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Foreword

This volume summarizes the scientific content of the 2011 Experimental Condensed Matter Physics Principal
Investigators Meeting sponsored by the Materials Sciences and Engineering Division of the DOE Office of
Basic Energy Sciences (BES). The purpose of the meeting was to bring together researchers funded by BES
in this important research area so that they could get a view of the broad range of research that is being
supported by the Experimental Condensed Matter Physics program. While recent research highlights were
presented, the focus of the meeting was on topics that the Pls felt were the most exciting new research
directions. This meeting was useful to DOE-BES in assessing the state of the program, charting future
directions, and identifying programmatic needs. We hope that the meeting fostered a collegial environment
that stimulated discussion of new ideas and provided unique opportunities to develop or strengthen
collaborations among Pls. We plan to hold a similar meeting biannually.

This inaugural meeting was held August 9-12, 2011, at the Rockville Hilton in Rockville, Maryland. The
meeting was attended by more than 100 scientists, with 46 oral and approximately 35 poster presentations in
two poster sessions. We were very pleased to have two plenary speakers: Prof. Ramamoorthy Ramesh
introducing the DOE SunShot Initiative and Prof. Séamus Davis providing an overview of the Center for
Emergent Superconductivity EFRC.

The Experimental Condensed Matter Physics Program covers a broad range of research activities, supporting
experimental research aimed at gaining fundamental understanding of the relationships between electronic
structure, particularly in the case of strong correlation among electrons, and the properties of complex
materials such as superconductors and magnetic materials. A particular emphasis is placed on investigating
the physics of one- and two-dimensional systems, including nanostructures, as well as studies of electronic
structure under extreme conditions such as low temperatures and high magnetic fields. The program has a
longstanding investment in research to understand unconventional superconductors, including the high-
temperature cuprate family and the recently discovered class of iron-based superconductors. In the last few
years the program has increased support for studies of spin physics and nanomagnetism, and has begun to
explore whether cold atom research can provide insight into open questions about correlated electron behavior
in hard condensed matter systems. Also supported is the development of new techniques and instruments for
characterizing the electronic states and properties of materials under extreme conditions, such as in ultra low
temperatures (millikelvin) and ultra high magnetic fields (100 Tesla). Improving the understanding of the
electronic behavior of materials on the atomic scale is relevant to the DOE mission, as these structures offer
enhanced properties that could lead to dramatic improvements in technologies for energy generation,
conversion, storage, delivery, and use.

We organized the meeting into ten different sessions that cover the broad range of activities supported by the
program—correlated electrons, magnetism and spin physics, low-dimensional systems, superconductivity,
and topological insulators—as well as two poster sessions.

We thank all the participants for their investment of time and for their willingness to share their ideas with the
meeting participants. We also want to gratefully acknowledge the excellent support provided by Ms. Lee-Ann
Talley and Ms. Joreé O’Neal of the Oak Ridge Institute for Science and Education and by Ms. Teresa Crocket
of BES, without whom this meeting would not have happened.

Dr. Andrew Schwartz

Program Manager, Experimental Condensed Matter Physics
Materials Sciences and Engineering Division

Office of Basic Energy Sciences

Department of Energy
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The Ames Laboratory Complex States, Emergent Phenomena and Superconductivity in
Intermetallic & Metal-like Compounds FWP

Pls: P. Canfield (FWP Leaderanfield@ameslab.go6. Bud’kobudko@ameslab.gov. Clem
clem@ameslab.gowD. Johnstorjohnston@ameslab.gp¥. Kaminski kaminski@ameslab.gov
V. Kogan kogan@ameslab.gov R. Prozorov prozorov@ameslab.gov J. Schmalian
schmalian@ameslab.goM. Tanatar tanatar@ameslab.gov

FWP web pagehttp://www.ameslab.gov/dmse/fwp/complex-states

SCOPE

This FWP has been specifically assembled to create, study, and understand materials with
novel electronic and magnetic ground states. It intimately links design, growth, characterization,
modeling and theory within a National Laboratory setting, allowing for the rapid identification,
understanding and control of systems of interest. The FWP has many powerful techniques at its
disposal, ranging from a wide variety of synthetic methods, through an extensive range of
thermodynamic, transport and spectroscopic measurements, to sophisticated modeling and theory.
The strength of this FWP is its ability to cycle through the “think, make, measure, understand,
control, think” cycle rapidly and efficiently. The goal of this FWP is the design, discovery,
characterization, understanding and ultimately control over materials with complex and
potentially useful properties. In this presentation | will review some of the primary capabilities of
our FWP with the hope of enhancing inter-laboratory collaborations within this program. | will
highlight some of our ongoing research in correlated electron systems (ranging from, high T
superconductivity to field induced quantum criticality in heavy fermion systems) and outline
some of our plans for future work.

RECENT PROGRESS

The priority of this FWP is the development and understanding of model systems combined
with agile and flexible response to, and leadership in, a rapidly-changing materials landscape.
Within this context, some of the systems that have been recently focused on include: Fe-based,
and related, superconductors, and correlated electron systems with small, or vanishing, moments,
because of their combined promise to serve as model systems as well as starting points for
developing better, energy-relevant properties. To accomplish this goal, three highly intermeshed
classes of activities will operate both in series and in parallel:

» Design and growth (Canfield, Bud’ko, Johnston, Schmalian, Kogan)
» Advanced Characterization (Bud’'ko, Kaminski, Prozorov, Tanatar)
* Theory and modeling: (Clem, Kogan, Schmalian)

During the 2008 — 11 period the FWP has been able to make significant progress in the
fields of correlated electron systems, the physics associated with local moment ordering and the
effects of internal and external fields on the ordered states, and, of course, superconductivity.
The primary focus of the FWP efforts has been on the Fe-base superconductors. During the past
three years we have made key contributions in the areas of:

--Growth and measurement of RFeAsO single crystals

--Growth and measurement of the first BaFgAs; single crystals

--Discovery of CaFgAs, and its extreme pressure sensitivity

--Studies of compounds related to BaRAs,

--Determination of T-x phase diagrams for Ba(Fe,TM,).As, (TM = Co, Ni, Cu, Rh, Pd),
establishment of unifying T-e phase diagrams, and established empirical rules for
superconductivity



--London penetration depth and thermal transport measurements across pnictide series
--Theoretical description of FeAs-based superconductors.

We also made significant advances in understanding several aspects of the physics of
cuprates. We had found evidence that the pseudogap state and superconductivity are associated
with two different energy scales. These initial angle resolve photoelectron spectroscopy (ARPES)
results prompted us to study the in-plane magnetic penetration depth in optimally doped Bi-2201
using muon-spin rotation. The results of these measurements indicated that for underdoped
samples the segments of the Fermi surface only near the nodes contribute significantly to the
superconducting condensate; whereas antinodal regions, where spectral gap is largest, do not
point to the possibility of competition between pseudogap and superconductivity. In other work,
we discovered decisive evidence for competition between pseudogap and superconductivity in
cuprates. We conducted pioneering quantitative ARPES studies of the spectral weights of the
features associated with the pseudogap and superconductivity and demonstrated that the
pseudogap competes with the superconductivity by depleting the spectral weight available for
pairing. This represents a major shift in thinking about the role of the pseudogap in problems with
the cuprates and a possibility to improve their superconducting properties by suppressing the
pseudogap.

In addition to our extensive work on superconductivity the FWP has developed and studied
several classes of correlated electron materials. These include iHe,fR3eries, a highly
tunable family of dilute rare earth bearing materials that manifest both 4f and 3d correlations. For
example, for T = Fe, Ru, Os, Co, Rh, and Ir, the Xj, materials are all heavy fermions,
formally doubling the number of such compounds §.e. 400 mJ/mol-K). In addition, we
continued research into earlier T- and R-based HF systems includin@,L&d YbAgGe, a
system we discovered could manifest a rare example of Yb-based field induced quantum
criticality. Theoretically we developed a new approach to dimensional reduction and emergent
symmetries at a quantum critical point in frustrated magnets and analyzed Kondo-lattice
screening in a d-wave superconductor.

We also continued to study rare earth, local moment magnetism; we used the tunnel diode
resonator (TDR) and magneto-optics (MO) to study local moment ordering in previously
established model systems (RAgSBeSb, and NgFe;,B). In Kerr microscopy studies of high-
purity, low pinning, single crystals of Nee,B, we discovered fractal-domain patterns and in
CeAgSh, we found that even weakly ferromagnetic systems can be imaged via Kerr rotation
from as-grown, mirror-like surfaces, giving better spatial resolution than a garnet-based indicator.
In FesTaS, real-time MO images reveal unusual slow dynamics of dendritic domain formation.
We also extended the use of TDR measurements to local moment systems and found them to be
very sensitive to long range magnetic ordering and metamagnetism. TDR was used to collect
high-density, temperature and field dependent data to construct a detailed, anisotropic, low
temperature H-T phase diagram of TeNC and ErNjB,C, probe multiple phase transitions in
CeSb and, on a phenomenological level, to detect the difference in the dynamic response between
weak itinerant and local moment ferromagnets in a variety of materials.

FUTURE PLANS

We plan to pursue a variety of synthetic efforts aimed at better understanding the physics of
the current Fe-based materials as well as finding other, new, examples of exotic, hopefully high
temperature, superconductivity. To gain a clearer understanding of theABagestem we plan
detailed studies of transition metal doping series, including Ru, to compare with our hydrostatic
pressure work as well as Cr and Mn to better understand the conspicuous difference between
electron and hole doping via TM substitution. Initial results on lightly Cr-doped ,Bsfe



indicate the higher temperature structural / magnetic phase transition may not be split and also
remains first order in nature. A combination of thermodynamic, transport and microscopic
measurements should help elucidate the potentially different physics associated with doping with
TM lighter than Fe. In addition to single doping series, the Ba(g),As, series will be used

as a well understood starting point for double doping experiments. For example Cr and Mn will
be doped into both underdoped and overdoped sides of the,Ba@jeAs, superconducting

dome so as to try to separate effects associated with band filling and disorder.

More broadly, on the high risk / high payoff extreme of our synthesis agenda, we plan to
identify and study a wide variety of transition metal-based compounds that manifest reduced
moment, antiferromagnetic ordering. We will synthesize the parent materials, either in single
crystalline or polycrystalline form and then use hydrostatic pressure (up to 8 GPa) and / or site
substitution to try to suppress the antiferromagnetism with the hope of stabilizing new examples
of exotic superconductivity.

Using the various doping series developed in the FWP, the evolution of the Fermi surface
in electron, hole, and isoelectronically doped iron arsenic superconductors and its relation to
superconductivity will be studied. These studies will help shed light on the relationship between
superconductivity and magnetism, and also possibly provide additional information about the
nature of superconducting pairing in these materials. We have some very interesting preliminary
data that revealed unusual behavior of the reconstructed Fermi surface in electron doped
materials. Further detailed studies and extension of these measurements to hole doped materials
will be a crucial component in elucidating the interesting physics of these materials.

We will also determine, or set limits on, the in-plane anisotropy associated with the
orthorhombic state in the parent, Ca&®, SrFeAs,, and BaFgAs, compounds as well as the
underdoped Ba(RgTM,),As, series members. The detwinning required to accomplish this has
already been achieved (as confirmed via direct visualization as well as x-ray diffraction). We plan
to combine optical microscopy and x-ray studies with transport measurements to determine the
effects of detwinning on the normal as well as superconducting properties of these crystals

In addition, the FWP will be developing new measurements and synthesis capabilities that
will allow for better access to, and understanding of, these novel states. We are commissioning
new pressure cells that allow for measurements of resistivity and magnetization up to 14 GPa and
10 GPa respectively and we are developing a TDR under pressure system (0.35 K< T< 300K, H
<14 T, P <90 kbar) so as to measure a.c. susceptibility. We also plan to use TDR technique for
precision measurements of the Knight shift in metallic superconductors. We plan to extend the
TDR technique to provide angular as well as frequency resolution. We are in the final stages of
deploying in house, thermal transport measurements, down to 50 mK, in fields up to 14 T.

We are also upgrading our ARPES system with two new, crucial: (i) Replace the aging
SES2002 with a state of the art R8000 electron analyzer. This result in an increase of the energy
resolution down to sub-meV range, an increase of the angular acquisition range from 10 to 40
deg., and an increase in transmission figure by four and extend the kinetic energy range from 5
eV to 0.5 meV range. (ii) Add a laser based, tunable low energy VUV photon source. These two
combined will have enormous impact on the performance of the laboratory-based ARPES system
at the Ames Laboratory allow performing (spatially resolved) ARPES microscopy measurements
with um resolution and increase the photoelectron escape depth to increase bulk sensitivity.

Finally, with recently awarded funding we will be building a suite of reactive material, Ar-
based, glove boxes that will allow for more ready use of alkali and alkali-earth metals,
specifically Li, as both a solvent and solute.
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Project Scope

The primary emphasis of this project is on the physics of superconducting, magnetic, heavy fermion,
non-Fermi liquid, and other types of strongly correlated electron phenomena in novel transition-
metal, rare-earth, and actinide based oxides and intermetallic compounds with a focus on the
growth of high quality single crystal specimens. Materials investigated include Fe-pnictide high-
temperature superconductors, unconventional U-based superconductors, magnetically ordered rare-
earth compounds, and heavy fermion f-electron materials. The anisotropic normal and supercon-
ducting state properties of these materials are studied as a function of concentration of chemical
constituents, oxygen vacancy concentration, temperature, pressure, and magnetic field in order to
obtain information about the underlying electronic, lattice, and magnetic excitations involved in the
superconductivity, the symmetry of the superconducting order parameter, and the electron pairing
mechanism. Physical properties of high-T, superconductors and thermoelectric materials that are
important for their performance in technological applications have been characterized. Phenomena
associated with the interplay between superconductivity and other types of spin and charge order
are of particular interest.

Recent Progress

Much of our recent research falls into seven principal categories: correlated electron behavior in
the noncentrosymmetric LnsT1oP7 compounds, Fe-pnictide based superconductors, valence fluctu-
ations in Ce;_;Yb,Colns, superconductivity and magnetism in LnTy X5 filled skutterudites, high
temperature superconductivity in the cuprates, the interplay between weak ferromagnetism and
superconductivity in UCoGe based materials, and hidden order, magnetism, and superconductivity
in URu2Siy. Highlights of this research are summarized below.

The temperature (') - magnetic field (H) phase diagram for single crystals of the noncentrosym-
metric compound YboFe19P7 was reported. This system exhibits a crossover from a magnetically
ordered non-Fermi-liquid (NFL) phase at low H to another NFL phase at higher H. The crossover
occurs near the value of H where the magnetic ordering temperature (Thy) is no longer observable,
but not where T extrapolates smoothly to 7' = 0 K at a possible quantum critical point (QCP),
indicating the occurrence of a quantum phase transition between the two NFL phases. The lack of
a clear relationship between the extrapolated QCP and NFL behavior suggests an unconventional
route to the NFL ground states. We have also explored the behavior of other members of this
“2-12-7” family of compounds including UsFe 2P, which displays antiferromagnetic behavior be-
low 14 K and possible metamagnetism, and SmsFe;5P7, which appears to be a new heavy fermion,



itinerant ferromagnet with a Curie temperature of ~6 K.

We grew single crystals of the Fe-based pnictide superconductor LaFePO. Specific heat data
suggest either that only a small fraction of the sample is superconducting or that the supercon-
ductivity is characterized by an unusually small specific heat jump. We subsequently showed
that the superconductivity becomes bulk-like if the crystals are annealed in oxygen. An infrared
and optical study carried out in collaboration
with D. Basov’s research group found clear
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X-ray diffraction, electrical resistivity, mag-
netic susceptibility, and specific heat measure-
ments on the system Ce;_;Yb,Colns (0 <z <
1) reveal that many of the characteristic fea-
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tures of the x = 0 correlated electron state are

stable for 0 < z < 0.775, and that phase sep-

aration occurs for x > 0.775. The stability of the correlated electron state is apparently due to
cooperative behavior of the Ce and Yb ions, involving their unstable valences. Low-temperature
NFL behavior is observed which varies with x, even though there is no readily identifiable quantum
critical point. The superconducting critical temperature T, decreases linearly with x towards 0
K as x — 1, in contrast to other heavy fermion superconductors where T, scales with T,..;,. We
conclude that Ce;_;Yb,Colns belongs to a growing class of systems in which the NFL behavior
occurs in the absence of an obvious QCP. These results also suggest that valence fluctuations may
play a role in the unconventional SC and NFL behavior in pure CeColns.

An invited article, entitled “Non-Fermi liquid regimes and superconductivity in the low tem-
perature phase diagrams of strongly correlated d- and f -electron materials,” was published in a
special issue of the Journal of Low Temperature Physics. The materials discussed in this article
were primarily ones where the NFL behavior either occurs far away from a QCP, within an ordered
phase, or may not be associated with any putative QCP. We focused on compounds that were pre-
pared in the principal investigator’s group at the University of California, San Diego over the past
20 years. In particular, we emphasized the point that it remains unknown whether NFL physics is
universal, or if a multitude of unique subclasses exist.



Future Plans

In the future we will build upon research on materials that we have investigated recently, revisit
some previously studied materials with new approaches and/or prepared with new methods, and
continue to search for new materials exhibiting correlated electronic behavior.

