic mass such as Li can be used as a carrier for energy storage with high specific energy capacity.
Specifically, Li-ion batteries with specific energy capacity as high as 4200 mAh/g using Si nanowires
as anodes have been achieved. We determined how the factors of size and dimensionality can be used
to achieve an optimal diffusion of Li atoms in Si nanostructures.

n-type doping via avoiding the stabilization of DX centers in InP quantum dots [9]: We
demonstrated that it is preferable to dope I1I-V semiconductor nanocrystals by n-type anion substitu-
tion as opposed to cation substitution. Specifically, we showed the dopability of zinc-blende nanocrys-
tals to be more efficient when the dopants are placed at the anion site as quantified by formation
energies and the stabilization of DX-like defect centers. Our results were based on calculations for InP
quantum dots doped with Si (cation site) and Se (anion site).

Self-purification in Si nanocrystals [10]: We examined the energetics of dopants in Si nanocrys-
tals to understand the phenomena of “self-purification,” i.e., a process by which extrinsic defects in the
interior of a nanocrystal are expelled to the surface. Specifically, we calculated the changes in the total
energy of a dopant atom in a Si nanocrystal with respect to position. We considered typical dopant
atoms such as P, B, and Li. We found that these dopants exhibit different variations in total energies
as they move from the center toward the surface of a nanocrystal. These differences can be explained
by the change in electronic binding energy and the interaction of the dopant with the surface, i.e., the
interaction of a dopant-induced strain with the nanocrystal surface energy. Li dopants are always more
stable in the interior of the quantum dot, whereas B and Si are only stable for larger dots.

First-principles study of confinement effects on the Rahman spectra of Si Nanocrystals
[11]:  We investigated the Raman spectra of Si nanocrystals as a function of nanocrystal diameter
using pseudopotential density functional theory and the Placzek approximation. Owur calculations
reproduce the red-shift and broadening of the optical Raman peak with decreasing nanocrystal size,
and calculated peak frequencies showed good agreement with experimental values. We also found that
a surface induced softening of vibrational modes is largely responsible for the Raman red-shift, with
relaxation of momentum conservation playing only a minor role.



Multidimensional nanoscale materials from fused quantum dots [15]:  The synthesis of fused
quantum dots offers new possibilities for the design of nanoscale devices. We considered semiconductor
InP quantum dots, fused along zinc-blende crystal directions, to construct nanomaterials systematically
in one, two, and three dimensions. We solved for and explained the electronic structure of such
nanomaterials. We also discussed the potential use of these nanostructures for electronic applications
such as current splitters, field-effect transistors, and logic gates.

First-Principles Calculations of Lattice-Strained Core-Shell Nanocrystals [16]: We exam-
ined the properties of CdS-ZnS and ZnS-CdS core-shell nanocrystals over a range of shell thicknesses.
The effect of structural relaxation was shown to be important as it leads to significant changes in the
band gap and frontier orbital localizations. We predicted that strains at the core-shell interface are only
affected by addition of the first few shell layers, with subsequent layers producing small changes in the
strain configuration. This strain saturation gives rise to a “thin” shell regime in which both confine-
ment and strain effects contribute to the evolution of the band gap and a “thick” shell regime in which
band-gap variations from bulk values are strongly dependent on confinement effects but approximately
constant with respect to strain.

Charged dopants in semiconductor nanowires with partially periodic boundary conditions
[17]: We developed a one-dimensional, periodic real-space formalism for examining the electronic
structure of charged nano wires from first principles. The formalism removes spurious electrostatic
interactions between charged unit cells by appropriately specifying a boundary condition for the Kohn-
Sham equation. The resultant total energy of the charged system remains finite, and a Madelung-type
correction is unnecessary. We demonstrated our scheme by examining the ionization energy of P-doped
Si < 110 > nanowires. We found that there is an effective repulsion between charged P dopants along
the nanowire owing to the repulsive interaction of the induced surface charge between adjacent periodic
cells. This repulsive interaction decays exponentially with unit cell size instead of a power law behavior
assumed in typical charged calculations.

Planned activities
Our work over the coming year will be centered on the following areas, which by and large will continue
our current research activities. We will focus our efforts on the following areas.

e The electronic and structural properties of nanowires. In particular, we plan to examine the me-
chanical properties of Ge nanowires. The mechanical properties of wires show notable differences
from bulk materials, e.g., nanowires are often more malleable.

e Raman spectra of Si nanocrystals included in silica. We have examined the role of quantum
confinement on Raman lines of isolated Si nanocrystals, but these results appear to be quite
different.

e Graphene dot embedded in hexagonal BN sheets. We are interested in how quantum confinement
modify the “zero gap” of graphene.

e The role of static electric fields on vibrational modes of molecules and clusters, i.e., the Stark shift
in vibrational modes. If we can establish a correspondence between electric fields and vibrational
modes, it made be possible to determine the internal electric field in a photovoltaic material by
measuring the vibrational modes.

e Imaging defects and dopants at the nanoscale. We will build on recent work simulating atomic
force microscopy to learn about the structural and electronic properties of defects at or near the
surface of a crystal.
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The scope of this project spans fundamental physical processes at interfaces
and across nano-molecular-junctions, with emphasis on electronic transport, via large-
scale computation and simulation. Theoretical treatment for electronic degrees of
freedom is mainly at the level of density functional theory with generalized gradient
approximations. Various theories, methods and techniques including scattering theory,
non-equilibrium green functions, the density matrix method, Boltzmann transport theory,
classical molecular dynamics, and van der Waals corrections etc. are used to calculate
physical and chemical quantities needed for addressing problems and issues. We focus
on problems in complex interfaces and junctions, including a) electron transport through
metal-azobenzene-molecule-metal junctions, where the molecule can transform between
trans and cis configurations in response to light excitation; b) bonding, atom diffusion,
and magnetization in systems containing the tris(8-hydroxyquinolino) aluminum (Alqs)
molecule between two magnetic leads, for its role as an insulator spacer in magnetic
tunneling junctions; and c) electron dynamics coupled with structural relaxation and
phonon-electron interaction after photo-excitation in carbon nanotubes and graphene
that are functionalized by adsorbed organic molecule. One common theme unifying
these systems is that interfacial structure has critical effects on properties, and our
investigations based on first-principles can provide not only interpretation but also
guidance for experiments on these seemingly vastly different systems. Finally, we
include a major effort to develop a new method and algorithms. Based on scattering
theory, our method combines a layer approach and a planewave basis in conjunction
with pseudo-potentials. The method is optimal for studying electron transport across
molecular- and nano-junctions

Recent Progress

Azobenzene molecular junctions

We investigated from first principles the change in transport properties of a two-
dimensional azobenzene monolayer, sandwiched between two Au electrodes, that
undergoes molecular switching (Fig.1) [1]. We focused on transport differences between
a chemisorbed and a physisorbed top monolayer-electrode contact. The conductance of
the monolayer junction with a chemisorbed top contact is higher in the frans
configuration, in agreement with previous theoretical results for one-dimensional, single
molecule junctions. However, with a physisorbed top contact, the "ON” state, with larger
conductance, is associated with the cis configuration due to a reduced effective
tunneling pathway, which successfully explains recent experimental measurements on
azobenzene monolayer junctions. A simple model was developed to explain electron

transmission across subsystems in the molecular junction, thatis, T =T, TP TP T

mol mol tc?

where T,; and T, are transmission coefficients of the two contacts and the two middle
factors are effective transmission coefficients of the two molecular segments. We also
studied effects on the calculated transmission functions of monolayer packing density,
molecule tilt angle, and contact geometry. In particular, we find that a tip-like contact with
chemisorption significantly affects the electric current through the cis monolayer, leading
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to highly asymmetric current-voltage characteristics as well as large negative differential

resistance behavior.