The ThCroSis-type FeAs-based superconductors have been extensively studied in single crystal
form due to the relative simplicity of growing rather large crystals via a flux growth technique. Stud-
ies of the ZrCuSiAs-type FeAs-based superconductors such as LnFeAsO;_s and LnFeAsO;_,Fy,
with their significantly higher critical temperatures, have been largely restricted to polycrystalline
samples. However, recently a few groups have reported the growth of “1111” type FeAs based
superconductors in single crystal form with dimensions up to several mm. We have launched an
effort to grow a number of LnFeAsO based compounds in single crystal form. The availability
of single crystalline samples will help to elucidate the complex interplay of superconductivity and
magnetism that develops in these materials.

It was recently reported that a new class of filled skutterudite compounds with the chemical
formula MPt4Gejo (M = rare earth or alkaline earth metal) can be formed by standard synthesis
techniques. For the compounds where M = Sr, Ba, La, Pr, and Th, superconductivity is observed.
For Sr and Ba, the superconducting transition temperatures are T, = 5.35 K and 5.10 K, respec-
tively, and it is thought that the superconductivity is BCS like and emerges from electron-phonon
interactions supported by the Pt-Ge cage structure. For La and Pr, the superconductivity occurs
at a surprisingly high temperature, T, ~ 8.3 K, and thermodynamic measurements indicate strong
coupling for PrPt4Gejs. ThPt,Ge1s was also found to be a clean-limit strong-coupling supercon-
ductor with 7, = 4.62 K. Additionally, the compounds where M = Eu and Nd are reported to
be antiferromagnets, while the Ce compound shows intermediate valence for the Ce ion. These
observations open a new direction for research in the filled skutterudite compounds that merits
further investigation. We will attempt to synthesize new members of this series in our ongoing
effort to explore correlated electron phenomena in the context of filled skutterudite materials.

Extensive studies of the URus_,Re;Sis system in our laboratory indicate that the hidden order
(HO) phase is suppressed by = =~ 0.1. Motivated by the richness of the URus_,Re,Sis phase
diagram, we have begun studies of URus_,T,Sis for other transition metals 7. For example, a
recent study for 7' = Fe revealed that the HO/large moment antiferromagnetic (LMAFM) phase
boundary Tp(x) undergoes a two-fold increase from 17.5 K at z = 0 to ~ 42 K at = ~ 0.8.
These studies will provide important insight concerning the mysterious HO phase whose order
parameter has eluded identification for more than two and a half decades. The reduction of the
unit cell volume through the substitution of the smaller isoelectronic Fe ions for Ru will enable the
interrelation of the HO and LMAFM phases to be investigated without the necessity of applying an
external pressure. We intend to follow up with investigations of single crystals in order to determine
whether the complex phase diagram of URus_,Fe,Sis can be explained in terms of valence electron
concentration tuning or a more complex scenario.

Further investigations of the interesting and large class of noncentrosymmetric MsT75Pns where
M = Zr, Hf, Ln, Th, U, T = Fe, Ni, Co, Mn, and Pn = P, As will be performed. Efforts will be
made to synthesize these materials in single crystal form and to characterize them by measurements
of x-ray diffraction, electrical resistivity, specific heat, and magnetization measurements. These
noncentrosymmetric compounds may yield unconventional superconductivity with mixed singlet
and triplet spin pairing, exotic types of magnetic order via the Dzyaloshinskii-Moriya interaction,
and unconventional quantum critical behavior.
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Project Scope

The physics of correlated and complex materials is addressed using the combination of materials
synthesis, compositional tuning, and crystal growth. The overarching theme is the discovery and
investigation of novel cooperative phenomena and new forms of order in complex transition metal
oxides, pnictides and Zintl phases. Phenomena such as charge and orbital ordering, coupling of
magnetism and ferroelectricity, unconventional superconductivity, vortex pinning and dynamics, low
carrier density ferromagnetism, and anharmonic phonons in thermoelectric materials are studied. A
substantial fraction of the effort is devoted to the discovery of innovative materials and the growth of
large single crystals of fundamental interest to condensed matter physics. The composition of these
materials are carefully controlled, and the effects of compositional tuning on the basic physics of the
materials are studied using X-ray and neutron diffraction, and measurements of magnetization, specific
heat, and electrical and thermal transport properties. Once the materials have been prepared and
characterized, in-depth experiments such as inelastic neutron scattering, photoemission, and scanning
tunneling microscopy are performed in order to obtain a deeper understanding of the relevant physics.
Some of the materials investigated are promising for energy-related applications such as
superconductors for grid applications and thermoelectrics for energy conversion.

Recent Progress

Most of our recent research has focused on two broad areas (1) the relationship between magnetism and
superconductivity in the iron-based superconductors and (2) insights into how good thermoelectric
performance may be related to unusual physical properties such as anharmonic phonons, strong
electron-phonon coupling, and a high dielectric constant. The ultimate goal of (1) is to prepare crystals
and design experiments that will enhance our fundamental understanding of the origin of
superconductivity and magnetism in the Fe pnictide and chalcogenide materials. The goal of (2) is to
provide microscopic insights into possible routes to better thermoelectric materials, and a more
quantitative understanding of heat transport in solids.

One of the interesting and puzzling features exhibited by all of the iron-based superconductors well
above T, is the qualitative difference between the DC magnetic susceptibility measured with a SQUID
and the susceptibility at finite frequency measured using either NMR or neutron scattering. This is
illustrated in Fig 1. Only the dynamic susceptibility appears to correlate with superconductivity with
Co concentrations from 6% to 26%. The Knight shift and the DC susceptibility are qualitatively the
same in the paramagnetic region for all Co concentrations

Another interesting question that often arises when discussing the Fe-based superconductors, is whether
the Fe magnetism should be regarded as localized or itinerant. Most of the neutron data has been
analyzed using localized Heisenberg models, whereas much of the physics is better understood from an
itinerant point of view. We have shown that core level X-ray spectroscopy and photoelectron
experiments, that can measure on very fast timescales, detect both local moment behavior and itinerant
behavior with the same technique (Ref 3). The results can be understood using ideas that were
developed for iron metal above it’s Curie temperature about 30 years ago; the key idea being the
existence of two types of spin fluctuations: one very fast that depends on the band width, and one much
slower that depends on the appropriate time average of the fast fluctuations. In most metallic magnets
both local and itinerant behaviors are found to be necessary to describe the total magnetic response and
we expect that to also be the case for the iron-based superconductors.
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Fig 1 (Left) Knight shift (K) vs temperature for a family of Co-doped BaFe,As, crystals (Middle) Spin-lattice
relaxation rate 1/T\T for same crystals with f= 56.5 MHz. The relaxation rate measures the integral of the
imaginary part of the dynamical spin susceptibility for all wavevectors q in the first Brillouin zone. The strength
of the paramagnetic spin fluctuations can be fit to a Curie-Weiss law (Ref 1). (Right) DC susceptibility for three
of the parent compounds and Cr metal. Like the Knight shift, in the high-temperature paramagnetic regime the
susceptibility increases linearly with temperature. This origin of this increase is still under debate (Ref. 2).

Thermoelectric materials can be used to convert heat directly into electricity with no moving parts. Most
good thermoelectric materials are narrow-gapped semiconductors that have a large electrical
conductivity, a high Seebeck coefficient and a low thermal conductivity. In many thermoelectric
materials the electrons and phonons are assumed to be weakly interacting and are treated as independent
subsystems. We recently showed, however, that interactions between the electron and phonon systems
must be considered to understand the temperature dependence of many of the properties of the unusual
narrow-gap semiconductor FeSi, (Ref. 4). We also showed that the strong electron-phonon coupling in
this compound invalidated the common approximation of dividing the total thermal conductivity into
independent electronic and lattice components: Kyl = Kelectronic + Kiattice - (Ref. 5).

Lead Telluride is a good thermoelectric material in the 400-700 K temperature range. Above room
temperature the lattice thermal conductivity is surprisingly low for a binary compound with a simple
rocksalt structure. Neutron scattering measurements on a large PbTe single crystal and first-principles
computations of the phonons show a strong anharmonic coupling between the ferroelectric transverse
optic mode and the longitudinal acoustic modes for temperatures above 200 K. This interaction extends
over a large portion of reciprocal space, and directly affects the heat carrying phonons. These results
provide a microscopic picture of why many good thermoelectric materials are found near a lattice
instability of the ferroelectric type.
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Fig. 2 Inelastic neutron scattering data (left) showing the presence of a waterfall effect arising from strong non-
harmonic mixing of optical and acoustic lattice vibrations (right) in PbTe.
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Future Plans

There are still many questions regarding the relationship between magnetism and superconductivity in
the iron-based superconductors. Many of these questions can only be addressed using inelastic neutron
scattering from relatively large well-characterized single crystals. We plan to grow and characterize
more large crystals from the Co-doped BaFe,As; system. These crystals will be used by our neutron
collaborators to test detailed theoretical predictions concerning magnetism and superconductivity in
these materials. We have recently grown large crystals of TlFe;¢Se,, and we have discovered two
unusual phase transitions. With decreasing temperature there is a decrease in the ordered Fe moment
and a localization of carriers associated with the transitions. There is indirect evidence that these phase
transitions are associated with orbital order. We plan to study these transitions using inelastic and
elastic x-ray and neutron scattering, resonant ultrasound spectroscopy, and optical spectroscopy. In
addition, since this compound is chemically and structurally similar to superconducting compositions
where part of the Tl is replaced by an alkali metal, this study should provide additional understanding of
what is required for iron-based superconductivity.

One of the requirements for a good thermoelectric material is high carrier mobility. Several good
thermoelectric materials (e.g. PbTe or GeTe) have a high dielectric constant due to the proximity to a
ferroelectric phase transition. Does a high dielectric constant lead to a high carrier mobility? To address
this question we will collaborate with Hans Christen’s group to systematically study the effects of the
dielectric constant on carrier mobility in a series of KTa;(NbsO; single crystals. In this model system
the ferroelectric phase transition temperature can be tuned anywhere from 0 to 700 K by varying the Nb
content. If a high dielectric constant does increase carrier mobility, this may suggest a new route to
design better thermoelectric materials and as well as improve the performance of oxide electronics.
Most of the recent improvements in the performance of thermoelectric materials have resulted from a
reduced lattice thermal conductivity. The amount of heat carried by phonons in a solid is poorly
understood. For example, with the possible exception of Si, the amount of heat carried by phonons that
have mean free paths, A, in a narrow range (e.g lum < A <10 um) is not known. We plan to
collaborate with Olivier Delaire and use inelastic neutron scattering, neutron linewidths, and model
calculations to measure phonon lifetimes in single crystals of several good thermoelectric materials.
The goal of this research is to obtain a better fundamental understanding of heat transport in solids. We
also plan to collaborate with a group at MIT that has developed a new transient thermoreflectance
spectroscopy technique to sort out the amount of heat carried by phonons with a particular mean free
path. This information should complement the neutron work.

Publications

The nature of our research is highly collaborative and from Jan 2008 to the present we have published
over 120 papers including 24 PRL’s, 1 Nature, 1 Nature Physics, 1 Nature Materials, 1 PNAS, and 47
PRB’s. Some of our more interesting and original papers are listed below.

1. F.L.Ning, K. Ahilan, T. Imai, A. S. Sefat, M. A. McGuire, B. C. Sales, D. Mandrus, P. Cheng, B. Shen and
H. —H. Wen, “Contrasting Spin Dynamics between Underdoped and Overdoped Ba(Fe|Coy),As,”, Phys.
Rev. Lett. 104, 037001 (2010).

2. B.C. Sales, M. A. McGuire, A. S. Sefat and D. Mandrus, “A Semimetal Model of the Normal State Magnetic
Susceptibility and Transport Properties of Ba(Fe; <Cox),As,”, Physica C 470, 304 (2010).

3. F. Bondino, E. Magnano, M. Malvestuto, F. Parmigiani, M. A. McGuire, A. S. Sefat, B. C. Sales, R. Jin, D.
Mandrus, E. W. Plummer, D. J. Singh and N. Mannella, “Evidence for Strong Itinerant Spin Fluctuations in
the Normal State of CeFeAsOggoFo1; Iron-Oxypnictide Superconductors”, Phys. Rev. Lett. 101,267001
(2008).

4. O. Delaire, K. Marty, M. B. Stone, P. R. C. Kent, M. S. Lucas, D. L. Abernathy, D. Mandrus and B. C. Sales,
“Phonon Softening and Metallization of a Narrow Gap Semiconductor by Thermal Disorder”, PNAS 108,
4725 (2011).
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B. C. Sales, O. Delaire, M. A. McGuire, A. F. May, “Thermoelectric Properties of Co-, Ir, and Os-doped FeSi
Alloys: Evidence for Strong Electron-Phonon Coupling” Phys. Rev. B. 83, 125209 (2011).

O. Delaire, J. Ma, K. Marty, A. F. May, M. A. McGuire, M.-H. Du, D. J. Singh, A. Podlesnyak, G. Ehlers, M.
D. Lumsden, and B. C. Sales, “Giant Anharmonic Phonon Scattering in PbTe” Nature Materials —advanced
online publication June 7, 201 1.

A. S. Sefat, R. Y. Jin, M. A. McGuire, B. C. Sales, D. J. Singh, and D. Mandrus, “Superconductivity at 22 K
in Co-doped BaFe,As, Crystals” Phys. Rev. Lett. 101, 117004 (2008).

M. A. McGuire, A. D. Christianson, A. S. Sefat, B. C. Sales, M. D. Lumsden, R. Jin, E. A. Payzant, D.
Mandrus, Y. Luan, V. Keppens, V. Varadarajan, J. W. Brill, R. P. Hermann, M. T. Sougrati, F. Grandjean,
and G. J. Long “Phase Transitions in LaFeAsO: Structural, magnetic, elastic, and transport properties, heat
capacity, and Mossbauer spectra” Phys. Rev. B. 78, 094517 (2008).

M. A. McGuire, R. P. Hermann, A. S. Sefat, B. C. Sales, R. Jin, D. Mandrus, F. Grandjean, and G. J. Long, “
Influence of the rare-earth element on the effects of the structural and magnetic phase transitions in
CeFeAsO, PrFeAsO, and NdFeAsO”, New J. Phys. 11, 025011 (2009).

B. C. Sales, A. S. Sefat, M. A. McGuire, R. Y. Jin, D. Mandrus, and Y. Mozharivskj, “Bulk
superconductivity at 14 K in single crystals of Fe.,Te,Sei” Phys. Rev. B. 79, 094521 (2009).

R. M. Fernandes, L. H. VanBebber, S. Bhattacharya, P. Chandra, V. Keppens, D. Mandrus, B. C. Sales, A. S.
Sefat, and J. Schmalian, “Effects of Nematic Fluctuations on the Elastic Properties of Iron Arsenide
Superconductors, Phys. Rev. Lett. 105, 157003 (2010).

A. D. Christianson, M. D. Lumsden, S. E. Nagler, G. J. MacDougall, M. A. McGuire, A. S. Sefat, B. C. Sales,
and D. Mandrus, “Static and Dynamic Magnetism in Underdoped Superconductor BaFe; 9,Cogo3As,” Phys.
Rev. Lett. 103, 087002 (2009).

M. D. Lumsden, A. D. Christianson, E. A. Goremychkin, S. E. Nagler, H. A. Mook, M. B. Stone, D. L.
Abernathy, T. Guidi, G. J. MacDougall, C. de la Cruz, A. S. Sefat, M. A. McGuire, B. C. Sales, and D.
Mandrus, “Evolution of spin excitations into the superconducting state in FeTe,  Se,” Nature Physics 6, 162
(2010)

M. D. Lumsden, A. D. Christianson, D. Parshall, M. B. Stone, S. E. Nagler, G. J. MacDougall, H. A. Mook,
K. Lokshin, T. Egami, D. L. Abernathy, E. A. Goremychkin, R. Osborn, M. A. McGuire, A. S. Sefat, R. Jin,
B. C. Sales, D. Mandrus, “Two-dimensional resonant magnetic excitation in BaFe; g4Coq16AS,” Phys. Rev.
Lett. 102, 107005 (2009).

X. B. He, G. R. Li, J. D. Zhang, A. B. Karki, R. Y. Jin, B. C. Sales, A. S. Sefat, M. A. McGuire, D. Mandrus,
and E. W. Plummer, “Nanoscale chemical phase separation in FeTejssSeg45 as seen via scanning tunneling
spectroscopy” Phys. Rev. B. 83, 220502 (2011)

M. A. McGuire, D. J. Gout, V. O. Garlea, A. S. Sefat, B. C. Sales, D. Mandrus, “Magnetic phase transitions
in NdCoAsO”, Phys. Rev. B. 81, 104405 (2010).

C. P. Cheney, F. Bondino, T. A. Calcott, P. Vilmercati, D. Ederer, F. Magnano, M. Malvestuto, F.
Parmigiani, A. S. Sefat, M. A. McGuire, R. Jin, B. C. Sales, D. Mandrus, D. J. Singh, J. W. Freeland, and N.
Mannella, “Orbital symmetry of Ba(Fe;Cox),As; superconductors probed with x-ray absorption
spectroscopy” Phys. Rev. B. 81, 104518 (2010).

P. Vilmercati, A. Fedorov, I. Vobornik, U. Manju, G. Panaccione, A. Goldoni, A. S. Sefat, M. A. McGuire,
B. C. Sales, R. Jin, D. Mandrus, D. J. Singh, and N. Mannella, “Evidence for three-dimensional Fermi-
surface topology of the layered electron-doped iron superconductor Ba(Fe,Cox),As,”,Phys. Rev. B. 79,
220503 (2010).