(b)

cisAB molecular junction
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Fig. 1: Equilibrium geometries (a-b)
and zero-bias electron transmission
functions (c-d) of trans and cis
monolayer junctions with two types
of top contact. In panels (c) and (d)
the y-axis is on a logarithmic scale,
and the Fermi level is shifted to 0.
The quantity Ad represents the
change in the electrode-electrode
separation for a junction with its
geometry slightly away from the
eauilibrium structure.

Adsorption of Algs molecules on cobalt surfaces

We  studied the adsorption of  tris(8-
hydroxyquinoline) aluminum (Algs) molecules on cobalt
surfaces using density functional theory with the
generalized gradient approximation [2]. The van der
Waals interaction between Alg; molecules and cobalt
surfaces was included by the dispersion correction.
Magnetization of Algs molecules, adsorption energies,
and bonding energies were obtained for smooth and
defective surfaces and for various molecule-surface
configurations. Electronic structures were analyzed for
states that are relatively stable. We found that both the
permanent electric dipole of Algs molecules and charge
redistribution near the interface contribute to the interface
dipole, and the interface dipole due to charge
redistribution is important to determine the work function
of a Co/Algs surface. Our calculated energy-level
alignment at interfaces is consistent with experimental
observations.

Method and code development

After completing an algorithm that combines the
idea of scattering theory that underlies the layer
Korringa-Kohn-Rostoker (KKR) electronic structure code
[3] and pseudopotentials in conjunction with a planewave
expansion, we started code development for electronic
transport and complex band calculations. The basic
equation for each slice is written as, ¥, =S¥, +®,,
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Fig.2 The x-y-plane-averaged

charge redistribution (top) when
facial Algq; molecules are
adsorbed on a smooth cobalt
surface, the resulting -electro-
static energy (middle), and the
electrostatic energy of the facial
Alq; molecule layer (bottom). A
side view of the configuration is
illustrated by the topmost
picture.

where §is the scattering matrix when the local potential is present alone, and @, is the

special solution including the non-local potential. Our code interfaces with the Quantum
Espresso package and will also utilize subroutines from the layer KKR code. Since the
beginning of the new funding period, 12/1/2011, we have finished coding and testing the
module of scattering due to the local part of the pseudopotential. This development is
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one significant step beyond our effort [4] that generalizes the current implementation of
planewave-based transport theory in PWCOND. The calculated transmission coefficients
can be used as inputs in the Boltzmann equations to compute account for resistance of
grain boundaries for metal junctions. [4] Fig.3 is a simplified flow chart of our new code.
The blue blocks indicate the finished subroutines, and the orange ones are parts we plan
to work on in near future.

Plan for Now through 2014

In the remaining time of this funding period we plan to code calculations involving
the non-local part of psudopotentials in a sequence of 2D slices in which the potential is
to be constant. The orange blocks in Fig.3 are subroutines yet to be written. This part is
very different from the layer KKR approach, because the non-local nature of the potential
makes slices inseparable. Singular value decomposition is therefore used to reduce the
computational intensity of the eigenvalue calculations. Our code is designed that when
the scattering region can be physically divided into regions between which there is no
overlap of core potentials, layer KKR techniques will be used to connect the regions (or
slabs, see block 10).

We plan to continue investigations of electronic and transport properties of
azobenezene molecules under various physical conditions and environments. We will
continue to investigate the role of contact geometry in systems depicted in Fig.1, and the
difference in transport behavior between 1D and 2D contacts. One other problem
concerning azobenzene molecules is the electron-hopping rate between two quantum
dots (Fig.4). In the quantum dot arrays, electron transport is mainly achieved by the
hopping mechanism, as illustrated in our prior studies using a molecule much simpler
than azobenzene [5]. In the next two years, we plan to investigate the hopping rate as a
function of the size of quantum dots.

Fig. 4 Two 1916-
atom CdSe particles
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The second molecular system is a complex containing a pyrene, a CH; chain and
two NO, groups that is anchored on semiconducting carbon nano-tubes (CNTs). Upon
optical excitation, we will investigate phonon-assisted charge transfer from CNTs to the
two molecular NO,. Using reduced density matrix formulae, we plan to investigate
electron relaxation dynamics and electron and hole relaxation times. To do so, it is
necessary to obtain the interface binding between the molecular complex and CNTs for
which the van der Waals functional is important, and needs to be validated by comparing
with GGA+empirical vdW and experiments.

The third group of molecular systems belongs to the single molecule nano-
magnet family, which consists of a [MnO], core organic ligands. The spin states of these
molecules have been studied extensively. Our interest is on the molecular
magnetocapacitance, a completely new concept we
introduced recently [6]. We plan to study the charging
energy of [MnQ], (n=3,12, etc) as functions of spin
states, from which the magnetocapacitance can be
defined, i.e. MC:M , where HS and LS

CLS
represents high and low spin states, respectively. The
difference in capacitance between the two state
results in an “on” and “off’” switching in conductance
when these molecules are used in single-molecule
Fig.5 The charging energy of junctions. We plan to search for molecules with large
[Mn]; varies depending on spin MC and with a small magnetic field required to
convert low spin ground state to high spin state.
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First-Principles Investigation of Complex Materials Properties

Principle investigator: Mei-Yin Chou

School of Physics, Georgia Institute of Technology
Atlanta, GA 30332-0430
meiyin.chou@physics.gatech.edu

Project Scope

This project concentrates on studying complex materials properties using first-principles electronic-
structure methods. The computational tools that we will employ include density functional theory (DFT)
within the local-density or generalized gradient approximation (LDA or GGA), the pseudopotential
method with a plane-wave basis, quantum Monte Carlo methods for systems with considerable electron
correlation, density-functional perturbation theory for the vibrational properties, and nonequilibrium
Green’s function methods for electron transport. Our goal is to unambiguously explain the phenomena
observed in the experiment and to reliably predict new materials properties. Recently, we have focused
on low-dimensional electronic systems that exhibit interesting physics not present in typical bulk
systems. In particular, we have concentrated on studying the interesting properties of graphene and
semiconductor nanowires. Graphene has been recognized as a unique system containing two-
dimensional fermions with linear dispersions near the Fermi level. The recent success in fabricating
graphitic samples consisting of only a few layers of carbon sheets has revealed intriguing properties of
this system. We have initiated a computational effort in the current funding period and have identified
several important projects to be covered in the next year.

Recent Progress

(a) Charge transport through graphene junctions with wetting metal leads

Graphene is believed to be an excellent candidate material for next-generation electronic devices.
However, one needs to take into account the nontrivial effect of metal contacts in order to precisely
control the charge injection and extraction processes. We have performed state-of-the-art charge
transport calculations for graphene junctions with Ti contacts using Green’s functions and density
functional theory. The potential profile across the junction follows a simple exponential or power-law
behavior at different sections. The calculated energy-dependent conductance exhibits strong
fluctuations due to contact scattering. We have reported a quantitative estimate of the reduced
transparency of these junctions and have analyzed its fluctuations statistically. We have shown that
these fluctuations cannot be attributed exclusively to Fabry-Perot oscillations, but that they must be due
to energy- and transverse k-point-specific contact scattering. The statistical distribution of transmission
eigenvalues matches to numerical precision that of a diffusive wire. We conclude that transport through
the studied junction is pseudo-diffusive to our statistical accuracy. Accordingly, the shot noise through
the studied junctions has a Fano factor close to 1/3, in agreement with experiment. The results
represent a vast improvement over the previous theoretical modeling of transport through graphene
junctions, indicating the relevance of the electronic structure at the metal/graphene interfaces for
graphene devices.
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(b) Fractal Landau-Level Spectra in Twisted Bilayer Graphene

The Hofstadter butterfly spectrum for Landau levels in a two-dimensional periodic lattice is a rare
example exhibiting fractal properties in a truly quantum system. However, the observation of this
physical phenomenon in a conventional material will require a magnetic field strength several orders of
magnitude larger than what can be produced in a modern laboratory. It turns out that, for a specific
range of rotational angles, twisted bilayer graphene serves as a special system with a fractal energy
spectrum under laboratory accessible magnetic field strengths. This unique feature arises from an
intriguing electronic structure induced by the interlayer coupling. Using a recursive tight-binding
method, we systematically map out the spectra of these Landau levels as a function of the rotational
angle. Our results give a complete description of LLs in twisted bilayer graphene for both commensurate
and incommensurate rotational angles and provide quantitative predictions of magnetic field strengths
for observing the fractal spectra in these graphene systems.