M. A. McGuire, A. S. Sefat, B. C. Sales, and D. Mandrus, “ Iron substitution in NdCoAsO: Crystal structure
and magnetic phase diagram” Phys. Rev. B 82, 092404 (2010).

E. A. Goremychkin, R. Osborn, C. H. Wang, M. D. Lumsden, M. A. McGuire, A. S. Sefat, B. C. Sales, D.
Mandrus, H. M. Ronnow, Y. Su, and A. D. Christianson, “ Spatial inhomogeneity in RFeAsO;Fx (R= Pr,
Nd) determined from rare earth crystal-field excitations” Phys. Rev. B. 83, 212505 (2011).
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Project Title: Atomic Engineering Oxide Heterostructures: Materials by Design, FWP
#10067

Pls. H. Y. Hwang (hyhwang@slac.stanford.edu), J. Stohr (stohr@slac.stanford.edu), Y. Hikita
(yasuyuki.hikita@gmail.com), & C. Bell (cbelll@slac.stanford.edu)

SLAC National Accelerator Laboratory

Project Scope: This FWP focuses on developing the science and technology of interfaces
between transition metal oxides. In the search for emergent phenomena and ever higher
functionality in devices, transition metal oxides have significant potential since they host a vast
array of properties, such as orbital ordering, unconventional superconductivity, ‘colossal’
magnetoresistance, all forms of magnetic ordering and ferroelectricity, as well as (quantum)
phase transitions and couplings between these states. Using atomic scale growth techniques, we
explore the synthesis of novel interface phases, with a current emphasis on polar surface doping
of quantum wells and control of interface dipole formation. X-ray probes are used to determine
the static and dynamic electronic and magnetic structure in ultrathin films and superlattices.
Heterostructures with low-density superconductors are used to explore new experimental
regimes of low-dimensional superconductivity, particularly in the presence of tunable spin-orbit
coupling and disorder. Together, these activities address the newly-revealed experimental
opportunities enabled by atomically controlled growth of complex oxide heterostructures, and
develop the fundamental design principles which underlie the creation of new electronic,
magnetic, and superconducting states for science and technology.

Recent Progress. We have made significant progress on several fronts: the design of artificial
interface dipoles to tune band alignments >2 eV; electronic and magnetic reconstructions of
ultrathin  manganite films and their interfaces; and reconstructions at atomic scale
perovskite/non-perovskite heterointerfaces. In this presentation we focus on our recent
developments in understanding and controlling the electronic structure of the 3lSAlO;
interface and-doped SrTiQ.

The observation of conductivity, and superconductivity, in La/@liO; in an interface-
specific manner has generated much research activity to determine the origins of the electronic
structure. Mechanisms including the polar discontinuity, interdiffusion, and crystalline defects
have all been raised and hotly debated as competing origins, while in reality multiple
contributions likely coexist to equilibrate the electrochemical potential across the interface [9]. A
puzzling issue is the inconsistency of various experimental probes for aspects of this problem;
for example, Au/LaAl@SrTiOs junctions indicate the presence of a large internal field across
the LaAlG;, as would be expected from polar catastrophe models [2], while photoemission
spectroscopy finds a much smaller internal field [M. Takizawa, S. Tsuda, T. Susaki, H. Y.
Hwang, and A. Fujimori, “Electronic Charges and Electric Potential at Lad8HDiO; Interfaces
Studied by Core-Level Photoemission Spectroscopiflys. Rev. Lett.,, in review
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(arXiv:1106.3619)]. Recently, we have found an extreme sensitivity of the interface carrier
density and conductivity to polar surface adsorbates, which can be varied by a factor of three by
room temperature adsorbate exposure, providing opportunities for chemical sensing [Y. Xie, Y.
Hikita, C. Bell, and H. Y. Hwang, “Control of Electronic Conduction at an Oxide
Heterointerface Using Surface Polar AdsorbatBsfure Comm,, in review (arXiv:1105.3891)].

Going further, the present/absence of a surface screening metal dramatically changes the strength
of the internal electric field across the heterostructure. Taken together, these results address
many of the long-standing discrepancies in studies of this interface — the surface boundary
conditions are dramatically coupled to the interface, and vary between experimental
configurations.

The low-temperature ground state of the LafABDTiO; interface has recently been mapped
using scanning SQUID microscopy. In addition to a superfluid density with strong spatial
variations (~80%), a large density of magnetic dipoles are observed, indicating a strong
competition between superconductivity and ferromagnetism, resulting in their coexistence on a
sub-micron scale [J. Bert, B. Kalisky, C. Bell, M. Kim, Y. Hikita, H. Y. Hwang, and K. A. Moler,
“Direct Imaging of the Coexistence of Ferromagnetism and Superconductivity at the
LaAIO4/SrTiO; Interface,”Nature Phys., in review]. By contrastd-doped SrTiQ, another 2D
superconductor we have examined, exhibits a homogeneous uniform superconducting state with
no signs of magnetism. These results are consistent with theoretical suggestions that the
LaAIO4/SrTiO; interface electrons have several competing instabilities, characteristic of strongly
correlated electrons.

Future Plans. Mesoscal e superconductivity. The use of surface adsorbates allows the tuning of
the interface carrier density and mobility over a broad range, robust to ultra-low temperatures,
spanning much of the superconducting phase diagram. Spectroscopic experiments will hopefully
provide a deeper microscopic understanding of this phenomenon, in particular the possibility of
chemio-adsorption in some cases, not just physio-adsorption. Together with AFM-based [5] and
conventional lithographic techniques, a number of approaches to crossing the 2D-1D
superconducting transition will be explored.

The recent finding of microscopic coexistence of ferromagnetism and superconductivity in
LaAIO4/SITiO; is just the beginning of a systematic experimental effort to understand and
manipulate these phases. For the magnetism, the kahl€kness dependence and interface-
termination dependence should shed further light on this unexpected behavior. If technically
feasible (for the largest dipoles), spectroscopy via PEEM would give information on the
microscopic origins of the magnetic instability, whether arising fromdrstates, or in O 2

ligand field states. Furthermore, the demonstrated ability to span the superconducting phase
diagram via back-gate field effects is technically compatible with scanning-SQUID, enabling the
study of the density dependence of interface magnetism and superconductivity, and their
interplay. It is noteworthy that this system has strong broken inversion symmetry and spin-orbit
coupling, in addition to magnetism and superconductivity, and thus could be a host for
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unconventional edge states as has been recently theoretically proposed. Toward that end, we plan
to study whether scanning probes can be used to manipulate and arrange the spatial distribution
of the competing ground states.

An interesting point of contrast to study in paralleldisloped SrTiQ. Unlike back-gated
LaAIO4/SrTiOs, which rapidly loses mobility in the 2D limit upon depletiérdoped SrTiQ

exhibits significant mobility enhancements in the 2D limit, as more of the electron wavefunction
extends into the undoped region. This may provide the first experimental system to explore 2D
superconductivity in the clean limit, for which many intriguing (reentrant) states have been
theoretically proposed. Recent results [11] have already demonstrated significant mobility
improvements over the past 2 years, for which the electronic structure of the normal state can be
probed for all thicknesses via quantum oscillations. Another direction planned (preliminary
experiments currently initiated) is the growth of two or more delta-doped regions; the variation
of their separation can be used to engineer the coupling between 2D superconductors, and
examine the resulting effect on transition temperature and anisotropic superconducting properties.
This provides a flexible platform to study the role of inter-planar coupling in layers
superconductors, which has played a central role in theoretical descriptions of quasi-2D organic
superconductors and cuprates. In particular, the strong spin-orbit coupling relative to the
superconducting gap [M. Kim, Y. Kozuka, C. Bell, Y. Hikita, and H. Y. Hwang, “Intrinsic Spin-
Orbit Coupling in Superconductind-Doped SrTiQ Heterostructures,’Phys. Rev. Lett., in

review (arXiv:1106.5193)] suggests that coupled bi-layers can generate novel symmetry
superconducting states.

Publications:

1. Y. Kozuka, M. Kim, H. Ohta, Y. Hikita, C. Bell, and H. Y. Hwang, “Enhancing the Electron
Mobility via Delta-Doping in SrTi@,” Appl. Phys. Lett. 97, 222115 (2010).

2. G. Singh-Bhalla, C. Bell, J. Ravichandran, W. Siemons, Y. Hikita, S. Salahuddin, A. F.
Hebard, H. Y. Hwang, and R. Ramesh, “Built-In and Induced Polarization Across
LaAIO4/SrTiO; Heterojunctions,” Nature Phys. 780 (2011).

3. T.Yajima, Y. Hikita, and H. Y. Hwang, “A Heteroepitaxial Perovskite Metal-Base
Transistor,” Nature Mater. 10 198 (2011).

4. T. Higuchi, Y. Hotta, Y. Hikita, S. Maruyama, Y. Hayamizu, H. Akiyama, H. Wadati, D. G.
Hawthorn, T. Z. Regier, R. I. R. Blyth, G. A. Sawatzky and H. Y. Hwang, “La¥N®
Phosphor Films with Enhanced Eu Solubility,” Appl. Phys. Lett, 881902 (2011).

5. Y. W. Xie, C. Bell, Y. Hikita, and H. Y. Hwang, “Tuning the Electron Gas at an Oxide
Heterointerface via Free Surface Chargésly. Mater. 23, 1744 (2011).

6. H. K. Sato, J. A. Mundy, T. Higuchi, Y. Hikita, C. Bell, D. A. Muller, and H. Y. Hwang,
“Nanometer-Scale Epitaxial Strain Release in Perovskite Heterostructures Usingy'SrAIO
Sliding Buffer Layers,’Appl. Phys. Lett. 98, 171901 (2011).
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7. Y. Hikita, M. Kawamura, C. Bell, and H. Y. Hwang, “Electric Field Penetration in
Au/Nb:SrTiO; Schottky Junctions Probed by Bias-Dependent Internal Photoemission,” Appl.
Phys. Lett. 98, 192103 (2011).

8. H.Y.Hwang, J. Levy, P. Maksymovych, G. Medeiros-Ribeiro, and R. Waser, eds., Oxide
Nanelectronics, MRS Symposium Proceedings v1292, Cambridge University Press (2011).

9. T. Higuchi and H. Y. Hwang, “General Considerations of the Electrostatic Boundary
Conditions in Oxide Heterostructures,” in Multifunctional Oxideslited by E. Tsymbal, C.

B. Eom, R. Ramesh, and E. Dagotto, Oxford University Press, in press (arXiv: 1105.5779).

10.R. Yamamoto, C. Bell, Y. Hikita, H. Y. Hwang, H. Nakamura, T. Kimura, and Y.
Wakabayashi, “Contrasting the Structure of n-type and p-type LAMUTO; Interfaces,”

Phys. Rev. Lett. 107, 036104 (2011).

11.M. Kim, C. Bell, Y. Kozuka, M. Kurita, Y. Hikita, and H. Y. Hwang, “Fermi Surface and
Superconductivity in Low-Density High-Mobilit§-Doped SrTiQ,” Phys. Rev. Lett., in
press (arXiv:1104.3388).

12.Y. Ishida, H. Kanto, A. Kikkawa, Y. Taguchi, Y. Ito, Y. Ota, K. Okazaki, W. Malaeb, M.
Mulazzi, M. Okawa, S. Watanabe, C.-T. Chen, M. Kim, C. Bell, Y. Kozuka, H. Y. Hwang, Y.
Tokura, and S. Shin, “Common Origin of the Circular-Dichroism Pattern in ARPES of
SITiO; and CyBi,Se;,” Phys. Rev. Lett., in press.

13.B. Kim, D. Kwon, T. Yajima, C. Bell, Y. Hikita, B. G. Kim, and H. Y. Hwang, “Reentrant
Insulating State in Ultrathin Manganite Films,” Appl. Phys. Lett., in press.
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Title: Nanostructured Materials: From Superlattices to Quantum Dots
Principal Investigator: Prof. Ivan K. Schuller
Institution: University of California — San Diego
Email: ischuller@ucsd.edu

Project Scope

This project is dedicated to the main issues which arise when magnetic materials
are nanostructured in one, two and three dimensions. This comprehensive project
includes preparation of nanostructures using thin film (Sputtering and MBE) and
lithography (electron beam and self assembly), characterization using surface analytical,
scanning probe, high-resolution scattering (X-ray and Neutron) and microscopy
techniques and measurement of physical properties (magnetotransport, magnetic and
magneto-optical). All preparation of unique materials and devices, most structural and
physical characterization are performed in the PI’s laboratory at UCSD. Sophisticated
structural and magnetic studies at the nanoscale are performed in collaboration with
others at major facilities of DOE funded national labs. Many collaborations, which
crucially rely on materials and devices prepared under this grant, are underway at major
DOE facilities (synchrotrons and neutron) and other research universities. General
physical phenomena investigated include; exchange bias, effect of confinement on
magnetic properties, proximity effects in magnetic hybrids, and induced phenomena by
the application of external driving forces such as time varying electric and magnetic
fields, light and other types of radiation. In all cases, a crucial ingredient in the studies is
the reduction of complex, highly correlated materials to the nanoscale, where
fundamental changes may occur in their physical properties.

Recent Progress

Recent, exhaustive studies have led to a variety of interesting, unexpected and/or
novel results described in detail in many of the publications produced during the past two
years. Highlights include:

1) The use of neutron and synchrotron sources and conversion electron Mossbauer
measurements to unravel the spatial dependence of uncompensated spins in
exchange biased systems. Two particularly interesting and unexpected discoveries
were; a) the presence of pinned and unpinned moments in the AF and b) the
critical role of bulk pinned-uncompensated moments in the AF.

i1) Connections between length scales and exchange bias, showing that depending
on the relative domains sizes in the FM and AFM positive, negative or dual
hysteresis loops may appear.

i1i1) Discovery of highly unquenched orbital moments in Fe-metallophthalocyanine
as never found before in any organic material. This synchrotron experiment was
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only possible because of the availability of highly ordered epitaxial Fe
metallophathalocyanine films grown by us, using Molecular Beam Epitaxy.

iv) Quantitative determination of the field profile of magnetic vortices a tour-de-
force neutron scattering experiment in magnetic nanodots grown over
macroscopic areas,

v) Discovery of avalanches in the transport of VO, highlighting the fractal and
self similar nature of the metal-insulator transition in transition metal oxides

vi) Control of spin injection and the effect of surface scattering in nonlocal spin
propagation.

An additional important and crucial ingredient is the education of the next
generation scientists and technologists in state of the art forefront instrumentation,
experimental and theoretical techniques. In addition to publications and patents the young
investigators were invited to give major talks at important meetings in the field. Many of
the students and postdocs funded under DOE sponsorship are pursuing very successful
careers in the magnetic, electronics, sensor and semiconductor industries. Some have
pursued academic careers in major and/or teaching academic institutions such as
universities and national labs. Thus this project has been actively contributing to the
scientific and technological human resource basis of the nation.

Future Plans

General physical phenomena which will be investigated include; exchange bias,
effect of confinement on magnetic properties, a variety of proximity effects in magnetic
hybrids, and induced phenomena due to external time varying electric and magnetic
fields, light and other types of radiation. In all cases, a crucial ingredient is the reduction
of complex or highly correlated materials to the nanoscale, where fundamental changes
may occur in their physical properties. We will extend our studies to fast time scales,
where many unexpected effects have already been observed by others and us.

Specific physical phenomena, which will be studied, include the:

1) Development of tunable antiferromagnets and study of collective superlattice
effects in metal-oxide superlattices,

i1) Investigation of the origin of pinned uncompensated-moments giving rise to
exchange bias and their relevance to the development of new systems with
enhanced exchange bias and temperature stability,

ii1) Engineering of novel nanomagnetic patterned structures which should give
rise to unusual transport properties,

iv) Growth of oxide-magnetic hybrids which modify their properties when subject
to light and or temperature,

v) Studies of the effect of conductivity changes on spin transmission in non-
magnetic materials, and

vi) Fast time behavior of hybrid nanostructures.

18



In all these cases, we have developed the ideas and the conceptual framework for
new experiments. These indicate that much new physics will be uncovered some
of which is impossible to predict a-priori.

In addition to producing new science and uncovering new scientific guiding

principles, this research will probably lead to new applications in important technological
areas for DOE such as sensors, electronics and data storage. In particular, this may have
direct relevance to the future of modern electronics in areas such as reconfigurable
circuits, fault tolerant computing, self-repairing electronic systems, and molecular
spintronics.

SELECTED PUBLICATIONS DURING 2008-2010

1.

10.

11.

Temperature and angular dependences of dynamic spin-polarized resonant tunneling
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Slaughter, Yan Zhou, and J. Akerman, J. Appl. Phys. 103, 07A904 (2008).
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M. Cheon, H. Shi, J. Olamit, I. Roschin, and 1.K. Schuller, Phys. Rev. B. 77, 224406
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and I. K. Schuller, Appl. Phys. Lett. 94, 142503 (2009).
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Sharoni, M. Erekhinsky, I. K. Schuller, Phys. Rev. B. 79, 184415 (2009).
Anomalous magnetization reversal mechanism in unbiased Fe/FeF, investigated by
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Hinks, and I. K. Schuller, Phys. Rev. Lett. 102, 237002 (2009).