E (eV)

E (eV)

Twist angle

Figure 1. Landau-level spectra for twisted bilayer graphene at three commensurate angles representing three
ranges of the twist angle 6.

(c) Enhanced optical conductivity induced by surface states in ABC-stacked few-layer graphene

We have investigated the evolution of the surface states in ABC-stacked few-layer graphene and their
effects on the optical conductivity. These surface states are localized on one single sublattice in the
outermost layers, and the amplitudes decay exponentially into the inner layers. The surface bands are
quite flat around K in the Brillouin zone, and the flat region increases as the layer number increases. The
formation of these surface states is well elucidated by a tight-binding model. Compared with AB-stacked
few-layer graphene, the surface states in ABC-stacked few-layer graphene have significant effects on the
optical absorption spectra. The infrared optical conductivity is calculated within the single-particle
excitation picture. These surface states introduce pronounced absorption peaks at around 0.3 eV in the
optical conductivity spectra of ABC-stacked few-layer graphene when the polarization is parallel to the
sheets, in good agreement with recent experimental measurement. As the layer number increases, the
absorption amplitudes are greatly enhanced due to the strong localization of the surface states, and the
absorption peak red-shifts as the layer number increases, providing a feasible way to identify the
number of layers for ABC-stacked few-layer graphene using optical conductivity measurements.
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Interestingly, the absorption due to the surface states is sensitive to the polarization direction. The
enhanced absorption can only be found for the polarization parallel to the graphene sheets.

Figure 1. Band dispersions for

(a) ABC, (b) ABCA, and

Energy (eV)

K M r K

K

M I

-
marked.

Future Plans
Wave-Packet Dynamics in Twisted Bilayer Graphene

It has been shown recently that high-quality epitaxial graphene (EPG) can be grown on the SiC substrate
that exhibits interesting physical properties. In particular, the multilayer graphene films grown on the C-
face show rotational disorder. It is expected that the twisted layers exhibit unique new physics that is
distinct from that of either single layer graphene or graphite. In this work, the time-dependent wave-
packet propagation in twisted bilayer graphene (TBG) will be studied based on a tight-binding model
with parameters derived from density functional theory. Our study is designed to reveal the intriguing
dynamical behavior of electrons in TBG, which is related to the specific interlayer coupling. By varying
the twist angle and the initial wave packet, we can effectively control the propagation of electrons in
TBG.

Magnetism in Graphene Derivatives

Traditional magnetic materials are based on transition metals such as Fe, Co and Ni, where the magnetic
ordering originates from the partially filled d bands. Metal-free carbon structures exhibiting magnetic
ordering represent a new class of materials. The central problem is to understand the origin of
magnetism in a system containing only s- and p-electrons and traditionally thought to show diamagnetic
behavior only. Lieb’s theorem provides the base for theoretical studies of graphene magnetism, which
states that for a bipartite system with N, and Ng atoms, the number n of midgap states is given by the
imbalance of A and B atoms in the system, n = |Na — Ng|; If these midgap states are half-filled, the total
spin of the ground state is, according to Hund'’s rule, given by S = [Ns — Ng|/2. Lieb’s theorem was
proved rigorously within the Hubbard model and has been applied successfully to count the ground-
state magnetic moments of graphene vacancy defects and graphene fragments with a simple edge. It is,
however, physically unclear why the number of midgap states and the imbalance of atomic A and B sites
are relevant. In additions, while the ground state magnetic moments of graphene derivatives have
always been found to agree with Lieb’s theorem, it has also been known to undercount the midgap
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states of some fragments with a complex geometry such as the Clar’s goblets. A counting rule based on
the number of the dangling m-bonds will be developed for determining the midgap states and ground
state magnetic moments consistently. Examples will be given to demonstrate their presence and the
physical consequences of their interactions.
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DYNAMICS OF THE MAGNETIC FLUX IN SUPERCONDUCTORS

Principal Investigator: Dr. Eugene M. Chudnovsky, Distinguished Professor
Department of Physics and Astronomy, Herbert H. Lehman College

The City University of New York

250 Bedford Park Boulevard West, Bronx, NY 10468-1589

Email: Eugene.Chudnovsky@Lehman.CUNY.edu

I. PROJECT SCOPE

Recently pursued research topics include dynamics of the magnetic flux induced by the motion
of dislocations in a type-II superconductor subjected to mechanical stress, instanton-glass model
of a superconductor-insulator transition in disordered thin films, spin-Hall effect in anisotropic
crystals, classical and quantum theory of electromagnetic coupling between superconducting weak
link and a nanomagnet, and a theory of macroscopic quantum tunneling of the magnetic flux in the
intermediate state of a type-I superconductor. Current work and research planned for the nearest
future include extension of the superinsulator model that takes into account quantized vortices,
studies of the magnetization reversal in a nanomagnet inside a Josephson junction, rotational dy-
namics of a two-state system and generic decoherence of a flux qubit due to conservation laws,
computation of the tunneling rate for a superconductor - normal metal interface in type-I super-
conductors, computation of the lifetime of skyrmions in cuprates and other layered materials, and
exploration of a skyrmion-molecule model of electron pairing in high-temperature superconductors.
The DOE sponsored research is integrated with education through involvement of graduate and
undergraduate students.

II. RECENT PROGRESS

Superinsulator as an Instanton Glass

We have studied correlations of the order parameter in a two-dimensional array of strongly coupled
superconducting grains in the presence of weak Gaussian noise [1]. The prevailing view has been
that the ground state of a granular superconductor depends on the ratio of the Josephson coupling
energy and the charging energy. If this ratio is large, the Cooper pairs move freely between the
grains and the system is a superconductor. If the ratio is small, then moving an excess charge into
the grain costs too much energy and the Cooper pairs are localized. We have shown that the phase
correlations decay exponentially, in both space and imaginary time, regardless of the above ratio
and of the amplitude of the noise, pointing towards the insulating state at temperatures below the
finite localization energy. This effect is pertinent to 241 dimensions and does not appear in a 3d
superconductor.

Dependence of the Spin Hall Effect on Crystal Symmetry

This study has been a continuation of the earlier work of the PI on spin Hall effect. Most of
the existing theoretical models use Boltzmann-type kinetic equation to describe spin and charge
transport under certain assumptions about spin-orbit interaction, nature of scatterers, band struc-
ture, and boundary effects. The PI suggested a simple theory based upon Aharonov-Casher effect.
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2
Parameter-free expression for the spin Hall conductivity was obtained for cubic crystals that agreed

with experiments. A number of experiments on spin Hall effect were performed in noncubic crys-
tals. In a follow-up paper [2] we derived the fictitious spin-dependent magnetic field for anisotropic
crystals. It produces the same effect on the orbital motion of electrons as the real magnetic field
does in the conventional Hall effect, but with the Hall currents having opposite directions for
electrons with opposite spin polarizations. This effect has been computed explicitly for crystals of
tetragonal symmetry and experiment has been suggested that can test our predictions.

Interaction of a Weak Superconducting Link with a Nanomagnet

In Ref. [3] we studied interaction between a nanomagnet and a superconducting weak link. The
magnetic field of the nanomagnet alters the Josephson current flowing through the link, while
the magnetic flux generated by the Josephson junction acts on the magnetic moment of the
nanomagnet. We derived and solved numerically the dynamical equations describing a coupled
nanomagnet - weak link system in classical and quantum limits. Three problems have been inves-
tigated: Shapiro-type steps generated by the magnet in the I-V curve of the link, the reversal of
the magnetic moment by a time-dependent bias voltage in the link, and Rabi oscillations of the
quantum spin induced by a constant bias voltage. A remarkable observation is that despite the
weakness of the field generated by the tunneling current of the link, for a certain time dependence
of the bias voltage it can effectively pump spin excitations into the magnet, leading to the reversal
of its magnetic moment. Study of the quantum problem has demonstrated that a spin qubit can
be successfully manipulated by the voltage on the Josephson junction.

Quantum Tunneling of Interfaces in Type-I Superconductors

Quantum tunneling of flux lines in type-II superconductors has been subject of intensive research
in the past. In Ref. 4 we demonstrated that similar effects exist in type-I superconductors. The
model of dissipative macroscopic quantum tunneling of normal-superconducting interface in type-I
superconductor was developed and the temperature of the crossover from thermal activation to
quantum tunneling was estimated. The PI has initiated experimental work that confirmed the-
oretical predictions through measurements of non-thermal low-temperature magnetic relaxation
of lead samples. In a follow up work [5] mathematical model has been developed, that describes
current-driven quantum depinning of the interface from a grain boundary or from artificially
manufactured pinning layer. Crossover between thermal activation and quantum tunneling has
been studied and the crossover temperature has been computed. Our results, together with recent
observation of non-thermal low-temperature magnetic relaxation in lead, suggest possibility of a
controlled measurement of quantum depinning of the interface in a type-I superconductor.

Conservation of Angular Momentum and Decoherence of a Flux Qubit

Rotational dynamics of a two-state system has been studied in application to decoherence of a
superconducting flux qubit [6, 7]. Entanglement of quantum states of the qubit with quantum
states of a macroscopic body, dictated by the conservation of angular momentum, has been in-
vestigated within an exactly solvable rigid-body model and for the elastic model that takes into
account internal elastic torques. We show that while the quantum state of a flux qubit is, in
general, a mixture of a large number of rotational states, slow decoherence is permitted if the sys-
tem is sufficiently large. Practical implications of this research include dependence of decoherence
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FIG. 1. Left: Skyrmion collapse in an antiferromagnet for different initial skyrmion sizes. The collapse time
scales as t, oc A315. Right: Skyrmion collapse in a ferromagnet. The collapse time scales as ¢, oc AJ.

on rotational states of nanomechanical devices incorporating SQUIDs, decoherence from strain
relaxation in solids, enhanced decoherence due to superradiant emission of acoustic waves by an
assembly of flux qubits, and others.

Lifetime of Skyrmions in Cuprates and Other Layered Materials

Many undoped parent compounds of high-temperature superconductors, such as cuprates and
pnictides, have weakly coupled antiferromagnetic layers that possess topological spin excitations
such as skyrmions. We have studied collapse of a skyrmion due to the discreteness of a crystal
lattice analytically and by numerical solution of equations of motion for up to 2000x 2000 classical
spins on a square lattice coupled via Heisenberg exchange interaction J. Excellent agreement
between analytical and numerical results has been achieved. The lifetime of the skyrmion scales
with its initial size, Ao, as (Ag/a)’ in ferromagnets and as (\g/a)*'° in antiferromagnets, with
a being the lattice parameter, see Fig. 1. This makes antiferromagnetic skyrmions significantly
shorter lived than ferromagnetic skyrmions.

III. FUTURE PLANS

Instanton Glass in the Magnetic Field

So far we have studied the superinsulator state of a disordered film in the absence of the external
magnetic field. The magnetic field is known to suppress Josephson tunneling. A more subtle
effect of the field consists of the introduction of vortices into the film. It is easy to modify our
instanton equations to include N quantized vortices. Computation of the path integral for the
correlation function of the superconducting order parameter with account of vortices will be one
of the directions of our research. We are currently performing large scale computer simulations of
the random phase model in 241 dimensions. It resembles the random-anisotropy XY model that
has been studied in the past by renormalization group methods, with conflicting results obtained
by various groups. The increased computer capabilities now permit numerical studies of the weak
disorder regime, which has not been done before. Preliminary results show important contribution
of the topological defects to the correlation functions.
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Josephson Junction with a Nanomagnet

In a follow up on our study of the manipulation of a nanomagnet by voltage across the Josephson
junction, we are investigating the optimal regime for the reversal of the magnetic moment by a
time-dependent voltage. This problem is being addressed by us with the use of both, numerical
and analytical methods. We have already demonstrated that the analytical problem reduces to a
variance of the Landau-Zener problem and are now working on the exact analytical solution for the
magnetization reversal in the absence of damping. The problem with damping will be addressed
numerically. Preliminary results show that moderate damping does not prevent the magnetic
moment from the full reversal. The goal is to obtain the phase diagram that would show the areas
of the reversal plotted as function of the rate at which the voltage is changing, the amplitude of
the RF field at the location of the nanomagnet, and the damping parameter.

Electron-Skyrmion States in Parent Compounds of Layered Superconductors

The existence of competing magnetic and superconducting phases in layered high-temperature
superconductors has made many people to speculate about the role of spin fluctuations in pairing
electrons. Skyrmions have been studied in this context by a number of researchers. We have
recently contributed to these studies by computing the lifetime of skyrmions in 2d ferro- and
antiferromagnetic lattices. Very short lifetimes of antiferromagnetic skyrmions have been ob-
tained in the absence of interactions other than the exchange interaction between nearest-neighbor
spins in the lattice. The next step is to see whether doping can form stable electron-skyrmion
(hole-skyrmion) structures that may be relevant to the pseudogap and superconducting phases.
Modification of the skyrmion texture by the electron spin and by the interlayer coupling will be
studied. We also plan to investigate the renormalization of the coupling between skyrmion pairs
due to RKKY interaction in the background of charge carriers.
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Project Scope

This project focuses on understanding the properties of correlated electrons in two dimensional
(2D) frustrated systems. We propose a bottom-up approach to the theory of superconductivity (SC)
in organic charge-transfer solids (CTS) and related materials. We note that the antiferromagnetic-
to-superconductor transition found within resonating valence-bond (RVB) theories of the %—ﬁlled
band Hubbard model on a triangular lattice is an artifact of approximations [2]. Since transitions to
SC in the CTS occur from antiferromagnets as well as from correlated charge-ordered semiconduc-
tors, these different types of semiconductors must be linked. We discuss a pressure-induced lattice
frustration-driven transition from antiferromagnetism (AFM) to a paired-electron crystal (PEC),
within the dimerized %—ﬁlled band with strongly interacting electrons [6,9]. We propose that fur-
ther frustration drives a PEC-to-SC transition. The electron-pairs within our model are the mobile
pseudo-molecules in Schafroth’s theory of SC. We further propose that this theory can be applied
to the layered cobaltates, spinels, as well as the hydrocarbon superconductors Ksphenanthrene,
Kapicene, and Ksdibenzopentacene, which we argue have effectively i—ﬁlled bands.

Recent Progress

Absence of superconductivity in the frustrated }-filled band Hubbard model [2]

Many authors have proposed RVB and spin-fluctuation mediated theories of pairing within
the p = 1 triangular lattice Hubbard model (p is the carrier density per site). In particular,
because of their dimerized structure with one electron or hole per dimer, the p = 1 anisotropic
model has long been proposed to describe the electronic properties of the k-(BEDT-TTF)9X family
of superconductors. We have calculated superconducting correlations for large triangular lattices
using the Path Integral Renormalization Group (PIRG) technique [2]. The large lattice calculations
demonstrate unambiguously that (i) superconducting pair-pair correlations decrease monotonically
with increasing Hubbard repulsion U for inter-pair distances greater than nearest neighbor, and (ii)
the distance dependence of the correlations is the same as that within the noninteracting electrons
model. We conclude that SC is not obtained within the p = 1 frustrated Hubbard model, and this
model cannot describe SC in the CTS superconductors.