First-order reversal curve measurements of the metal-insulator transition in VO2:
signatures of persistent metallic domains, J. G. Ramirez, A. Sharoni, Y. Dubi, M. E.
Gomez, and I. K. Schuller, Phys. Rev. B. 79, 235110 (2009).
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Our vision is to address the grand challenges in condensed matter and materials physics via the
exploration of the realm of nanomagnetism. Nanomagnetism is connected to fundamental
questions of how the energy demands of future generations will be met via the utilization of wind
turbines as a viable alternate energy source, and electric vehicles as alternatives to continued
fossil-fuel consumption. Nanomagnetism is connected to the question of how the information
technology revolution will be extended via the advent of spintronics and the possibilities of
communication by means of pure spin currents. Nanomagnetism provides deep issues to explore
in the realms of nanoscale confinement, physical proximity, far-from-equilibrium phenomena,
and ultrafast and emergent behavior, and can even provide a window on the bio-realm via new
therapeutic techniques and insights. While magnetism is regarded as the oldest field in all of
science, nanomagnetism is fresh and vibrant and helped usher in the era of nanoscience and
nanotechnology. The next decade will provide new insights, concepts and rewards, given the
recent infrastructural advances in fabrication and characterization facilities, and the ever-
increasing computational power available to the research community that our group at Argonne
now enjoys.

The three hot issues that our group is poised to address and illuminate encompass:
(i) spin dynamics,
(ii) spin transport, and
(iii) the creation of new multilayer materials,

based on metallic heterostructures. Our program in spin dynamics will provide insights into
artificial magnonic materials. The proposed work will advance our fundamental understanding of
linear and nonlinear excitations in magnetic nanostructures. Our program in spin transport
focuses on the physics of pure spin currents. It is only recently that spin currents have been
recognized as a possible means to communicate without charge currents, potentially eliminating
some of the wasted heat that impedes further transistor miniaturization. Due to this heat,
information technology is becoming an energy technology issue, as well as a U.S. economic
competitiveness issue. Finally, the quest for new functional materials via nanoscale multilayering
enables us to create systems that possess unusual synergistic properties that may otherwise be
mutually exclusive. Such systems include exchange spring nanomagnetic composites with low or
no rare-earth content than can still exceed today’s commercial capabilities as used in electric
motors and generators. Or ferromagnetic-superconducting multilayers that support an exotic
interfacial pairing mechanism even though the individual components can be as simple as
elemental layers. Such multilayering also enables us to explore the energetics and transport
mechanisms underlying organic spintronic heterostructures. The concepts and materials explored
within this program also provide samples worthy of advanced characterization at BES major
characterization facilities.

* Work supported by the U.S. Department of Energy, Office of Science, Basic Energy Sciences,
under contract No. DE-AC02-06CH11357.
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Recent Progress:

Quantifying Spin Hall Effects: Spin Hall effects interconvert spin and charge currents
even in nonmagnetic materials and, ultimately might facilitate spin transport without the
need for ferromagnets. We showed how spin Hall effects can be quantified by integrating
permalloy/normal-metal bilayers into a coplanar waveguide. A dc spin current in the
normal metal can be generated via spin pumping by exciting the ferromagnetic resonance
of the Py. Using this approach we could determine the spin Hall angle, which is the ratio
of the spin-Hall-to-charge conductivity. This technique is adaptable to various materials,
providing trends with the periodic table for charge-to-spin current conversion efficiency.
In particular, a giant spin Hall effect had recently been reported for Au. Our studies via
spin pumping and also via mesoscopic Au Hall bar structures were used to determine a
spin Hall effect value that is more than an order of magnitude lower than the previously
reported giant value.

Functionalized Magnetic Microdisks: Most magnetic vortices studied to date involve
arrays on a substrate. Here we investigated an aqueous suspension of lithographical Fe-Ni
microdisks (50-nm thick, ~1-mm diameter). The hysteresis loop is typical for
magnetization reversal due to nucleation, displacement and annihilation of the vortices. A
small external magnetic field causes the vortex center to (reversibly) displace, inducing a
magnetic moment proportional to the field strength. As a result, the microdisks physically
rotate in solution until the plane of the disk is aligned along the field direction. The
transmitted light intensity from an external laser, increases when the field is on, and
decreases when field is off. The finding could have applications in low-energy
consumption magneto-optic devices. Furthermore, we showed (with CNM and Univ. of
Chicago) that an ac field induces oscillations of the microdisks when attached, via a
linker antibody, to human brain cancer cells in aqueous solution. The oscillations transmit
a mechanical force to the nucleus, that compromises the integrity of the cell membrane,
and initiates programmed cell death. Weak fields (<100 Oe) applied at low frequency
(few tens of Hz) for only 10 min were sufficient to induce cell death in 90% of the cells.
The external power in our experiments is 10° times smaller than in hyperthermia usage of
magnetic nanoparticles.

Organic Spin Valves: The energy barrier at organic/electrode interfaces has been a
source of confusion with respect to charge injection efficiency in organic electronic
devices. It also contributes to the present controversy in organic spintronics, where there
are claims that, for example, the lowest-unoccupied-molecular-orbital (LUMO) level of
the organic semiconductor Alq, is low enough to support electron injection from ordinary
ferromagnetic metals in a spin-valve geometry. We directly measured the electron
injection barrier at the interface between Alqg, and metal electrodes using hot electrons
injected from a tunnel barrier. We reported the energy barrier for electron injection (2.3
eV at the Fe/Alq, interface, and 2.2 eV for Al/Alqg,.) Our results are consistent with the
known Alq, transport gap derived from inverse photoemission spectroscopy, proving that
claims of molecular spin transport in "organic spin valves" are not supported by intrinsic
material properties. They also underscore the need to understand the charge transport
mechanism in organic spintronic devices before spin transport can be understood.
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¢ Future Plans

Magnonic Crystals: We will experimentally and theoretically investigate artificial magnonic
materials based on 2D arrays of magnetic dots. Due to the intrinsic degeneracy of the ground state
of an individual dot, arrays of such dots will have multiple configurations separated by energy
barriers. We expect that, by applying a proper sequence of magnetic pulses it will be possible to
select a stable, static configuration. The magnon frequencies depend both on resonance
frequencies of the individual dots and on the strength of the dipolar inter-dot coupling. By
varying the dot size, it is possible to tune these frequencies from sub-GHz (via the gyrotropic
mode in a magnetic vortex ground state) to ~10 GHz (via the uniform precession mode in a
uniform ground state.) The proposed work will advance our fundamental understanding of linear
and nonlinear excitations in nanostructured magnetic systems and should transform tthe field of
microwave magnetic materials, possibly leading to novel ultra-fast and energy efficient signal
processing devices.

Lateral Spin Valves: We will tailor the spin current generation via electrical injection using our
lateral spin valves. We will investigate the influence of current bias on the spin accumulation for
different types of contacts. One variation for the ferromagnetic injector contact is to use
superlattices with perpendicular magnetic anisotropy, such as Co/Pd or Co/Pt. Due to the
perpendicular anisotropy it will be possible to inject spins and control their 3D orientation, since
in-plane magnetic fields can be used to tilt the magnetization in arbitrary directions. We will also
extend the range of materials for spin injection. One choice will be Pd, to see if ferromagnetism
can be induced via spin accumulation. Another choice will be low-T ferromagnets, such as CuNi
alloys, where spin-injection might increase the ordering temperature.

Spin Pumping: We will deepen our understanding of spin-pumping-initiated spin Hall effects by
determining the temperature dependence of spin Hall conductivities. We will determine the
underlying spin scattering mechanism via the 7" dependencies. A major question is to identify the
role of impurities. Recent theoretical work speculates that an orbital-dependent Kondo effect for
Fe in Au can give rise to a giant spin Hall effect in gold. The effect would be even stronger for
rare earth impurities and represents a way to generate pure spin currents with long spin diffusion
lengths for which the intrinsic spin Hall effect is small.

Spin Triplet Superconductivity: A ferromagnet with inhomogeneous magnetization in
proximity to a thin superconductor is a key ingredient for the production of spin triplet interfacial
pairing. However, so far there has been no control over the tunability of the interface. We will
use hard-soft ferromagnetic exchange spring bilayers as the inhomogeneous source. The pitch of
the twist of the soft ferromagnetic layer can be tuned via changing the magnitude of the field or
via sample rotation. The proposed film structure will have the advantage that the magnetic
inhomogeneity can be tuned at-will within a single sample, providing an unambiguous test of the
presence of spin triplet superconductivity.

Ultrastrong Permanent Magnets: Nanocomposites of high-anisotropy Mn alloys and a soft
phase, such as Fe(Co) or Fe;B, might provide properties comparable to that of rare-earth-
containing permanent magnets. In addition to the usual need of exchange-springs to optimize the
microstructure to obtain effective coupling, there are two additional issues that arise: (i) it is not
known whether the exchange coupling between the Mn-alloys and Fe or Co is ferromagnetic or
AF; and (ii) the formation of a pure, single-phase of the ordered-alloys is difficult. The difficulty
is that the DO,, phase is a highly distorted tetragonal structure, and the Mn tends to segregate
because of peritectic reaction and because Mn diffusion through MnBi is exceedingly slow.
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Project Scope:

The central goal of this DOE project is to investigate spin relaxation behavior in quasi-1D semiconductor
systems through optical spin injection into semiconductor nanowires and detection of spin relaxation time
using time-resolved pump-probe techniques. Optical investigations of spin relaxation have been
performed in bulk semiconductors (3D), semiconductor quantum wells (2D), and quantum dots (0D).

Exceptionally long spin lifetime (~100 ns) and spin
diffusion length over 100 micrometers have been
discovered in bulk GaAs. If semiconductor
spintronics is to fulfill its promise to become a next
generation technology, these extraordinary properties
must persist in semiconductors with lateral
dimensions down to tens of nanometers. More
importantly, a number of theoretical reports have
predicted that ast he lateral dimensions of
semiconductors are reduced to the order of the
electron mean free path, the spin relaxation time
exhibits a surprising increase near the one-
dimensional (1D) limit. In order for the realization of
this goal, the semiconductor nanowires must be able
to absorb a circularly-polarized light for optical
excitation of spin carriers. However, the quasi-1D
geometry and the dielectric mismatch between the
nanowires and their environment lead to a large
anisotropy in optical absorption between the parallel
and perpendicular direction to the nanowire axis. This
optical anisotropy prohibits the optical excitation of
spin-polarized carriers in semiconductor nanowires
by circularly polarized light. In this DOE project, we
have overcome the optical polarization anisotropy by
coating the nanowires with a m atching dielectric
material of sufficient thickness, which allows us to
characterize the spin relaxation in semiconductor
nanowires.

Recent Progress

1. Role of defect states in charge transport in InP
nanowires synthesized by PLD

Spin relaxation and optical properties in
semiconductor nanowires are sensitive to defect
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states in nanowires. The surfaces of semiconductor nanowires are particularly susceptible to formation of
defect states due to oxidation and dangling bonds, which are problematic for optical and electrical
performance of the nanowires. In order to understand the role of defect states in nanowires, we
investigated the charge transport mechanisms in Se-doped n-type InP nanowires grown by pulsed laser
deposition (PLD) using single nanowire field-effect transistor (FET) device. The contact resistance is
small from the 2-probe and 4-probe current-voltage (I-V) measurements. The current as a function of
gate-bias shows N-type behavior that saturates at negative gate-bias. Qualitatively similar behavior has
been reported in InAs nanowires with high mobility (16000 cm?/V-s), where the saturation was attributed
to the presence of surface traps. This result suggests that there exists a parallel transport channel that

shorts the band transport at negative gate bias
where the n-type nanowire is fully depleted.

The temperature dependence of the I-V
curves reveals non-linear behavior that persists
to room temperature (Fig. 1a). The inset in Fig.
la is a semi-log plot and shows significant
nonlinearity for all temperatures, indicating that
the transport is non-Schottky. The linearity at
high bias seen in log-log plots (Fig. 1b) suggests
that a power law, rather than the exponential
dependence predicted by the Schottky model,
more appropriately describes electronic transport
in these systems. Temperature and gate
dependent [-V measurements reveal three
distinct transport regimes, i) at high bias and
high temperature the wires exhibit space-charge
limited current (SCLC), ii) at low bias and high
temperature the nanowire transport is dominated
by nearest-neighbor hopping (NNH) and iii) at
low bias and low temperature variable-range
hopping (VRH) dominates. Further, we find that
the crossover temperature between NNH and
VRH can be tuned by a gate bias, indicating that
electron-electron correlations can be controlled
in situ. These results highlight the complexity of
charge transport in these materials and
demonstrate the critical role played by defects in
these quasi-1D structures.

2. SYynthesis of 111-V semiconductor nanowires
and core-shell nanowire heterostructures using
MOCVD

Due to the limited capability in controlling
the growth of III-V nanowires by PLD and the
significant amount of defects in PLD-produced
nanowires, we have switched to metal-organic
chemical vapor deposition (MOCVD) for the
epitaxial growth of III-V nanowires on
GaAs(111)B and GaAs(100) substrates (insets of
Fig. 2). GaAs nanowires with essentially no
tapering have been obtained by controlling the
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Fig. 2. PL spectra of 30-nm GaAs nanowires with (a) a
15-nm (thin) Aly35GagesAs shell and (b) a 500-nm (thick)
Aly35GagesAs shell for the linear polarization of the
excitation light parallel (green) and perpendicular (black)
to the detection polarization. The core-shell nanowires
were grown by MOCVD and then transferred to Si
substrates for PL measurements (insets: SEM images of
the transferred nanowires). (c) Angular dependence of
normalized PL intensity ratio P,/P, for GaAs nanowires
with thin (red) and thick (blue) nanowires, where 0 is the
angle between the polarization orientations of the
excitation light and the detection polarizer.
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substrate temperature (450°C), V/III sources ratio, and Au nanoparticle density. More importantly,
MOCVD offers the capability to fabricate core-shell nanowire heterostructures by first growing GaAs
core nanowires at 450°C, followed by the growth of a shell (e.g. AlGaAs) at a higher temperature such as
650°C. The protection and passivation of the core nanowire surface by the shell greatly minimizes the
surface defect density. The AlGaAs shell with a larger band gap also provides a confinement for the core
GaAs nanowire. As a result, the core-shell structured nanowires exhibit a very bright photoluminescence
(PL) as shown in Fig. 2, indicating high-efficiency optical absorption and radiative recombination, which
are highly desirable for optical study of spin relaxation in nanowires.

3. Pronounced PL polarization anisotropy in GaAs nanowire arrays and minimization of such
anisotropy through dielectric matching with thick AlGaAs shells

The MOCVD-grown nanowires were first transferred from GaAs substrates onto Si substrates for PL
measurements to avoid interference from the substrates. Bare GaAs nanowires show no PL peak due to
significant amount of surface trap states which completely prohibit radiative recombination. In order to
enable photoluminescence of GaAs nanowires, we fabricated core-shell nanowires with a 30-nm GaAs
core nanowire and a 15-nm Alg35GagesAs shell which passivates the surface of the core nanowire and
essentially eliminates the surface trap states. As a result, a bright photoluminescence was observed as
shown in Fig. 2a. The main peak at A = 817 nm is from the GaAs band edge emission and the shoulder
peak at A = 826 nm can be attributed to donor states which is commonly seen in GaAs wafers. We
systematically varied the angle between the linear polarization of the excitation laser, Peyiwtion, and the
detection polarizer, Pgeeciion, t0 characterize the polarization anisotropy. There is a significant difference in
the PL intensity between Pecitation || Pactection @A Pexcitation L Pdetections €Specially for the band edge emission
at A = 817 nm. Fig. 2c shows normalized polarization anisotropy over the complete 360° range, which
gives a minimum of only 0.15 at 6 = 90° and 270° (Pexcitation - Pdetection), indicating that the nanowire array
(inset of Fig. 2a) is largely aligned.

In order to minimize the polarization anisotropy for optical spin excitation in nanowires, we
synthesized core-shell nanowires with a thick Aly3sGaggsAs shell (inset of Fig. 2b) which has a thickness
of 550 nm (diameter 1.10 um) at the thick end and a thickness of 310 nm (diameter: 650 nm) at the thin
end. The reason for the nonuniform diameter is due to that during the nanowire growth, the thick end of
the nanowires is away from the GaAs substrate and absorbs more source gases while the thin end is close
to the substrate and sees less source gases. This nonuniformity should not affect the optical properties of
the core nanowires since optical excitation and luminescence only happen within the core nanowires as
long as the shell is thick enough. As expected, the PL of the core-shell nanowires with thick shells
exhibits essentially no polarization anisotropy, as shown in Figs. 2b and 2c. The small peak at A = 806 nm
in Fig. 2b is due to the defect states in the Aly35Gag ¢sAs shell. Since this peak is spectrally distinguishable
from the PL of the core GaAs nanowires, it does not interfere with the optical characterization of the core
nanowires.

Our original plan was to use oxides, e.g. TiO, and Ta,0s, to coat the III-V nanowires to minimize the
polarization anisotropy for spin dynamics studies using pump-probe techniques. The core-shell nanowires
with thick AlGaAs shells provide a better material system for this purpose with the following advantages:
(1) the core nanowires and shells are grown by MOCVD in the same run, providing clean epitaxial
interfaces between the core nanowires and the shells with little defect states; (2) the AlGaAs shell has
essentially identical dielectric constant as the GaAs nanowires, resulting in an ideal dielectric matching
for optimal spin excitation; (3) the doping type and carrier density in the core nanowires and shells can be
individually controlled and tuned for systematic studies of spin relaxation.