Layered cobaltates [3,5,7]

The organic CTS superconductors have often been compared to the cuprates because of their
two dimensionality and the existence of AFM adjacent to SC. We have recently pointed out that in
fact the organics are even more similar to another class of strongly-correlated superconductor, the
layered cobaltates. Both the organics and the cobaltates are 2D and have frustrated lattices. We
have recently shown that the same mechanism can explain the systematic variation of electronic
properties with carrier density in both the cobaltates and quasi-one dimensional CTS [7].
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Figure 1: Left: phase diagram of the %—ﬁlled Hubbard model on the anisotropic triangular lattice. Right: (a)
Long-range dy2_,2 pair-pair correlation at zero temperature as a function of Hubbard U for t'/t = 0.5 (b)
AP, the enhancement of the pairing over the noninteracting model, as a function of distance for U/t = 4.5.
In (a) and (b), circles, squares, and diamonds are for x4, 6x 6, and 8x 8 lattices, respectively. In all cases
we find that P(r) decreases monotonically with increasing U.

The unusual doping dependence of the electronic properties of the layered cobaltates Na,CoOq,
Li;CoOg2, and the “misfit” [BigA204][CoOs],,, has attracted wide attention and was considered a
theoretical challenge. These materials have a susceptibility that is characterized as Pauli paramag-
netic for small x but Curie-Weiss for large . We have given a natural explanation of this carrier
concentration dependence within an extended Hubbard Hamiltonian with significant V/U (V is
the nearest-neighbor Coulomb interaction). As a measure of correlations, we calculate the normal-
ized probability of double occupancy, g(p) in the ground state, g(p) = (n;1ni 1)/ (nis)(niy). The
holes are assumed to occupy nondegenerate ai, orbitals on the Co-ions, based on photoemission
spectroscopy. Smaller (larger) g corresponds to stronger (weaker) e-e correlations and enhanced
(unenhanced) magnetic susceptibility. We performed exact calculations for six different finite clus-
ters with realistic U/t = 10 and 0 < V/t < 3. In all cases g is nearly z-dependent for V/t = 0;
for V/t # 0 the p-dependence is exactly as expected from experiments. The calculated crossover
between small g (strong correlations) and large g (weak correlations) is near p ~ 0.30 — 0.35 and
not 0.5, which is precisely the density range where recent experiments find a crossover in magnetic
properties.

Na,CoOs is superconducting when hydrated, Na,CoOs - yH2O, for x ~ 0.35. The original
assumption that the Na-concentration determines the hole density also in the hydrated material
has been found to be not true; some water molecules enter as H3O", and the actual p in the
superconductor is much smaller than the 0.65 that would be guessed from the Na-concentration.
There have been several reports that SC occurs over a very narrow range of hole density, and that
maximum T, occurs at or very close to Co-ion valency 3.5T, corresponding to p = 0.5, the density
where SC is found in the organic CTS.

Future Plans

Search for the paired-electron liquid

We have shown that in the 2D correlated band with p = 0.5, a correlated insulating state,
the Paired Electron Crystal (PEC) can occur [4,6,9]. The PEC gains stability in the presence of
electron-electron interactions and lattice frustration, and can be viewed as the p = 0.5 equivalent
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of the p = 1 valence bond solid (VBS). In the PEC, pairs of electrons are separated by “vacant”
sites, so the PEC state necessarily contains coexisting charge, bond, and spin order. We further
propose that localized PEC pairs can gain mobility, resulting in a “paired electron liquid” which is
a realization of Schafroth’s theory of SC, which described a condensate of real-space pairs [3,6].

Except for our emphasis on p = %, our proposed model has strong parallels with other proposals
for theories of correlated-electron SC. Within most, if not all, these theories, the evolution to the
superconducting state occurs via a spin-singlet insulator at the boundary of a metal-insulator
transition. This is for example true for all RVB theories of SC, irrespective of whether the singlet
state appears as a function of doping of the p = 1 square lattice, or due to increased bandwidth
and frustration within the p = 1 triangular lattice. The key differences between our theory and
many of the existing proposals are that, (a) the occurrence of the spin-singlet insulating PEC state
in our case is not a conjecture, it has been already proved [6,9]; (b) these singlets have the same
character as that of the charged Bosons within Schafroth’s theory of SC; and (c) there appear to
be several classes of materials in which SC appears to occur at strictly p = %, without doping
[3]. At the very least, our proposed research in this subsection will give a definitive answer to the
question whether or not the similarities between the different classes of materials we have indicated
are merely coincidental or whether they are connected by a deep fundamental relationship.

Metal-intercalated hydrocarbon superconductors

Agphenanthrene, Aspicene, Ascoronene, and Asdibenzopentacene (A = K, Rb) are attracting
attention as unconventional superconductors. In addition to the high T, in Asdibenzopentacene
(33 K), these systems exhibit other perplexing features: (i) while the doping concentration can vary
over a wide range, SC is limited to anionic compounds with charge -3 on the hydrocarbons, and (ii)
SC is absent in the charged acenes (anthracene and pentacene), which are obtained through “linear”
fusions of the benzene rings. A pentacene is metallic but not superconducting. It is very likely
that the limitation of SC to a specific stoichiometry (reminiscent of superconducting A3Cgg) and a
specific molecular structure are both hints to a correct theoretical mechanism of the phenomenon.

Although electron-molecular vibration (e-mv) couplings in the doped acenes and phenacenes are
strong, multiple observations suggest that the mechanism of SC is primarily electronic, with e-mv
interactions playing however a significant role, as in the CTS. Early calculations giving strong e-mv
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coupling suggested that monoanions should be superconducting. The calculated couplings decrease
with increasing size of the hydrocarbon molecule, predicting a higher T, in Asphenanthrene than
in Aspicene, contradicting experiments. Secondly, pressure increases T, in both Agphenanthrene
and Agspicene. This is opposite to what is seen in BCS superconductors where pressure decreases
T. due to decreasing density of states. Finally, any electron-phonon mediated mechanism will
fail to explain the absence of SC in acenes. Our goal is to derive a microscopic molecular site-
based description of the Asphenazine and Ajscoronene focusing on the charged anions only. We
believe that with exactly 3 extra electrons per phenacene (but not acene) molecule, the solid can
1

be described as a doubly-degenerate p = 5 system. If true, this will indicate a common theme

between intercalated hydrocarbons and CTS.
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Project Scope

Recent experiments highlight new kinds of superconductors, magnets, metals and insulators,
in which the spin and orbital physics, coupled relativistically and through structural chemistry and
geometry, provide a new setting for novel electronic behavior. This proposal describes research on
the role of coupled orbital, spin and geometrically frustrated degrees as drivers of new kinds of
correlated electron behavior. The science behind these phenomena has an important role to play
in establishing new concepts to underpin design and discovery of materials to transform our future.
The education of the postdoctoral and graduate students carried out as part of this research plays

an important part in helping to raise a new generation of leaders in research and development.

A. Topological Kondo Insulators

We are investigating, in collaboration with experimental and computational physicists, the
proposal that strongly spin-orbit coupled 4f states drive topological behavior in the family of Kondo
insulators. These insulating heavy electron materials have recently attracted renewed interest both
through their possible application as efficient thermo-electric materials and the proposal, that a
subset of these materials may exhibit topological insulating behavior[l]. While the high resistivity
of Kondo insulators and the simplicity of their cubic structure[2] would make them competitive
new entries into the family of topological insulators, the strong correlation of the f-bands makes
these systems currently inaccessible to conventional band-structure calculations.

The ongoing research is developing a tight-binding theory of cubic Kondo insulators, built
around an analytical model, to be later extended with band-theory input. This model will be
used to identify strong candidate topological Kondo insulators and to study the tunneling into the

hybridized surface Dirac cones of a topological heavy electron insulator. Our future work will

e Develop a scheme for selectively introducing a large spin-orbit coupling into the f-bands within
band theory, while preserving a realistic description of the conduction sea. We will use the
code “Wannier-90” to extract a tight-binding and a corresponding plane-wave decomposition
of the spd bands in real Kondo insulators. We shall use this technique to provide a tentative

prediction of which of the known Kondo insulators are topological.
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e Develop a theory of scanning tunneling microscopy into the two-band surface states of a
Kondo insulator. This will involve taking into account the direct tunneling into the conduc-

tion band and the co-tunneling into the f-band that produces STM Fano resonances.

e C(Calculate the bound-state spectrum and conductance of a dislocation line within a topolog-
ical Kondo insulator, with the view to future experimental studies of the conductivity in

dislocation-damaged Kondo insulators.

B. A tetrahedral approach to the Iron-based Superconductors

The discovery of iron-based superconductors in 2008 has attracted immense interest, adding
a new family of high temperature d-electron superconductors to complement the cuprate family of
superconductors[3]. Experimental studies suggest a range of electron correlation effects and a strong
correlation between the superconducting transition temperature and the tetrahedral symmetry of
the Fe-As unitse[4, 5]. In recent work with postdoc Tzen Ong[6], we have examined the physics of an
individual iron-based tetrahedron , showing that the interplay of Hunds coupling with the spin and
orbital fluctuations that develop near perfect tetragonality drive novel non-Fermi liquid impurity
physics. We found that Hund’s coupling selectively suppresses the spin Kondo temperature, while
leaving the orbital Kondo temperature unaffected. The high temperature quenching of the orbital
fluctuations leads to a “shapeless” magnetic moment in which magnetic scattering takes place in
the eg, channels, while preserving the orbital index, giving rise to an overscreened spin Kondo
model, with critical pair fluctuations[7] that may pay a role in the iron-based superconductivity.

The ongoing research will:

e carry out a Wilson renormalization group calculation on the tetrahedral mixed valence model
proposed by Ong and Coleman|6], aiming to verify the predicted Hund’s driven separation of
orbital and spin Kondo scales, examining the dynamical spin susceptibility to compare with

future neutron scattering and dilution experiments.

e Develop and study a series of BCS models in which local anisotropic pairing interaction is
aligned with the staggered iron tetrahedron structure. Initial work suggests that a model with

staggered d, pairing, aligned with the iron tetrahedra gives a fully gapped Fermi surface.

e Develop a model of composite pairing within the staggered iron-tetrahedra. This work will
build on our previous experience with models of composite pairing for heavy electron systems.
Composite pairs formed between d,2_,2 and d > orbitals (in the staggered As basis) have the

potential to drive staggered d;, and hence st/~ pairing.

e Develop a a model for the pair breaking generated by scattering off Co subsituted iron
tetrahedra, both within a conventional s/~ BCS model, and within a model of composite

pairing, with the view to comparison with recent Co-substitution STM experiments.
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FIG. 1: Interpenetrating triangular and honeycomb lattices. Bonds in the triangular or honeycomb lattices

are antiferromagnetic (afm) with strength J;. Bonds between the two lattices have afm strength Js.

C. Frustrated Magnetism and the emergent Clock Model.

Motivated by a renewed interest in the emergent discrete physics of frustrated Heisenberg
antiferromagnets|[8, 9], we are currently studying a family of Heisenberg models with that develop
an emergent n-fold order parameter described by the n-state Clock-model. Simple arguments sug-
gesting the possibility of an emergent Berezinskii-Kosterlitz-Thouless transition, will be evalauated
and explored in detail[10]. 20 years ago, Chandra, Coleman and Larkin discovered a way in which
frustrated magnets can defeat the Mermin Wagner theorem through the development of nematic
Ising order[11], driven by order-from-disorder[12]. In the J;-Jo classical Heisenberg model, the

individual spins have a finite correlation, but the nematic order parameter
51(1) . gg(z) =452

behaves as an emergent Ising variable that develops Ising order at a finite temperature due to the
effects of order-from-disorder. The fascinating lesson from this result, is that composite combi-
nations of spin, such as this Ising order parameter, can develop infinite range interactions, even
though the underlying spin physics involves a finite correlation length. This raises the possibil-
ity that order from disorder induce more complex forms of discrete order in the two-dimensional
Heisenberg model? For example, can we find discrete Z3 or Z,, emergent clock models in appropri-
ately frustrated Heisenberg models. Jose et al have shown that for the n-state clock models with
n > 5, a Berezinskii Kosterlitz Thouless phase develops in these systems at finite temperatures.
Motivated by the spinel magnets, the ongoing research is carrying out a study of the inter-
penetrating honeycomb-triangular lattice shown in Fig. (1). When the two lattices are coupled
via a weak Js, frustration causes them to decouple in the ideal classical ground-states, however,

once the effect of temperature on fluctuations isincluded, order-from-disorder will find entropic and
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energetic advantage by aligning the honeycomb antiferromagnetic order to become coplanar with
the triangular lattice spin order. This gives rise to an emergent clock model variable, in which

Sy (i).5a (i) = S2 cos {267%] , (r=1,6)

where S and Sa denote neighboring spins on the two lattices within a single unit cell. Whereas
emergent Ising order develops via a single Ising phase transition, classical six-state order is expected
to develop via two separate Berezinski-Kosterlitz-Thouless transition. We have recently computed
the renormalization flows of J;-J2 hexagonal-triangular model, tentatively confirming the presence

of a finite temperature BKT transition. Ongoing work will

e Carry out Monte Carlo studies of this model to confirm the proposed phase diagram. By
measuring spin current fluctuations, we will follow the Heisenberg and spin wave stiffnesses

as a function of distance scale.

e Working with colleague Sang Cheong, attempt to identify quasi-two dimensional candidate
spinel structures that may exhibit some of the above clock-model physics over intermediate

temperature ranges.
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PROJECT SCOPE

The research in this program focuses on the theoretical study of the emergence of complex
collective electronic states in several families of materials. The possible competition, or
cooperation, of these complex states in special regimes of temperatures, carrier densities, and
external fields is studied by our team. The specific materials that are investigated include colossal
magnetoresistance manganites, iron- and copper-based high temperature superconductors,
cobaltites, molecule-based magnets, multiferroics, and also a variety of artificially-created
superlattices and interfaces involving oxide perovskites. These compounds are characterized by
having several simultaneously active spin, charge, and orbital degrees of freedom, forming states
where the many competing tendencies are delicately balanced. At present, our work deals with
three specific objectives: (1) the study of new collective states that may appear in artificial
heterostructures, with associated exotic transport properties; (2) the study of competing
interactions in frustrated magnets and associated multiferroic tendencies; (3) the study of the iron-
based superconductors in the intermediate Hubbard repulsion regime and also via spin fermion
models, and the search for novel states with spin/orbital order. Our team takes advantage of the
ORNL research environment via several collaborations with other local experimental and
theoretical teams, and with researchers at the ORNL neutron and computational user facilities.

RECENT PROGRESS

(1) lron-based High Temperature Superconductors. —
The superconducting pnictides and chalcogenides are of @yvyen meun | ® . Yo
considerable importance because they may offer clues REE BWan. w2588
on the pairing process of high-T. superconductors in Shan mabw |[ABAD
general. Our team has recently used the Hartree-Fock ¥y wsean en{l * *°
(HF) technique and the Lanczos method on small  RRIN BBRR | (0 g0
clusters to study the two-dimensional multiorbital Y mune sah|[3EE.N
Hubbard model for electrons hopping between iron Reth buae o
atoms. The hopping terms are from band-structure ®R® RRUN ¥YN R we

calculations or from fits of angle-resolved
photoemission (ARPES) experiments. The HF method
showed the presence of a metallic magnetic state with
(,0) wavevector in an intermediate range of Hubbard U and Hund Jy couplings, compatible with
several experiments [1.1].