In order to avoid nanowires transfer from GaAs substrates to Si wafers, we have also grown
IngGag9As nanowires with an Al ;35GagesAs shell on GaAs(100) substrates since the luminescence of the
Iny Gag9As nanowires is spectrally well separated from that of the GaAs substrate. The elimination of the
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need for nanowire transfer provides III-V nanowire arrays of very high density which is desirable for
pump-probe measurements of spin relaxation due to the high signal-to-noise level.

FuturePlans

The GaAs-AlGaAs core-shell \ T
nanowires with bright PL and GaAs epi-layer,n =4 x 10'°cm™
essentially no optical anisotropy B _
(Fig. 2c¢) offer the desired T=30K,B=3T
materials for the study of spin
relaxation in 1D systems using
optical pump-probe techniques.
Recently, we performed Time
Resolved Kerr Rotation (TRKR)
measurements of spin relaxation
time in GaAs epi-layers grown

by MOCVD (Fig. 3). The spin 0 = ‘ — —
relaxation time is 7= 1.4 ns at Time Delay (ns)

50 K and exceeds 90 ns at 5 K?;[ Fig. 3. Time Resolved Kerr Rotation (TRKR) measurement of spin
a doping level of n =4 x 10 relaxation time in a GaAs epi-layer with a doping level n=4 x 10'° cm™ at
cm'3, indicating the high quality =~ T =50 K and a magnetic field B = 3T. The obtained spin relaxation time is
of MOCVD-grown GaAs. With  7=1.4ns.

the availability of the pump-

probe optical techniques and the high quality nanowires, we are well positioned to investigate spin
physics in 1D semiconductors in the near future.

7= 1.4 ns

Time Resolved Kerr Rotation

The current plan includes studies of spin relaxation time as a function of applied magnetic field
strength and temperature, and the resulting behavior will be analyzed to determine the dominant spin
scattering mechanism (such as Dresselhaus or Rashba dominated scattering). The theoretical predictions
also suggest that studies of spin relaxation time as a function of nanowire diameter may reveal the
dramatic suppression of D’yakonov and Perel’ (DP) spin scattering. If this is in fact the case, these studies
will reveal both a significant increase in spin relaxation time and a ch ange in the temperature and
magnetic field dependence consistent with the onset of the next-most dominant scattering mechanism.
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Spin Polarized Electron Transport Through
Aluminum Nanoparticles

Dragomir Davidovic¢

dragomir.davidovic@physics.gatech.edu

School of Physics, Georgia Institute of Technology, 837 State Street, Atlanta,
Georgia 30332

Ferromagnetic nanoparticles have drawn increasing interests because of
their novel behavior and potential application in miniaturization of magnetic
memory. Technological breakthroughs require further understanding of mag-
netization dynamics in ferromagnetic nanoparticles. In this project, we study
the magnetic properties of Co nanoparticles by tunneling spectroscopy and
microwave pumping. These two techniques enable us to study the coupling
between electron tunneling and magnetization dynamics as well as magnetic
damping.

In our recent experiment, we study the electrical and magnetic proper-
ties (Fig. 1) of single Co nanoparticles with 2-5nm in diameter. We observed
magnetic excitations in nanoparticles generated by tunnel current. As shown
in Fig. 2, the switching field of the nanoparticles, indicated by arrows, de-
creases with voltage, especially near the Coulomb blockade threshold. In the
red loop of the inset in Fig. 2C, a current pulse applied when the magnetic
field is below the switching field switches the nanoparticle from Coulomb
blockade state into the current carrying state suggesting a magnetic rever-
sal. In a magnetically excited nanoparticle, the magnetic energy needed for
switching will be reduced. Thus, the reduction of the switching field with
bias voltage, as well as the switching of the magnetization by applying a
current pulse, demonstrate that the tunnel current excites the nanoparticle
magnetically.

In another experiment, we successfully integrate the tunneling spectroscopy
and microwave pumping using device with new geometry (Fig. 3). We study
the effect of repeated nanosecond microwave pulses with various spacing be-
tween pulses T on Co nanoparticles at 4.2K. As shown in Fig. 4C and D,
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Figure 1: A: Sketch representing sample
fabrication process. B: Scanning elec-
tron micrograph of a typical device. C:
Current versus bias voltage curve at T' =
15mK D: Differential conductance ver-
sus magnetic field and voltage at base
temperature (~ 15mK). Top and bottom
panel in D correspond to decreasing and
increasing magnetic field, respectively.
Blue (red) regions correspond to low
(high) conductance. E: Current versus
magnetic field at voltage 2.4mV, showing
the hysteresis loop at T = 60mK, 2.4K,
and 4.4K (bottom to top), with current
offsets 0.2pA (for clarity). Black (red)
line correspond to increasing (decreas-
ing) field. Inset: Switching field versus
temperature.
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Figure 2: A, C: Sample 1 at 15-60mK.
B, D: Sample 2 at 15-60mK. A, B:
Current versus increasing magnetic field
and voltage of sample 1 and 2 respec-
tively. Red (blue) regions correspond to
high (low) current. Black arrows point
to the switching field versus voltage.
Black stars indicate additional magnetic
switches. C: Current hysteresis loops at
voltage 2.4mV, 5.2mV, and 10mV (bot-
tom to top). D: Current hysteresis loops
at 26mV, 32mV, and 44mV (top to bot-
tom). Black (red) lines correspond to in-
creasing (decreasing) magnetic field. In-
set: Hysteresis loops zoomed-in near the
switching field. Red and black represent
the loop with and without voltage pulse
respectively.



Power (dBm) @

50 52 54 56
Frequency (GHz)

Figure 3: A: Scanning electron micro-
graph of a typical device. B: Fourier
spectrum of repeated microwave pulses.
C: Scheme of electrical circuit.
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Figure 4: A: Average I-V curves at
27K, 16.6K, 13.1K, 9.3K, 5.8K, and 4.2K
(from top to bottom at positive bias volt-
age). B: Average I-V curves at T, =
10ps(red) and 1.25pus (black). C: Av-
erage current loops at 4.2K when T =
oo (no microwave), 1000us, 10us, 5us,
2.5us, and 1.25us (top to bottom). The
right and left arrow corresponds to in-
creasing and decreasing magnetic field
respectively. D: Average current loops
at 4.2K and 7K (top to bottom). Cur-
rent loops with finite T in C and 7K in
D are offset down with 4pA spacing.



the reduction caused by microwave pulses with 75 = 1.25us is much stronger
than that from the temperature increase from 4.2K to 7K while the electron
temperature in the leads at Ty = 1.25us is estimated to be less than 4.4K
(Fig. 4A and B). These results demonstrate that magnetic excitations in Co
nanoparticles are pumped directly by microwave pulses, not by ordinary sam-
ple heating. The reduction of switching field is still observable at 10us pulse
spacing, which implies that the spin relaxation time in our Co nanoparticles
is in the order of microsecond.

In the future work, we plan to extend the application of electron tunnel-
ing and microwave pumping techniques in our study of nanoparticles.

We will use the gate to tune the nanoparticles so that electron can tunnel
into a majority level. We want to see if tunneling into majority level can
stabilize magnetization dynamics against thermal fluctuations, thereby sup-
press superparamagnetism.

We can use the microwave to induce CESR in Al nanoparticles and FMR
in Co nanoparticles. We want to explore these effect to improve our under-
standing of the spin and magnetization dynamics in these nanoparticles.

We will study the effects of nonequilibrium white noise on magnetization
dynamics in Co nanoparticles to directly test the Brown model of magnetic
reversal by properly tuning the microwave pulses.
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Project Title: Spin-Polarized Scanning Tunneling Microscopy Studies of Nanoscale Magnetic and
Spintronic Nitride Systems

Principal Investigator: Arthur R. Smith

Institution:  Nanoscale & Quantum Phenomena Institute
Ohio University
Office of Research & Sponsored Programs

E-mail: ohiousmith@gmail.com

Project Scope: The scope of this projectistoin vestigate the properties of nanoscale magnetic and
spintronic nitride systems. Of particular interest is to investigate nitride surfaces such as wurtzite gallium
nitride covered with magnetic atoms. As the central experimental technique, we utilize ultra-high vacuum
scanning tunneling microscopy and spin-polarized scanning tunneling microscopy (SP-STM). Both room
temperature and low-temperature STM sy stems are employed in this project in order to address key
questions regarding especially the magnetic and spintr onic properties at the nanometer or atomic length
scales. Samples investigated are prepared using molecular beam epitaxy and transferred in-situ to the
adjoining STM chamber for investigation.

Recent Progress: In recent investigations, we have found that gallium nitride surfaces, when exposed to
magnetic transition metal atoms, result in a range of novel, well-ordered structures. Whereas the origins
of magnetic properties of transition m etal-doped bulk gallium nitride layers were controversial and
difficult to unravel due to the problems of clus  ter formation and inhom ogeneities, these well-ordered
magnetic-containing surface structures open new po  ssibilities for development of magnetic nitride
systems for future spintronic applications. For example, in several cases we find V3 x V3 — R30° surface
structures in which Mn atoms are bond ed to either Ga or N or both. In the first situation — found at the
Ga-polar wurtzite-GaN surface — this results in a magnetic surface with ei ther antiferromagnetic or
ferromagnetic ground state, dependent on Mn content. Additional growth of Mn and Ga on this tem plate
leads to stoichiometrically controllable Mn,Ga, ultra-thin alloy films with direct spintronic applications.
In the case of Mn on the N-polar w-GaN surface, our current work points toward both N- and Ga-bonding
of the Mn atoms, with a structural model whic ~ h has not previously been seen, and which m ay be
considered as a 2-D MnGaN surface alloy.

Until very recently, we have been exploring these sy stems at room temperature mainly with regular STM
and mostly in zero applie d magnetic fields. However, in order f or these promising sy stems to lead to
novel, futuristic device applications, it will be essen tial to fully explore their electronic, magnetic, and
spintronic properties with a tool capable of unprecedented spin and spatial resolution. SP-STM is such a
tool which is capable of mapping spin structure of surfaces down to the nanometer and even atomic scale
using magnetic tips. Further critical requirements for characterizing these systems fully are the capability
of applying external magnetic fields and the ability to vary the temperature.
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Therefore, the exciting directions of the current research project are to begin exploring these magnetic-on-
nitride 2-D surface sy stems using SP-STM and spin-polarized scanning tunneling  spectroscopy, both
under applied magnetic fields and in different temperatures. For this p urpose, we have de veloped two
state-of-the-art SP-STM sy stems, one working in room temperature and the second working in low an d
variable temperatures. Confirming the viability of these directions, in our most recent STM experiments
we find that application of small fields in the range from ~ 20 G to ~ 300 mT at room temperature leads to
direct and appreciable cha nges in the s pectroscopic signature of a surface 2-D magnetic nitride sy stem.
Shown in Fig. 1(a) is an STM image without spin polarization of the Mn/N-polar wurtzite GaN V3x3-
R30° surface structure obtained with a normal tungsten tip. The surface contains a few defects; however,
overall it is a perfectly arranged near-hexagonal-type structure. Each unit cell is thought to contain one
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Fig. 1. (a) STM image of ¥3x\3-R30° Mn/GaN surface; (b) percent change in normalized conductance
(with applied field of ~ 300 mT versus without the applied field) as a function of sample bias.

Mn atom, and this is confir med through recent first-principles ca Iculations by our theory collaborators.
The spectroscopy of this surface, however, presen ts an unprecedented behavior, namel y that at zero
perpendicular applied magnetic field, we see a weakly metallic behavior, but at finite small perpendicular
applied fields, the surface conductance is strongl y increased within the vicinit y of two distinct energy
windows, one on either side of the Fermi level. This result is presented in Fig. 1(b) which shows a plot of
the percent change in the normalized conductance with versus without applied perpendicular field. As can
be seen, normalized conductance increases by as much as 1600% on the positive bias side. Such a
dramatic increase is truly unexpected, strongly motivating further work to explain it. Control experiments
have also been done, confirming that the effect is only seen for the Mn-reconstructed surface and not for
the bare GaN surface.

Future Plans: While the significance of this finding has y et to be fully understood, such novel behavior
as a function of applied magnetic field, within a single fractional monolayer of magnetic atoms at the
surface of a wide-bandgap semiconductor, and at room temperature, is certainly rare and unexpected.
Furthermore, these new findings suggest that spintronic nitride surface structures comprise a rich class of
surfaces which have onl y begun to be investigated and which have excellent potential f or futuristic
nanoscale device applications.
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With two f ully operational SP-STM systems, one working in room temperature and onein low
temperature, and both having applied magnetic field functionality, the sky is the limit to what we can do
next, since these sy stems are e ach coupled to m olecular beam epitaxy (and for the low-te mperature
system, pulsed laser epitaxy ) growth facilities for nitrid e spintronic material systems. In the immedi ate
future, we plan of course to explore in greater detail the intriguing phenomena shown above, in order to
gain a comprehensive understanding of the observed behavior.

With respect to the findings presented in Fig. 1, we are currently working to further probe this effect using
SP-STM. One possibilit y is that appli cation of a small magnetic field induc es an ordered m agnetic
(correlated) state within the layer which in turn influences the electronic properties. Ap plication of
magnetic STM tips offers the possibility of extracting the magnetic spin component from the STM signal
and as such may help to shed light on the origins of this interesting new phenomenon.

As this project represents only one outcome of our recent experimental work with manganese, future
work will as well involve the use of other transition metal (and rare earth) atoms to explore if there is
something special about Mn which results in what we have seen here, or whether a similar phenomenon
can also be observed for other TM’s (or RE’s) on GaN.

Ordered magnetic states for ultra-thin magnetic systems on GaN surfaces will indeed comprise one of the
principal foci of our lab’ s future investigations. We have also had significant success recently exploring
the growth and properties of monolayer systems of MnGa on the Ga-polar GaN(0001) surface. In this
case, the special structure of the Ga-rich, Ga-pol ar “1x1” (pseudo-1x1) surface struct ure plays an
important role in deter mining the ordered Mn-ind uced structures which oc cur. Inthe case of sub-
monolayer Mn deposition, we expect an antiferromagnetically-ordered arrangement of Mn spins to occur
for the lowest-coverage stripe phase, based on theoretical calculations performed by our collaborator. As
the Mn conc entration is increased on the surface, the structure evolves, ultimately becoming an ideal
template for ferromagnetic MnGa layers. These la yers have been also grown over the thickness range
from one to several tens of monolayers, which results in well-ordered epitaxial layers.

While it is im portant for practical applications to explore these materials’ room-temperature properties,
low-temperature SP-STM measurements in applied magne tic fields allow the investigation of additional
fundamental properties. Therefore, this is certainly one of our future key research directions.
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Project Scope

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

Recent Progress

The concept of achieving a useful high-energy-product magnet through appropriate
nanostructuring of known hard and soft phases has been tantalizing researchers since the
idea was first proposed. The field has received added impetus recently because of the
potential scarcity of rare-earth metals used in today's best permanent magnets. We have
investigated two-phase nanostructures of hard L1y-ordered FePt and soft iron-rich fcc Fe-
Pt experimentally and by model calculations. The Fe-Pt thin films were produced by
epitaxial co-sputtering onto MgO and have a thickness of about 10 nm. They form two-
phase dots that cover a large fraction of the surface but are separated from each other. X-
ray diffraction and TEM show that the c-axis of the phase FePt is aligned in the direction
normal to the film plane. The experimental and theoretical hysteresis loops indicate
nearly ideal exchange coupling, and excellent magnetic properties are obtained, including
high values of coercivity (51 kOe), saturation magnetization (1287 emu/cc), and nominal
energy product (54 MGOe).

Rare-earth transition-metal (R-TM) alloys show superior permanent magnetic properties

in the bulk, but the synthesis and application of R-TM nanoparticles remains a challenge
due to the requirement of high-temperature annealing above about 800 °C for alloy

37



formation and subsequent crystalline ordering. We have developed a single-step method
to produce highly ordered R-TM nanoparticles such as YCos and Y,Co,7, without high-
temperature thermal annealing by employing a cluster-deposition system and investigate
their structural and magnetic properties. The direct ordering is highly desirable to create
and assemble R-TM nanoparticle building blocks for future permanent-magnet and other
significant applications.

We also have observed unusual spin correlations and a Kondo effect in the strong, high-
temperature ferromagnet MnBi.  Transport spin polarization measurements show
polarization values from 51% to 63% and a large magnetoresistance. Relativistic band-
structure calculations indicate that in spite of almost identical densities of states at Ep, the
large Fermi velocities lead to the high transport spin polarization. Doping of MnBi with
Pt leads to a resistance minimum (Kondo effect) below 10 K. First-principle calculations
show that Mn atoms are displaced by Pt to interstitial sites where they couple
antiferromagnetically with the Mn sublattice, and these spin correlations give rise to the
Kondo effect.

Future Plans

The fabrication of exchange-coupled nanocomposite magnets faces several challenges.
This includes (i) achieving a uniform mixture of hard and soft phases with a characteristic
length scale of order 10 nm, (ii) arranging the nanostructure so that the coercivity remains
high as the fraction of high-magnetization soft phase is increased, (iii) aligning the easy
anisotropy axes of the hard-phase grains, and (iv) fabricating dense-packed bulk magnets
for practical use.

Randomly oriented anisotropy axes reduce the maximum energy product (BH)m.x to
somewhat more than one-fourth of the "aligned" value. Thus the (BH).x values obtained
for isotropic nanocomposite magnets thus far are limited to about 25 MGOe [200 kJ/m’],
which is about 40% of the best aligned Nd,Fe 4B-type magnets. It has been possible to
produce Llp-based single phase thin-film platelets with excellent alignment and
coercivity, but this has been possible so far for two-phase nanostructures only in our
recent work.