Fig. 1: (a) KogFe1Se, magnetic state found in
HF studies. (b,c) are close competitors [1.2].

Recent developments in this field include the discovery of an exotic insulator in KqgFe; ¢Se, with
\5xV5 Fe vacancies, as shown in Fig. 1(a). Neutron-scattering measurements suggest an
associated magnetic state as shown in Fig. 1(a) as well. We have used the HF procedure to
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analyze the Hubbard model with V5xV5 Fe vacancies [1.2]. At intermediate values of U and
Ju/U~0.25, the state in Fig. 1(a) indeed becomes stable, as in neutron results. Moreover, the states
in Figs. 1(b) and (c) have competing energies. The regime of couplings is similar to the one
identified by comparing theory with neutron, transport, and ARPES results for the pnictides [1.3].

Another of our recent studies focused on the exact solution of the electron-doped two-orbital xz-
yz Hubbard model on a small cluster, adding extra Heisenberg terms to enhance the (x,0) spin-
order strength, thus inducing pairing even in small systems [1.4]. The main result was that an A
state (s-wave) is the most favored pairing channel in a robust range of U and Jy. Competitors
with By4 and B,y symmetries are stabilized by modifications in the electronic bandwidths [1.4].

More recently, a review for Nat. Physics has been written where evidence is provided that Fermi
surface nesting is not applicable in many of the iron-based superconducting materials [1.5].

(2) Magnetic Structures and Spin Dynamics of Multiferroic Materials. Oxides displaying
non-collinear spin states are of much importance because they provide an opportunity to study the
interplay between magnetism and ferroelectricity. Our recent work on CuFeO, showed that the
AFM coupling between nearest-neighbor S=5/2 iron ions within each hexagonal plane produces
geometric frustration and a rich phase diagram. With increasing magnetic fields, several
additional transitions occur before magnetic saturation [2.1].

Collaborating with neutron-scattering experts from
ORNL, our team recently studied several multiferroic
materials. In particular, whereas the elastic spectrum
of doped CuFeO, contains only two peaks, the inelastic
spectrum [Figs. 2(a,b)] contains a wealth of
information that provides a “dynamical fingerprint” of p
the multiferroic ground state. The inelastic spectrum of f [HH15] 050 [HH15] 05
3.5% Ga-doped CuFeO, exhibits both primary and '
secondary Goldstone modes, the latter produced by
lattice distortions [2.2]. Comparing the predicted [Fig.
2(c)] [2.3] and measured inelastic spectrum, we have
shown that the spin spiral state is characterized by
alternating small and large turn angles [2.4].

Fig.3: (a,b)
measured and (c)
predicted inelastic
scattering spectrum
for 3.5% Ga-doped

005 [Hmﬂ o045 CuFeO,[2.3].

Complementary work on molecule-based magnets affords the opportunity to

study competing interactions that can be readily tuned by magnetic fields, pressure, or the choice
of organic cation. One of the most interesting molecule-based magnets, diruthenium
tetracarboxylate (Cr(Ru,)s for short) contains two interpenetrating cubic sublattices that are
weakly AFM-coupled. While materials that develop three-dimensional (3D) magnetic order due
to the weak coupling between one-dimensional or two-dimensional sublattices are fairly common,
Cr(Ru,)s is the only known material where each of the weakly-interacting sublattices is already
3D ordered. Because the AFM exchange between neighboring Cr and Ru, complexes within each
sublattice is much stronger than the weak AFM dipolar coupling between sublattices, each
sublattice behaves as a giant rigid moment. Predictions for this metamagnetic transition based on
a model containing Zeeman and Heisenberg interactions [2.5] are in agreement with experiments.

(3) Electronic Properties of Strongly Correlated Heterostructures. Perovskite manganites
La;—SrMnO; (LSMO) are of great importance because of their FM metallic behavior, relatively
high Curie temperatures Tc, and large magnetic polarizations. Controlling the magnetic
interaction at interfaces involving manganites could produce a technological breakthrough for
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electronic devices that use the tunneling magnetoresistance or exchange-bias effect. Thus, a
Goodenough-Kanamori-type description of the interfacial magnetic interactions is desired. In
recent efforts, these rules were developed for interfaces involving a manganite [3.1]. Considering
the interaction derived from the 3z°—r? orbitals, which have the largest hybridization across the
interface, the sign of the interaction is fixed by the molecular orbitals formed at the interface.

The scheme developed in [3.1] became the basis  (a) | Mn Cu Cul| (]| Mn Cu
for recent interpretations of many experimental 3z25r%  [xEyP X2y
results [3.2; 3.3]. Interfacial magnetism expla_lns P —
several anomalous features of manganite- e J Jue

cuprate-manganite  trilayer  systems.  For
example, the SC critical temperature T, of (c)Antiparallel (d) Parallel (e) Parallel+H
YBa,Cu;0;  (YBCO) is  more strongly (Mn| Cu Mn| Mn| Cu |Mn|Mnf Cu [Mn|H

suppressed when combined in superlattices with
FM La;,CaMnO; (LCMO) than with a Uﬂ@ Qﬂﬂ HHGOGBH Hﬂo OHU
nonmagnetic cuprate. Further, a robust inverse
spin-switch effect (ISSE) was reported in
LCMO/YBCO/LCMO trilayers. In contrast to the Fig. 3: Magnetic interaction between neighboring Cu
conventional exclusion between SC and and Mn layers. (a) Realistic model including two Cu e,
magnetism, SC is favored by the parallel orbitals, (b) simpliﬁed model focusing only on the x%-y
alignment of the LCMO FM moments layers in a orbital. | Magnetic  states of ~manganite cuprate-
manganite trilayers: (c) Antiparallel spin configuration
magnetic field. Our research showed that the Key and (d) parallel configuration without an applied
ingredient for understanding this anomalous maenetic field H. (e) Parallel spin configuration with H.
behavior is the interfacial AFM coupling [3.4]. This coupling induces a negative spin polarization
inside the YBCO region and influences SC more strongly than merely injecting spin-polarized

quasiparticles without the coupling [Fig. 3].

In addition, models were used to study oxide heterostructures with ferroelectric (FE) components
[3.5]. A generic DE system (LSMO) was employed as the conducting channel attached to a FE
gate. Charge accumulation/depletion near the interface, achieved by switching the FE polarization
orientation, drives interfacial metal-insulator transitions that induce robust magnetoelectric
responses, as in previous density-functional theory calculations.

FUTURE PLANS

(1) The spin fermion model recently proposed for the iron superconductors will be studied using
computational techniques similar to those widely applied before to study the manganites. In
particular, we are searching for orbitally ordered states and also we are studying transport
properties to compare against experiments that suggested the presence of nematic states. A review
is also in preparation (by invitation for Rev. Mod. Phys.) about the iron selenides with alkaline
layers separating the Fe,Se, layers. It will be argued that these materials are in a regime where the
Fermi surface nesting mechanisms to generate magnetism does not apply. Mott insulators could
be the parent states of the superconductivity found in these compounds.

(2) The study of frustrated magnets continues in our team. Quantum fluctuations will be
incorporated in the analysis of several multiferroics, and lattice distortions will also be included
to address secondary Goldstone modes. Phase diagrams varying magnetic fields are also being
studied for a variety of materials, including CuFeO,. Very rich phase diagrams have been
obtained for these compounds, with a variety of collinear and noncollinear phases being
predicted. Also, competing energies in molecule-based magnets are being analyzed. This includes



collaborations with neutron scattering experts at ORNL to test the predicted ground states of
some of these materials.