We are investigating experimentally and by model calculations two-phase nanostructures
of hard Llj-ordered FePt and soft iron-rich fcc Fe-Pt. The thin films are produced by
epitaxial co-sputtering onto MgO (001) and have variable thicknesses. They form two-
phase dots that cover a large fraction of the surface and studies of exchange coupling
between the dots are underway. X-ray diffraction and TEM show that the c-axis of the
phase FePt is aligned in the direction normal to the film plane.

We intend to further study ultrahard magnets based on the L1, structure by pursuing
FeesCoss as the major component of the soft phase. This alloy has the largest known
polarization value, J;=24.5 kG = 2.45 T. The structure sought will consist of L1, (Fe,
Co)Pt as the hard phase, and fcc Fe-Co-Pt as the soft phase. Properties that may be
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achievable include J; = 1.8 T, B, = 1.0 T and an energy product greater than 60 MGOe
(480 kJ/m”). We will use micromagnetic modeling to guide the nanostructuring.

Additional systems to be studied include (MnBi:Fe):Fe-Co nanocomposites and SmCos
nanoparticles. The latter will be prepared in a newly designed cluster-deposition system
enabling alignment of ordered clusters before deposition on the substrate.
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Project Title:
DE-FG02-05ER46215: Investigation of the Quantum Limit Transport Phenomena in Graphene

Principal Investigator: Philip Kim
Institution: Department of Physics, Columbia University
Email: pk2015@columbia.edu

Project Scope
In the last three years, under the DOE BES support on the project “Investigation of the Quantum

Limit Transport Phenomena in Graphene,” we have performed electrical and thermoelectrical
transport measurements in order to study the electronic structure of this exotic low-dimensional
system in the quantum limit. During this time, we have developed experimental processes to
create extremely high quality graphene samples by suspending the active channel area, to
fabricate Corbino devices to investigate bulk transport, and to create thermoelectric devices for
entropy transport in graphene. In particular, our major DOE- supported research achievements
are: (i) the production of ultrahigh mobility graphene samples; (ii) investigation of thermoelectric
and magnetothermoelectric effects in graphene; (iii) the discovery of magnetic field effect
induced symmetry-breaking in bilayer graphene; (iv) the discovery of the fractional quantum
Hall effect (FQHE) in graphene; (v) investigation of bulk transport in magnetically induced
insulating state using a Corbino geometry; and (vi) the observation of a multicomponent FQHE
in graphene. The DOE funding has been the major source of support for carrying out these
projects in the PI’s group.

Recent Progress

Ultrahigh mobility graphene production: We have demonstrated the fabrication of electrically
contacted suspended graphene and have achieved the best reported mobility of carriers in
graphene. Besides opening new avenues for studying the intrinsic physics of Dirac fermions, this
improvement demonstrates the dominant role played by extrinsic scattering in limiting the
transport properties of unsuspended graphene samples. From this result, we infer that much of
the scattering in traditional graphene-on-silica devices is not intrinsic but rather results from the
interaction with the substrate underlying the graphene. Near room temperature we observe a
~120,000 cm*/Vs mobility, higher than in any known semiconductor.

Thermoelectric and magnetothermoelectric transport in graphene: We investigated
thermoelectric transport in graphene. The conductance and thermoelectric power (TEP) of
graphene is simultaneously measured using a microfabricated heater and thermometer electrodes.
The sign of the TEP changes across the charge neutrality point as the majority carrier density
switches from electron to hole. The gate dependent conductance and TEP exhibit quantitative
agreement with the semiclassical Mott relation. In the QH regime at high magnetic field, the
tensor components of the TEP show quantized behavior. Because of its sensitivity to electron-
hole asymmetry, TEP measurements provide a complementary experimental tool to further study
quantum transport phenomena in high mobility graphene samples.

Symmetry breaking of the zero energy Landau level in bilayer graphene: We reported on the
eightfold symmetry-breaking of the zero-energy Landau level in bilayer graphene systems in a
strong magnetic field. We found that this unusual zero-energy quantum Hall octet, while intact at
lower magnetic fields, splits up completely into eight separate Landau levels when exposed to 35
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T . In this high-field regime, the eightfold degeneracy in the zero-energy Landau level is
completely lifted, exhibiting new quantum Hall states. In a single particle picture, among the
zero-energy BLG octet degeneracy, the Zeeman effect can lift the real spin degeneracy, however
the remaining quartet symmetry cannot be lifted by a magnetic field. Therefore, the observed
spontaneous octet symmetry-breaking at high magnetic fields strongly suggests the role of many-
body effects near the charge neutral point in BLG.

Observation of the fractional quantum Hall effect in graphene: We have demonstrated the
fabrication of ultra-high mobility graphene devices by suspending the samples above the
substrate. In these ultraclean suspended graphene devices, we observed a signature of the FQHE,
indicated by plateaus in the two-terminal conductance. We also have fabricated multi-terminal
suspended graphene devices with better designed voltage probe contacts which minimize
mechanical deformation of the samples and suppress the hot spot formation. In these devices we
observe fully-developed integer quantum Hall states appearing at magnetic fields as low as 2 T.
By measuring the temperature dependence of these resistance minima, the energy gap for the 1/3
fractional state in graphene is determined to be ~20 K at 14 T.

Corbino Device Measurement of Graphene Quantum Hall Effect: We investigated the spin
character of the v= 0 QH state in monolayer graphene by measuring the conductance of this
state as a f unction of in-plane magnetic field. Our experiments involved both two-terminal
measurements of high-mobility suspended graphene, where the insulating character of both the
bulk and the edges are measured in parallel, and measurements of on-substrate graphene using a
Corbino probe geometry, where the bulk conductance can be measured independently of any
edge state effects.

Multicomponent Fractional Quantum Hall Effect in Graphene: Exploiting our recent success
of fabricating high quality graphene devices using a hexagonal boron nitride substrate, we have
just started to investigate magneto-transport of these devices. The Hall mobility at high density is
~30,000 cm?/Vs; the charged-impurity mobility, which dominates at low density, is in excess of
100,000 cm?/Vs as determined by fitting straight lines to the linear portion of the conductivity;
the charge inhomogeneity, estimated from the resistivity peak width at the charge neutrality point
(CNP), is of order 10" cm™. All three metrics indicate this sample to be of exceptionally high
quality and consistent with previous measurements of similar graphene/h-BN devices at low
magnetic fields. We observe an unexpected hierarchy in the emergent FQHE states that may be
explained by strongly interacting composite Fermions with full SU(4)-symmetric underlying
degrees of freedom. The FQHE gaps are measured from temperature dependent transport to be
up 10 times larger than in any other semiconductor system. The remarkable strength and unusual
hierarchy of the FQHE described here provides a unique opportunity to probe correlated
behavior in the presence of expanded quantum degrees of freedom.

Future Plan

Building on the successful progress described in the previous section, we plan to focus our
interest on investigation of the role of electron interactions in graphene as described below:
High mobility homogeneous graphene sample production: In order to reach the quantum
transport limit in graphene, obtaining high mobility, homogeneous samples is crucial. In
particular, the study of many-body correlations near the charge neutrality point, where the
electron-electron (e-e) interactions become stronger, is only possible in highly homogenous
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samples. Using high quality single crystals of h-BN, we have recently demonstrated the
preparation of well-controlled atomic layers of h-BN using mechanical exfoliation techniques
similar to graphene preparation. The method is based on extremely thin crystalline layered
insulators that can be prepared with very high quality, and atomically controlled, thickness. For
further improvement of sample preparation and developing complex graphene hybrid structures,
we can utilize multiple co-laminating processes. We will further improve the quality of the
interface by controlling the environment, performing the co-lamination process in a glove box
with inert gas.

Searching for highly correlated fractional quantum Hall effect: The possibility of discovering
correlated electronic states in graphene and its bilayer, including novel many-body ground states
and their unique elementary excitations, provides the major motivation for this part of the
proposal. Monolayer and bilayer graphene differ from conventional 2D electronic systems such
as GaAs/AlGaAs quantum wells in two major ways. First, as we discussed in introduction
section, graphene support an expanded spin-like internal degeneracy (termed pseudospin) in
comparison with most other 2D electronic systems. Second, the orbital structure of the
wavefunctions in graphene and its bilayer are different, leading to different effective interactions
within a partially filled Landau level. In this section, we discuss ongoing and future experiments
aimed at novel behavior arising from these two differences: SU(4) quantum Hall ferromagnetism
with spin/pseudospin textured excitations and potential non-abelian fractional quantum Hall
states in bilayer graphene.

Electron correlation in double layer graphene nanostructures:

Our recently demonstrated ability to transfer graphene without degradation of sample quality,
together with high-quality BN, a complimentary wide band gap dielectric, opens the possibility
of realizing novel graphene-based device architectures by alternately stacking the two materials.
Interaction induced thermoelectric transport in graphene: Inheriting our successful
demonstration of thermopower (TEP) and magneto-thermopower (MTEP) measurement in
graphene, we plan to use TEP and MTEP measurement to probe the e-e interactions in high
quality graphene samples with reduced disorder. This includes the the electron-hole plasma at
high temperatures, which is described by hydrodynamics, and MTEP in the FQH regime.
Electron transport in graphene at extreme charge density: Another potential direction for the
study of e-e interactions in graphene is the investigation of single and multilayer graphene
samples in the extreme carrier density limit, where Fermi energies reach values beyond Er > 1
eV, corresponding to carrier densities of n > 10'* cm™. In this “metallic” regime graphene’s
properties are expected to be strongly modified because of trigonal warping and the increased
size of the Fermi surface, as well due to additional high energy subbands in multilayer graphene.
Magnetic moment measurement in graphene: Thermodynamic bulk probes of the QHE, such as
magnetization, provide complementary information to that obtained from transport
measurements. Exploiting the mechanical stability of graphene, we will develop a novel tool for
measuring magnetization in graphene using a suspended sample as its own torque magnetometer.

Publications acknowledged the current DOE grant
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Ultrahigh electron mobility in suspended graphene, Solid State Communications 146,
351-355 (2008).
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Project Title: Microwave- and terahertz- photo-excited transport in low dimensional electron systems
Principal Investigator: Ramesh G. Mani
Institution: Georgia State University, Atlanta, GA

Email: rmani@gsu.edu; mani.rg@gmail.com

Project Scope: This experimental project aims to compare low temperature transport- and photo-excited
transport in low dimensional electronic systems based on high mobility GaAs/AlGaAs heterostructures
and sheets of carbon known as graphene. The motivation for the project stems from the understanding
that subjecting materials to conditions far from equilibrium can lead to otherwise-unattainable properties,
and that a comparative study of the dark and photo-excited transport can serve as a path to identifying the
non-equilibrium steady-state properties of such systems. Some interesting examples of emergent behavior
in a driven, steady-state, non-equilibrium system are the radiation-induced zero-resistance states and
associated magneto-resistance oscillations in the quasi two dimensional GaAs/AlGaAs system, where
microwave and terahertz photoexcitation helps to produce giant magneto-resistance oscillations, with
vanishing resistance states at the oscillatory resistance minima at liquid helium temperatures. Such zero-
resistance states in the quasi two dimensional electron system (2DES) exhibit activated transport without,
remarkably, a concomitant quantum Hall effect. This project includes an in-depth study of the radiation-
induced transport in the GaAs/AlGaAs system and a search for related phenomena in graphene. Such a
study of the microwave- and terahertz- photo-excited transport is also expected to identify new types of
radiation sensors for the microwave and terahertz bands, spectral bands including many potential future
applications.

Recent Progress:

Linear-polarization-sensitivity of the radiation-induced magneto-resistance oscillations in GaAs/AlGaAs
devices: The microwave and terahertz radiation-induced magneto-resistance oscillations in the 2DES are
characterized by B periodic oscillations in the diagonal magnetoresistance, R,,, of the 2DES at cryogenic
temperatures, 7. These R, oscillations show a strong sensitivity to 7 and the microwave power, P, at
modest P. Proposed mechanisms for such oscillations include radiation-assisted indirect inter-Landau-
level scattering by phonons and impurities (the displacement model), non-parabolicity effects in an ac-
driven system (the non-parabolicity model), a radiation-induced steady state non-equilibrium distribution
function (the inelastic model), and the periodic motion of the electron orbit centers under irradiation (the
radiation driven electron orbit model).

Under typical experimental conditions, some or all of these mechanisms can contribute towards
sufficiently large amplitude radiation-induced magneto-resistivity oscillations such that, theoretically, at
the oscillatory minima, the magneto-resistivity is able to take on negative values. According to theory,
negative resistivity triggers, however, an instability in the uniform current distribution, leading to current
domain formation, and the experimentally observed zero-resistance states.

Although these theories suggest radiation-induced magneto-resistance oscillations, they differ
with respect to their predictions on, for example, the microwave polarization sensitivity in the radiation-
induced oscillations. Here, the displacement model predicts that the oscillation-amplitude depends on

whether the microwave electric field, E_ , is parallel or perpendicular to the dc -electric field, E,..On

the other hand, the inelastic model unequivocally asserts polarization insensitivity to the radiation-
induced magneto-resistance oscillations. Polarization immunity, in the radiation-driven electron orbit
model, depends parametrically upon the damping factor, y, exceeding the frequency of the microwave
field. Finally, the non-parabolicity model suggests a perceptible polarization sensitivity for linearly
polarized microwaves, while indicating the absence of such oscillations for circularly polarized radiation.
Here, we investigate the effect of rotating, in-situ, the polarization of linearly polarized microwaves
relative to long-axis of Hall bars. Strikingly, we find that the amplitude of the radiation-induced magneto-
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Figure 1. Microwave-induced

magneto-resistance oscillations in
R, at 1.5 K are shown at f = 35
GHz for P = 1 mW in panels (a)
and (b) and for P = 0.5 mW in
panels (c) and (d). The Rxx
measured on the left (right) side of
the Hall bar, see Fig. 1, is shown
as Ryx" (Rxx"). Each panel shows
a set of three traces: a dark curve
(black), a curve (red) obtained at 0
=0°, a trace (green) obtained at
= 90°. All panels exhibit reduced
amplitude radiation-induced
magneto-resistance oscillations at
0=90".

resistance oscillations are remarkably responsive to the relative
orientation between the linearly polarized microwave electric field
and the current-axis in the specimen.

Figure 1 exhibits the diagonal resistance R, vs. B at f = 35.5 GHz.
Fig. 1(a) and (b) show the results obtained at a source-power P =1
mW, while Fig. 1(c) and(d) show the same obtained at P = 0.5 mW.
Here, R, and R.E represent the measurement on the left (L) and
right (R) sides of the Hall bar device. Each panel of Fig. 1 includes
three traces: A dark trace (in black) obtained in the absence of
microwave photoexcitation. A @ = 0° trace in red, where the MW
antenna is parallel to the long-axis of the Hall bar. Finally, the panels
of Fig. 1 also exhibit, in green, the @ = 90’ traces, where the MW
antenna is perpendicular to the long-axis of the Hall bar. A
remarkable feature is observed when one compares the red (0°) and
green (90°) traces within any single panel of Fig. 1. Such a
comparison indicates that the amplitude of the radiation-induced
magneto-resistance oscillations is reduced at the 6 = 90’ MW
antenna orientation. Finally, the period and the phase of the
radiation-induced magnetoresistance oscillations are unchanged by
MW-antenna rotation; this feature is readily apparent in Fig. 1. Thus,
we find that, : : : : : : 100
although, the ol 415 GHz
frequency and the
phase of the photo- ol
excited  magneto- 3
resistance
oscillations
insensitive to the
polarization, the

A@©Q)

arc

amplitude of the resistance oscillations are remarkably
responsive to the relative orientation between the
microwave antenna and the current-axis in the specimen,
indicating a striking linear polarization sensitivity in the
radiation-induced magnetoresistance oscillations.

Microwave induced electron heating in the regime of the
radiation-induced magnetoresistance oscillations: Here,
we examine quantitatively the nature of electron heating
due to microwave photo-excitation in the high mobility
two dimensional electron systems by exploring the
influence of microwave
amplitude of Shubnikov-de Haas (SdH) oscillations in a
regime where the cyclotron frequency, @., and the
microwave angular frequency, o, satisfied 20 < @. <
3.5w. Specifically, the electron heating due to
microwave excitation was extracted by comparing the
damping of the amplitude of Shubnikov-de Haas
oscillations due to microwave excitation with the
damping of the same oscillations due to bath temperature
changes in the dark, see Fig. 2. In good agreement with
theoretical predictions, the results indicated modest
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heating, ie.e, AT,/AP ~9mK/mW, over the examined regime.
Future Plans:

Photoexcited transport in epitaxial graphene:* Graphene refers to the one atom thick honeycomb lattice
of carbon atoms that is rolled up into carbon nanotubes and stacked into layers in graphite. Graphene
constitutes a truly two-dimensional electronic system because the electronic wave function is confined to
a single atomic layer, unlike in other planar (quasi) two-dimensional electronic systems. The linear
dispersion relation in zero-gap semiconductors usually associated with relativistic particles provides for
additional interesting electronic properties, such as the anomalous quantum Hall effect. It is also possible
to open up a bandgap in graphene ribbons by size quantization. Finally, this material promises
extraordinarily high mobility at room temperature,
which can potentially be exploited for high speed device
applications. Due to these and other interesting
properties, graphene is now viewed as a complementary

waveguide material to Silicon for future electronics. Yet, the
realization of large area graphene films is a
Magnetic technological challenge. Epitaxial graphene, which

field evolves from the thermal decomposition of the surface
layers of SiC, is thought to be a route to realizing large
area graphene films. Here, we carry out a transport study
of epitaxial graphene under microwave photo-excitation
I to 50 GHz, and have obtained some preliminary results.
Furnace grown epitaxial graphene films are realized by
the thermal decomposition of 4H insulating SiC. The
graphene realized by this method is overlaid on steps of
the underlying SiC substrate. It is characterized by a
carrier density of 10" cm™. Small Hall bar devices with
Figure 3. A schematic of the measurement on ~ Au/Pd contacts are fabricated on the c-face of this
epitaxial graphene is superimposed on an AFM material by  e-beam  lithography.  Transport
image of the material. measurements of the type shown in Fig. 3 are being
carried out at liquid Helium temperatures under

microwave photo-excitation. Some preliminary results are available.