(3) In the area of oxide interfaces, our current research is about the influence of strain in thin
films of cobaltites, to be studied with dynamical mean field theory and DFT methods. Using
models Hamiltonians, we are also studying the interface of manganites with several oxides, such
as nickelates and cuprates. Transport properties are also being analyzed in this context. Interfaces
grown along the [111] direction are being pursued as realizations of the Quantum Hall Effect.
Also non-equilibrium phenomena in the Hubbard model context is being studied with time-
dependent DMRG methods, in collaboration with theorists at the nanocenter of ORNL.
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First-Principles Calculation of Vibrational Mode Lifetimes in Complex
Materials

Principle Investigator: Dr. Murray S. Daw
Dept of Physics & Astronomy, Clemson University, Clemson, SC 29634
email: daw@clemson.edu

Project Scope

We will implement a new method for calculating vibrational mode lifetimes in complex
materials based on first-principles electronic structure calculations, and to apply the
method to several complex materials. The approach is to implement a recently devel-
oped scheme for calculating mode lifetimes. The new approach is based on techniques
in non-equilibrium thermodynamics, using principally the Liouvillian operator to obtain
dynamics, and is combined with the recursion method to study the properties of the re-
solvent. The result is an expression for the lifetime of a normal mode that is based on
Monte Carlo evaluation of operators related to the mode occupation. This technique
should represent a substantial improvement over existing techniques.

Planned Activities: 2012-2013
Our activities for the first year will include:

(1.) Study dissipation in simple, low-dimensional models that exhibit chaotic behavior in
some regimes. This combined numerical and analytical study will help to test the new
approach in simple but non-trivial systems.

(2.) Study mode lifetimes in simple extended systems with rattlers. This extends the
work that was done previously using a simple non-linear vibrating lattice model.

(3.) Implement the new method in LAMMPS, to allow the calculations to be done with
empirical potentials already implemented there.

Publications

(This is a new award, so there have been as yet no publications under this grant.)
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Time-dependent current-density-functional theory of charge,
energy and spin transport and dynamics in nanoscale systems

GRANT #DE-FGO02-05ER46204

Principal Investigator: Massimiliano Di Ventra
Department of Physics

University of California, San Diego
diventra@physics.ucsd.edu

Project scope

The goals and objectives of this research program are the study of non-equilibrium
phenomena associated with charge, energy and spin transport in nanoscale systems and
atomic gases. A large part of this program aims at developing time-dependent density
functional methods that are particularly suited for the above studies. In particular, we
have extended time-dependent (current) DFT to open quantum systems, a theory we have
named Stochastic TDCDFT, and applied it to simulate electrical and thermal transport.
We are now in the process of developing a new DFT formulation that explicitly handles
thermal currents. Part of this work is done in collaboration with Prof. Giovanni Vignale at
the University of Missouri, Columbia. For instance, we have worked together on the
calculation of the viscosity in nanostructures due to the geometrical constriction
experienced by electrons scattering across it. This is an exciting new area of research that
is leading to a better understanding of the transport properties of nanoscale systems, and
has inspired us to include energy currents in the basic formulation of time-dependent
DFT.

Recent progress
1. Viscous corrections to electrical currents

It is well known that the viscosity of a homogeneous electron liquid diverges in the limits
of zero frequency and zero temperature. A nanojunction breaks translational invariance
and necessarily cuts off this divergence. However, the estimate of the ensuing viscosity is
far from trivial. Together with Prof. Vignale we have proposed an approach based on a
Kramers-Kronig dispersion relation, which connects the zero-frequency viscosity 7(0) to
the high-frequency shear modulus u., of the electron liquid via #(0) = u.t , with 7 the
junction-specific momentum relaxation time. We have first checked that this approach
gives reasonable results for the Fermi gas by comparing it to the hydrodynamic solution
obtained by Abrikosov and Khalatnikov. The agreement of the viscosity as obtained by
this simple approach with the much more involved calculation by Abrikosov and
Khalatnikov is impressive (see Fig. 1).
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Confident of the strengths of this

2 2 2,3
My T >Ny (0) T (Joule-s-K'/m”)

method we have then set to compute
the viscosity in the case of a
1 scattering potential. We have used a
3 model potential that has allowed us
1 to compute the viscosity analytically
i as a function of the single-particle
] transmission probability. We have
| then used this viscosity to calculate

3 the corrections to the single-particle

9 (Lanadauer) current for this

[ |
107 9 3

.

5 scattering problem. In agreement
with what was previously reported

Fig. 1. The comparison between the viscosity  thig “dynamical” resistance is

calculated by Abrikosov and Khalatnikov, #,k, and
the viscosity calculated using the proposed
dispersion relation for different values of the
density r,. The connecting lines are a guide to the

eye.

relatively small at large
transmissions due to the small
variation of the density across the
junction. However, it increases
substantially at very low

transmissions with values that can greatly exceed, for the particular model potential
chosen, the dynamical resistances estimated previously (see Fig. 2). We feel we have now
undoubtedly shown that there are dynamical corrections to the Landauer formula which
are related to the viscous nature of the electron liquid.

2. Fundamentals of transport in nanoscale systems and atomic gases

We have used the micro-canonical
picture of transport — a framework
ideally suited to describe the
dynamics of closed quantum systems
such as ultra-cold atom experiments -
which the PI (Di Ventra) has
suggested in 2004 to show that the
exact dynamics of non-interacting
fermions and bosons exhibit very
different transport properties when
the system is initially in the ground
state and set out of equilibrium by
removing the particles from half of
the lattice. We find that fermions
rapidly develop a finite quasi steady-

600

F ) L 1 L | L ]
0 0.2 0.4 0.6 0.8 1
Transmission coefficient (T, )

Fig. 2. Dynamical viscous resistance as a function
of transmission coefficient. The inset shows the

averaged density across the nanojunction for the
longitudinal transmission coefficient 0.1 and 0.9.

state current reminiscent of electronic transport in nanoscale systems. This result is robust
— it occurs with or without a harmonic confining potential and at zero or finite
temperature. The bosonic current instead exhibits strong oscillatory behavior that decays
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into a steady-state of zero

. , . , : . current only in the
0.6 rkr (f.n=1) \ (@) ] thermodyna.lm'ic limit (Fig. 3).
~ - \ 1 These predictions can be readily
% 0.3 (fn=0.5) 000 \\\\ i verified experimentally and
= o LLa=L. E show that the existence and the
_ N=512 formation of a finite steady state
-0.3 : : . ' - current in fermionic systems is
0.2 0 100 3/ Io 200 300 unrelated to the presence of
—~ I ()] interactions, a fact which is not
< .
< 0.1 o | fully appreciated by the
= 0 b.N=8192 community.
-0.1 , : 0
0 tt, 4000 0 512 . - _
0.9 . : : : : In addition, unlike typical
0.6 W WEQ MKT‘E-BELM_‘_‘“_' condensed-matter systems, ultra-
> 0-% i \ Tr Y cold atoms loaded into optical
= \ V.01 lattices allow separate control of
S— | \ =/ | .
=~ Of R ’f\J T=0 ] both the particle number and
0.3 " p - i
) i . (F=0.5) ] system size. As a consequence,
-0.6 : ' AL : there are two distinct
0 5w, 50 3 ”thermodynamic” limits that can
Fig. 3. (a) Currents in a uniform lattice for fermions (top) Ee QCflned for these > ys‘tims: &
infinite-volume  limit at

and bosons (bottom) with initial fiilling n=1at T =0 - . °
after the atoms on the right are removed. The fermionic constant finite density, and ii)
currents for initial fillings n = 0.75, 0.5, 0.25 are also “empty-lattice limit” at constant
shown (labeled next to each curve). (b) The bosonic particle number. To probe the
current for initial filling n = 1. (c) The density profile for ~ difference between these two
fermions at T = 0. (d) Fermionic currents in a lattice with  limits and their crossover, we
a harmonic potential. have considered a partially

occupied lattice and study the
transport of non-interacting fermions and fermions interacting at the mean-field level into
the unoccupied region. We find that in the infinite-volume limit, a finite steady-state
current emerges. On the other hand, in the empty-lattice limit there is no finite steady-
state current. By changing the initial filling, we find a smooth crossover between the two
limi