*Work is carried out in collaboration with J. Hankinson, C. Berger, and W. de Heer of the School of Physics,
Georgia Institute of Technology.

Remote Sensing of radiation-induced transport. In these experiements, we hope to correlate transport
measurements in GaAs/AlGaAs with concurrent “remote sensing” measurements of the 2DES, where the
remote sensing is carried out using microwave sensors located at a distance from the 2DES. Such
measurements will serve to correlate the reflection and absorption properties of the 2DES with the
transport observations.

Microwave photo-voltaic effect in the regime of the radiation-induced magneto-resistance oscillations in
the GaAs/AlGaAs 2DES: The photo-voltaic effect induced by microwave radiation in the 2DES in a
perpendicular magnetic field has been considered both theoretically and experimentally. As mentioned
above, microwave photo-excitation produces inverse-B periodic oscillations in the diagonal resistance
that lead into novel zero-resistance states in the low temperature limit. The photo-excitation also produces
a concomitant photo-voltage effect, which includes strong fluctuations and is fully reproducible. The
photo-voltage fluctuations have well defined magnetic field symmetry although they are expected to be
enhanced in the vicinity of cyclotron resonance. This work will examine this microwave and terahertz
photovoltaic effect and correlate the results with magneto-transport.

47



List of Publications:

“Evolution of Shubnikov-de Haas oscillations under photoexcitation in the regime of the radiation-
induced zero-resistance states,” R. G. Mani, Physica E 40, 1178 (2008).

“Narrow-band radiation-sensing in the Terahertz and microwave bands using the radiation-induced
magnetoresistance oscillations,” R. G. Mani, Appl. Phys. Lett. 92, 102107 (2008).

“Band-limited radiation-sensing using the radiation-induced magneto-resistance oscillations,” R. G.
Mani, Intl. J. Mod. Phys. B 23, 2703-2707 (2009).

“Phase study of oscillatory resistances in microwave irradiated and dark GaAs/AlGaAs devices:
Indications of an unfamiliar class of integral quantum Hall effect,” R. G. Mani, W. B. Johnson, V.
Umansky, V. Narayanamurti, and K. Ploog, Phys. Rev. B 79, 205320 (2009).

“Nonlinear growth with the microwave intensity in the radiation-induced magnetoresistance
oscillations,” R. G. Mani, C. Gerl, S. Schmult, W. Wegscheider, and V. Umansky, Phys. Rev. B 81,
125320 (2010).

"Transport study of Berry’s phase, the resistivity rule, and quantum Hall effect in graphite,” A.
Ramanayaka and R. G. Mani, Phys. Rev. B 82, 165327 (2010).

“Sublinear radiation power dependence of photoexcited resistance oscillations in two dimensional
electron systems,” J. Inarrea, R. G. Mani, and W. Wegscheider, Phys. Rev. B 82, 205321 (2010).

“Hall effects in doubly connected specimens,” A. Kriisa and R. G. Mani, IEEE Trans. In
Nanotechnology 10, 179 (2011).

“Comparative study of microwave radiation-induced magnetoresistance oscillations in GaAs/AlGaAs
devices,” R. G. Mani, W. Wegscheider, and V. Umansky, [EEE Trans. In Nanotechnology 10, 170
(2011).

“Microwave induced electron heating in the regime of the radiation-induced magnetoresistance
oscillations,” A. Ramanayaka, R. G. Mani, and W. Wegscheider, Phys. Rev. B. 83, 165303 (2011).

“Observation of linear polarization sensitivity in the radiation-induced magneto-resistance
oscillations,” R. G. Mani, A. Ramanayaka, and W. Wegscheider, Phys. Rev. B (accepted for
publication).

“Linear polarization rotation study of the radiation-induced magnetoresistance oscillations,” A. N.
Ramanayaka, R. G. Mani, J. Inarrea, and W. Wegscheider, Phys. Rev. B (Submitted for publication).

2011 APS March Meeting Abstracts of Work-in-progress:

“Transport study under microwave photoexcitation in epitaxial Graphene,” R. G. Mani, J. Hankinson, C.
Berger, and W. de Heer, Bull. Am. Phys. Soc. 56, Abstract# x11.00004, March 24, 2011

“Scanning Tunneling Microscope study of Atomic steps in Gold films on Muscovite Graphite,” Olesya
Sitnikova and R. G. Mani, Bull. Am. Phys. Soc. 56, Abstract# W21.00004, March 24, 2011

“Microwave induced electron heating in the regime of the radiation-induced magnetoresistance oscillations,” A.
Ramanayaka, R. G. Mani, and W. Wegscheider, Bull. Am. Phys. Soc. 56, Abstract# x11.00003, March 24, 2011

“Remote sensing of transport in microwave photo-excited magnetoresistance oscillations in the GaAs/AlGaAs
system,” Tianyu Ye, G. Chand, A. Ramanayaka, R. G. Mani, and W. Wegscheider, Bull. Am. Phys. Soc. 56,
Abstract# x11.00006, March 24, 2011

“Microwave photo-voltaic oscillations in the GaAs/AlGaAs system,” G. Chand, T. Ye, A. Ramanayaka, R. G.
Mani, and W. Wegscheider, Bull. Am. Phys. Soc. 56, Abstract# x11.00011, March 24, 2011.

48



Probing the Electronic Structure and Dynamics of Low-Dimensional
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Department of Physics, Columbia University

ABSTRACT

Scope

This program has the goal of understanding the physics of emergent properties in artificially
nanostructured materials. In our case, emergent behavior in complex systems is due to the role of
confinement both lateral and vertically in evolving new and unexpected materials response. Our
focus is emergent properties in surface systems. Surfaces enable the use of the powerful tool of
momentum-resolved photoemission (ARUPS) for probing electron motion and the tuning of a
system by altering of the surface composition, reconstruction, or confinement. In addition, our
program also will have a growing emphasis on measuring time-dependent dynamic phenomena.
Recent instrumentation upgrades at Columbia and Brookhaven enhance our measurements, using
these advanced techniques. We will seek to answer such questions as:

. Are there new electronic phases near surfaces in one-atom-wide wires or in nanoparticles,
and can theoretical constructs be developed to examine such systems?

. What are the emergent dynamic properties arising from lateral confinement in 1 and 2D
confined systems?

. Can we probe many-body effects in exfoliated freestanding graphene?

. What are the limits to synthesizing large-scale uniform nanoarrays, for area probes such

as photoemission?
Our program is designed to take maximum advantage of the collaborations in condensed matter
physics, which we have developed within the last few years. These include, for example,
experimental techniques developed at Columbia for preparing monolayer and thin-multilayer
exfoliated single crystal samples, for probing with microRaman scattering probes, and for
fabricating exfoliated and electronically tunable sample structures. In addition, our program
leverages the numerous collaborations developed at BNL in STM, nanofabrication, and
synchrotron measurements and at the third-generation synchrotron source, ELETTRA, in Trieste.
Our focus in ultrafast laser photoemission also seeks to utilize the complementary
instrumentation at BNL and at Columbia University for examining high-energy-resolution and
high-temporal-resolution photoemission, respectively.

Recent Progress

The excited-state properties of condensed-matter systems have traditionally been an area of
much interest but not fully explored. Excited states play a role in many areas of materials physics
from ion or X-ray irradiation to carrier transport under high bias. Our program examines the
electronic structure and dynamics of excited low-dimensional nanosystems. These surfaces can
couple into a variety of elementary excitations and even change surface phases. While we can
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and have examined 1D (see Refs. 1, 3, 6, and 10) and 2D (Refs. 2, 4, 5, and 7-9) systems such as
atomic wires using strongly biased tunneling microscopy (see Fig. 1), we have recently explored
using nonlinear femtosecond photoemission to excite and probe states many eV above the Fermi
level in 1D nanostructured surfaces and in monolayer epitaxial graphene.

Cu terrace
Co atoms

Fig. 1. Single-atom wire of Co on Cu(775). Fig. 2. Two-photon photoemission laser system at
Columbia University.

e Specifically, for example, our work has used femtosecond laser sources (see Fig. 2) to probe
the excited states at the interfaces of epitaxial graphene on Ir(111) in order to understand how
transport occurs on the graphene surfaces and at the metal/graphene interface. Both the
photoemission linewidth and the directly measured temporal lifetime using pump-probe
photoemission measurements provide information on the surface scattering and nature of the
excited state lifetime. Finally our studies have yielded information on the growth of graphene
from submonolayer islands. Thus our results show that electrons can be trapped on nanometer-
scale graphene surface islands, where trapping is shown by upward shifts in the excited
electronic states. (Ref. 9).

e In addition, we have demonstrated also that photoemission with this intense ultrafast laser
source could be used to perform photoemission from bulk states as far as ~3-5¢V above Er on
single-crystal metals both on planar flat surfaces and nanostructured surfaces. In this case, we
show that using wavelength tuning, we can map out the excited state structure of states on
either flat or vicinal-cut surfaces with regular step arrays formed by the monolayer steps. In our
future work, we will use our normally unoccupied state photoemission to examine crystals of
correlated electron materials and graphene interlayer states and excited state dynamics of these
systems. (Refs. 5 and 8).

¢ Finally we have completed an initial study of the electronic structure of small samples of
free-standing exfoliated monolayer graphene. This crystal is an ultrathin flexible membrane,
which exhibits out-of-plane deformation or corrugation. Our measurements have developed a
technique to measure the band structure of such free-standing graphene by angle-resolved
photoemission. Our results show that a major issue is to unfold the fact that photoelectron
coherence is limited by crystal corrugation. However, we have shown that by combining
surface morphology measurements of the graphene roughness with angle-resolved photo-
emission, energy-dependent quasiparticle lifetime and band-structure measurements can be
extracted; see Fig. 3. Our measurements use our development of an analytical formulation for
relating the crystal corrugation to the photoemission linewidth. With this approach our angle-
resolved photoemission spectroscopy measurements have shown that, despite significant
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deviation from planarity of the crystal, the electronic structure of exfoliated suspended
graphene is nearly that of ideal, undoped graphene; we also have measured the Dirac point to
be within 25 meV of Er. Further, we have shown that suspended graphene behaves as a
marginal Fermi liquid, with a quasiparticle lifetime that scales as (E — Er ) . See Ref. 2, 4 and
7 for more details.

Future plans

Our future plans for the next year are as follows:

e Quasiparticle Dynamics on “Tuned” Step Arrays: We will examine the emergence of new
dynamics properties with confinement using nanoarrays. Ultrafast pump/probe measurements
will be used to study lifetime in nanosystems with the goal being to understand the interrelation
of dynamics and confinement in artificially fabricated nanosystems. Measurements will use
both ultrafast and ultrahigh-energy-resolution ARPES techniques to examine dynamics
processes such as scattering rates versus parallel momentum and the corresponding electronic
structure of the arrays, respectively.

e Kondo and Magnetic Physics on Stepped Surfaces - Tuning Lateral Confinement and Atom
Placement: We have formed atom chains of Co at step edges or precisely space neighboring
atoms using adjacent step edges and are examining the resulting structures for either magnetic
or Kondo interactions. Our experiments, using vicinal step arrays will examine the coupling of
the surface and bulk substrate electronic states with those of the chains. We have carried out
measurements of the STS spectra as a function of temperature at the BNL-CFN low-
temperature STM (with the Sutter Group). We are currently analyzing this data and, in
conjunction with many-body theory, are examining the interrelation of spin and structure in the
chain. We are preparing two papers in this area; Ref. 10 is on the verge of being submitted.

F-Fe (eV)

Fig 3. ARPES data along symmetry directions in Brillouin zone for graphene and
graphite. (a) SiO, supported graphene (iw = 90 eV). (b) Suspended graphene (fiw =
84 eV). (¢) Kish graphite (iw = 90 eV). (d) Suspended graphene (7w = 50 eV).
Inset shows 2D graphene Brillouin zone.
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Nanoprobing of Electronic Structure of 2D systems: Probing the photoemission of free-

standing graphene and other free-standing 2D systems is a continuing objective of our research.
Our results to date show clearly and for the first time that high quality photoemission data can
be obtained as shown in Fig. 3; however, the challenges of small sample size and interactions
with the underlying, supporting surface, has required careful attention. We have found that
sample preparation and tradeoffs are important considerations in obtaining the best possible
data and we have developed a theoretical treatment to “remove” the effects of surface
corrugation from the photoemission data. We will now extend these measurements to known
flat graphene systems, i.e., such as graphene on BN, which have recently been obtained in
exfoliated form. Our first paper in this area is given in Ref. 7 below.
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1. Program Scope

The objective of this project is to control and understand the influence of defects and dopants on the
physical properties of carbon nanotubes and graphene. The physical properties of these nanocarbon
materials are strongly affected by impurities and structural defects. For example, a conducting graphene
sheet turns into a semiconductor when it is cut into a narrow ribbon. Furthermore, its edges give rise to
localized states that have a strong influence on transport properties. Thus, the intentional generation of
defects and dopants in nanocarbons provides an opportunity to engineer electronic and optical proper-
ties, similar to semiconductor device technology.

2. Recent Progress

We use near-field Raman spectroscopy to zoom-in on single defects and dopants. This method uses
a metal tip as an optical antenna to localize and enhance incident laser radiation and to interact locally
with nanocarbon materials. The technique makes it possible to measure local electronic and structural
properties with a spatial resolution of 10-20 nm and has been used to record high-resolution spatial maps
of optically active phonons and localized photoemission.

To our surprise, the intensity of Raman lines turned out to be non-uniform along most nanotubes that
we studied. The nanotubes were mostly arc-discharge, HIiPCO, or CVD grown tubes. We tentatively as-
signed the non-uniform Raman intensity distribution to defects in the tube structure. It was also suggested
that the observation could be related to interactions of the tube with the supporting substrate. However,
a series of experiments finally confirmed that the substrate has a minor effect on the Raman lines and
that the observed localization of modes was indeed due to nanotube inhomogeneities. The best evidence
comes from measurements that were performed on nanotubes grown by different methods but using the
same substrate. We found that some tubes are uniform over many tens of microns in length whereas
other tubes show a high density of localized features. The so far nicest tubes were provided by our collab-
orator Ernesto Joselevich at Weizmann Institute in Israel. These tubes are grown by CVD on intentionally
miscut quartz surfaces, where they wind up in the form of serpentines, as shown in Fig. 1. Once we
had highly uniform nanotube samples at hand we set out to quantitatively understand the mechanism of
near-field Raman enhancement [9].

Our studies revealed that the near-field Raman intensity is inversely proportional to the 11** power
of the separation between the tip and the nanotube. The results show that for defect-free nanotubes all
phonon modes exhibit the same enhancement behavior, which indicates that the Raman enhancement
process is not significantly influenced by the symmetry of the Raman mode, and is mainly defined by the
properties of the tip acting as an optical antenna. In order to be able to quantify experimental data and
to relate measurements to intrinsic material properties we developed an analytical theory of local field
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enhancement in one-dimensional (1-D) systems, such as semiconductor hanorods or carbon nanotubes.
An extension of the theory to 0-D (e.g. molecules or quantum dots), 2-D (e.g. graphene or quantum
wells), and 3-D (e.g. bulk materials) materials follows essentially the same steps.

In our experiments, a sample with self-organized carbon nanotube serpentines was raster-scanned
underneath a laser-irradiated gold tip and Raman scattering spectra were acquired pixel-by-pixel. Near-
field Raman images were generated by integrating the spectra over the spectral ranges associated with
discrete phonon peaks. Fig. 1(a) shows a large-scale confocal Raman image. The contrast (color scale)
in the image renders the intensity of the G band. Fig. 1(b) shows a corresponding near-field Raman
image acquired in the boxed area in (a). The resulting resolution of ~ 20 nm is defined by the tip radius.
A line-cut along the blue line in image (b) is depicted in Fig. 1(c). It is evident, that near-field imag-
ing not only improves resolution but it also improves the signal-to-noise ratio. To evaluate the near-field
enhancement we placed the tip over the nanotube at a fixed location and recorded Raman spectra as
a function of the tip-sample separation A. Fig. 1(d) shows the corresponding Raman spectra for the
smallest and largest separation. The two spectra are offset for clarity. The radial breathing mode (RBM)
frequency vrp) =262 cm~! identifies the nanotube as a semiconducting (10,2) tube, whose energy gap
for the second optical transition Es, is in resonance with the incident laser energy. The near-field spec-
trum also clearly features the intermediate frequency mode (IFM) occurring at 865cm~!, and the G~
and G* peaks occurring at 1545¢cm~! and 1585cm™~!, respectively. Notice that the disorder-induced D
band (~ 1350 cm~!) cannot be observed, indicating that the serpentine nanotube has a low defect density.
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Figure 1: Near-field Raman spectroscopy of serpentine carbon nanotubes grown on a quartz substrate.
(a) Confocal Raman image corresponding to the G band intensity of a semiconducting nanotube. (b)
Near-field Raman image corresponding to the G band intensity recorded in the boxed area in panel (a).
(c) Intensity profile obtained along the blue line in panel (b). (d) Far field Raman spectrum (red curve) and
near-field Raman spectrum (black curve) recorded at a fixed location. (e) Approach curves for the RBM,
IFM, G~ and G+ bands. From Ref. [9].
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Fig. 1(e) shows the intensities (integrated areas) of several Raman peaks as a function of the tip-
sample separation A. All Raman intensities are normalized with the corresponding values at shortest
separation (A ~2nm). Interestingly, they all exhibit the same distance dependence. The red curve in
Fig. 1(e) is a fit to the experimental data according to our theoretical result. It can be seen from Fig. 1(e)
that our theoretical predictions are in good agreement with the experimental data. Notice that all modes
present the same distance dependence, that is, within the resolution of our measurements, all phonon
modes get enhanced by the same factor. Thus, our results show that the near-field enhancement does
not depend on the symmetry of the Raman mode, but mainly on the field enhancement factor provided
by the near-field probe used in the experiment. We emphasize, however, that this behavior is restricted to
isolated tubes and that significant variations between the different Raman modes occur for nanotubes with
high defect densities. For example, for double-wall nanotubes we observed that the outer tube screens
the fields that are experienced by the inner tube. Consequently, a weaker enhancement is observed for
the radial breathing mode of the inner tube.

We have also investigated energy transfer between tubes and the coupling between tubes and the
supporting dielectric substrate. Tube-tube interactions were studied by measuring the photolumines-
cence spectra of a pair of intersecting semiconducting SWNTs [5]. In the case of dissimilar nanotubes
[structures (9,1) and (6,5)] we observed exciton energy transfer between the tubes. The exciton transfer
rate has been determined to be 0.5 ps~! and the energy transfer mechanism was found to follow a simple
Forster type process, similar to energy transfer between fluorescent molecules. We have quantified the
energy transfer efficiencies between two nanotubes for different inter-nanotube distances and determined
that efficient transfer is limited to a few nanometers because of competing fast nonradiative relaxation re-
sponsible for low photoluminescence quantum yields [5, 8].

To study nanotube-substrate interactions we have combined Raman scattering with electric force mi-
croscopy. Surprisingly, we observed that the nanotube-on-quartz system exhibits a mixture of semicon-
ductor and metal behavior, depending on the orientation between the tube and the substrate. Contact
with a supporting substrate has been broadly studied as either a drawback or a solution for developing
nanotube-based nanotechnologies. Researchers have for example studied the interaction of SWNTs with
silicon substrates as a possible route for the integration between SWNTs and silicon-based microelec-
tronics.

We used CVD grown serpentine nanotubes as described above. The supporting vicinal a-SiO, sub-
strate is insulating, and terminated with parallel atomic steps. At the temperature of nanotube growth,
the surface contains exposed unpassivated Si atoms, thus promoting a strong tube-substrate interaction,
especially when the nanotube lies along a step. Alternatively, when the nanotube lies across the sur-
face steps, the interaction is discontinuous and weaker. The grown serpentine SWNTSs consist of parallel
straight segments connected by alternating U-turns. The straight segments lie along the quartz steps,
while the U-turns lie across the steps, so that the tube-substrate interaction is modulated along the tube.
We have analyzed Raman spectra along single serpentine nanotubes and observed systematic variations
in the G band lineshape [10]. In particular, the periodic change on the tube-substrate interaction existing
in our SWNT serpentines generates a set of alternate doped-undoped tube segments, which follows from
the periodic appearance of the G’ feature on the low-frequency side of the G band. This observation
is also backed by electric force microscopy (EFM) measurements performed on the same serpentine
nanotubes [10].
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3. Future Plans

In our future work we will study localized states near the edges of graphene. In particular, we are inter-
ested to extract the electron coherence length from the measurement of the spatial profile of the Raman d
band near the graphene edge. To this end, we will complete a cryogenic Raman instrument and measure
d band localization as a function of temperature.
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PROJECT SCOPE

Since the discovery of high temperature superconductivity (HTSC) in cuprates, novel
superconductors have been discovered at a steady rate, including Ba; ,KBiO;, boro-carbides, MgB,
and recently the new families of Fe-based pnictides. Each new group brings to light fascinating new
properties, be it unconventional gap symmetries and pairing mechanisms, multiple gaps, effect of
pairbreaking scattering, or interplay with magnetism. For these materials, standard notions on how
superconducting properties (such as critical fields, specific heat, penetration depth, thermal
conductivity, NMR relaxation rates etc.) behave as a function of temperature or magnetic field need
to be re-evaluated if we are to achieve a consistent picture of the new superconducting behavior. This
project integrates experiments and theory aimed at understanding the effects of multiple gaps, gap
anisotropy and pair-breaking impurity scattering on thermodynamic and transport properties of
unconventional superconductors, in particular the recently discovered Fe-based pnictides. On the
experimental side we conduct measurements of the angular dependent specific heat, thermal
conductivity, and normal state resistivity to probe the anisotropic phase diagram, the quasiparticle
density of states and the electron scattering rates. We modify scattering processes through the
controlled introduction of additional scattering centers in the form of correlated line scattering
centers by heavy ion irradiation at Argonne's ATLAS accelerator and Michigan State's National
Superconducting Cyclotron, and of uncorrelated point and cluster scattering centers by proton
irradiation at Western Michigan University and by electron irradiation at Argonne’s van de Graaff
accelerator. The experimental work is conducted in close synergy with our theoretical investigations.
Quantities such as the thermal conductivity, density of states and upper critical field are obtained from
analytical and numerical solutions of the quasi-classical Usadel equation and of the Bogolyubov
equations.
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RECENT PROGRESS

We developed a membrane-based steady-state ac-micro-
calorimeter capable of measuring sub-microgram superconducting
crystals. We have obtained the anisotropic phase diagram and the
anomaly at T, for a range of single crystal Fe-pnictide
superconductors. For example, Fig. 1 shows the superconducting
transitions of optimally doped SmFeAsOggsFo 15 and (Ba,K)Fe,As;
in magnetic fields along the crystallographic c-axis. In zero-field,
SmFeAsOggsFo15 displays a clear cusp-like anomaly in C/T with
height of AC/T, = 24 mJ/molK*> at T, = 49.5 K, which is
substantially smaller than the prediction based on the scaling
AC/T, ~ TC2 that has been reported for various 122 based materials.
In magnetic fields applied along the c-axis, pronounced
superconducting fluctuations induce strong broadening and
suppression of the specific heat anomaly which can be well
described using three-dimensional lowest-Landau-level scaling
with an upper critical field slope of -3.5 T/K and anisotropy of I" =
8. The small value of AC/T, implies a modest value of the
Sommerfeld coefficient y ~ 8 mJ/molK® indicating that
SmFeAsOgssFo s is characterized by a modest density of states
and strong coupling. In contrast, (Ba,K)Fe,As, has a specific heat
anomaly of AC/T, = 100 mJ/molK? — in line with the AC/T, ~ T.*-
scaling — and a mean-field like evolution of the transitions in field.
The anisotropy is found to be low, I ~ 2.5, consistent with the near
absence of superconducting fluctuations.
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Figure 1. Comparison of the
specific heat of optimal doped
Sm-1111 and Ba-122 single
crystals in magnetic fields up to 8
Tesla. Inset shows the size of the
Sm-1111 crystal (108x97x 7 um?3).

Our preliminary theoretical work has shown that in s™-superconductors non-magnetic inter-
band scattering induces quasi-particle states at the Fermi energy Er even for vanishingly small
impurity concentrations. These strongly affect all the low-temperature thermodynamic and transport
properties of the superconductor such as specific heat, thermal conductivity, surface impedance,
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Figure 2. Representative dependence of the
density of states at the Fermi energy on the
scattering strength of impurities at fixed
concentration for the two-band s, super-
conductor with identical amplitudes of
intraband and interband scattering. The
mobility edge was evaluated by analysis of the
localization length of states. Result obtained
within the analytical self-consistent T-matrix
approach is also shown by solid green line.

magnetic penetration depth, relaxation rates and
dielectric function. By numerically solving the two-
band Bogolyubov equations for s~ superconductors, we
explore the behavior of the density of states and
localization properties of the quasiparticles. On general
grounds, one can expect two qualitatively different
regimes (see Fig. 2). At a small concentration of pair-
breaking impurities, the scattering-induced quasi-
particle states are localized at the scattering site,
reminiscent of Shiba resonances in conventional
superconductors, and their mobility edge is located at
finite energy. In this case, these states only influence the
low-temperature thermodynamic properties but do not
contribute to the transport. At some critical
concentration of impurities the scattering-induced states
overlap and delocalize; the mobility edge approaches
zero energy. Then these states will contribute to
transport and should lead to distinctly different behavior
than at low concentration addressed in our experimental
work described above.
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FUTURE PLANS

Our preliminary work found that heavy ion irradiation has a profound effect on the phase
diagram and superconducting transition of Bay¢K¢sFe,As, as shown in Fig. 3. Upon irradiation to a
dose-matching field of B,=2 T the upper critical field slopes increase significantly. Heavy-ion
irradiation yields an almost isotropic — 10
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single crystals of BaFe,(As;.«Px),. This material is very clean, to the extent that de Haas van Alphen
oscillations could be observed for various doping levels. Therefore, it is an ideal platform for our
investigations of quasi-particle scattering effects. Starting with pristine samples, we will introduce
increasing amounts of additional scattering centers in a controlled way through irradiation with
electrons, protons or heavy ions, thereby producing a series of crystals with various doping levels
and spanning the entire range from the clean to the dirty limit.

We will investigate the temperature and field (-angle) dependence of the electronic specific
heat, thermal conductivity, electric conductivity and Hall effect, and the changes of T. and the
anisotropic phase diagram with impurity concentration. These quantities yield complimentary
information on the normal quasi-particles within energy of order kgT around the Fermi level, and
allow for the detailed characterization of the superconducting ground state by correlating our
experimental results with theoretical predictions. The electronic specific heat is a direct measure of
the total electron density of states, and therefore directly reflects the gap symmetry and the presence
of sub-gap states. Thermal conductivity is the ideal quantity to probe quasi-particle transport
properties in the superconducting state where the electrical conductivity is shorted out by the
superconducting condensate. These measurements allow the detailed investigation of the evolution
of sub-gap states with scattering amplitude.

In addition to pair-breaking scattering, finite density of states at the Fermi level can also
arise due to the formation of nodes in the gap. Nodes can either be enforced by symmetry such as in
d-wave gaps or be ‘accidental’ as has been discussed for s* gaps. In order to separate these two
mechanisms (pair-breaking scattering versus nodes) we will perform specific heat and thermal
conductivity measurements as function of field angle. Quasi-particles located in planes that are
perpendicular to the field direction experience a shift in energy. Therefore, by rotating the magnetic
field, areas on the Fermi surface that have a gap smaller than this shift can be mapped out since a
characteristic angular dependence of the specific heat and thermal conductivity will arise due to the
nodal structure. In contrast, sub-gap states due to pair-breaking scattering do not introduce
additional angular dependence. Furthermore, accidental nodes are smeared out by impurity
scattering. Therefore, our studies on samples with varying purity will yield detailed information on
the evolution of the gap-structure with scattering amplitude.

We will also perform detailed high-resolution measurements of the normal state magneto-
resistivity and Hall effect in order to obtain independent information on impurity scattering. Initially
we will use two or three-band formulations of a Drude-type transport model to fit our transport data
with the aim to deduce band-resolved charge carrier concentrations and mobilities.
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“Origin of Superconductivity in Structurally Layered Materials” (ERKCM70)
Oak Ridge National Laboratory
Athena S. Sefat, sefata@ornl.gov

Project Scope: Our overarching goal is to lay a foundation for predicting superconducting materials
by documenting similarities and differences between the two high-temperature superconducting
classes. This project involves a strong synthesis component for the design of new or improved iron-
and copper-based materials, and also those without such 3d-elements, with input from electronic
structure calculations. Beyond synthesis, our characterization efforts involve determination of lattice
and magnetic structures, and thermodynamic and transport measurements. Elastic and inelastic
neutron scattering tools at ORNL are used to find lattice and magnetic structures, and magnetic
excitations. Through collaborations, the effects of applied pressure and studies of superconducting gap
and Fermi surface structures are pursued. Because the mechanism of high-temperature
superconductivity remains unknown, our project focuses on tackling several specific queries such as
those listed here: Are there specific structural features that stabilize a superconducting state? What are
the roles of chemical substitutions or applied pressure? What is the role of magnetic ions in relation to
superconducting charge carriers?

Recent Progress: Research has been ongoing (see Publications section). Below is an outline of our
some of our most recent findings.

The superconducting behavior in Sr,V,06Fe,As, is dependent on synthesis conditions: the
superconducting transition temperature is high for samples with most crystalline impurities; it
decreases with increases in c-lattice parameter.

For NdFeAsOggsFo14, We find a single gap feature below the superconducting transition
temperature (T¢ = 48 K) by the use of scanning tunneling microscopy/spectroscopy. Data result in
BCS temperature dependence of the energy gap D(T), with 2D(0)/kgT¢ » 4.3.

The crystal structure and electrical resistance data of EuFe,As, give evidence of a tetragonal to a
collapsed-tetragonal phase at 8 GPa, and superconductivity at 41 K under pressure.

Temperature dependence of the electronic specific heat on the various concentrations of Co-doped
BaFe,As, superconductors show that the gap structure does not change significantly as a function
of doping, and data can not be described by a single isotropic s-wave gap.

EuCo,As, undergoes a tetragonal to a collapsed-tetragonal phase at 4.7 GPa, a behavior that is
common to the AT,As, (A = Ca, Sr, Ba) parents of superconductors. No superconducting transition
is found with pressure.

In CeFeAsO, magnetism on the Fe and Ce is found to coexist up to 15 GPa. No superconducting
feature is observed up to 50 GPa.

For NdCoAsO, the antiferromagnetic phase is found to be stable under 53 GPa and down to 10 K
without signs of superconductivity. This result shows that superconductivity may not be favored in
cobalt-based materials.

NdCoAsO gives three magnetic phase transitions that are suppressed as cobalt is replaced with Fe.
No superconducting transition is observed for 20% chemical doping.

The electronic and local crystal structure of CeFeAsOqgoFeg11 superconductor and its undoped
CeFeAsO parent show that the total DOS within 2 eV below Er is dominated by Fe 3d states.
There are indications of Fe d-electron itinerancy. The occupied Ce 4f states are located at ~1.7 eV
below Eg and show a main 4f' configuration. The total and partial DOS extracted from x-ray
spectroscopy data show good agreement with calculations.
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Changes in the elastic properties of BaFe,As, parent and BaFe;gCoq,AS, superconductor show
that the structural order (orthorhombic to tetragonal phase) is induced by magnetic fluctuations
and that both magnetic and nematic phases are important low energy excitations.

Annealing significantly improves some superconducting characteristics of Co-doped BaFe,As,
crystals: transition temperature increases; electronic specific heat in superconducting state
decreases; Schottky-like contribution suppresses. The optimally doped material is fully gapped.

By the use of point-contact Andreev reflection spectroscopy, a gap size of ~ 3 — 4 meV with the
energy gap D(T), with 2D(0)/ksTc » 2.0-2.6, is found for (BagsKo.4)Fe.As, ‘122” superconductor.
This gap is smaller than those reported for ‘1111’ superconductors.

Chromium-doped BaFe,As, show strong magnetism in diffraction results, which can explain the
absence of superconductivity. The average spin-density-wave (SDW) moment is independent of
small Cr doping levels. However, the SDW moment decreases rapidly beyond 30% doping, at
which point a new competing G-type antiferromagnetic phase dominates.

For FeTegsSeqs superconductor, two types of magnetic excitations are found: a resonance at
(0.5,0.5,0) and incommensurate fluctuations on either side of this wave vector. With different x,
the resonance is fixed in position while the incommensurate excitations move. Such unusual
relation between the resonance and incommensurate magnetism with superconductivity show that
a common behavior of the low energy magnetic excitations may not be necessary for electron
pairing.

The effects of magnetism and vortex lattice disorder in cobalt-doped BaFe,As, superconductors
are found to cause uncertainty in values of magnetic penetration depth (I) determined by
transverse-field muon spin rotation.

Future Plans: Three areas of focus are described below.

a) Do certain crystal structures give a superconducting state? Here we explore the possibility of
synthesis of new superconductors and characterize materials by means of basic physical property
measurements.

Part of our effort will be focused on the discovery of new superconducting materials by exploratory
synthesis. Certain layered structures such as U,Cu,As;O and LasCusP,O, may instigate a
superconducting state. These structures are similar to the Fe-based superconductors (e.g. ZrCuSiAs-
type structure in SmFeAsOqFo1, Tc = 55 K) since they are tetragonal, have layers of transition metal
pnictides and have transition metals in tetrahedral coordination (see Figure 1).
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Fig 1: Crystal structures of layered m
d-metal pnictides, with transition-
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LagCu4P402-type
c»26.8A
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b) What is the role of chemical substitution on the quantum phase transition between the magnetic
and a possible superconducting phase? Here we synthesize doped-materials and characterize
them by means of basic physical property measurements, neutron-scattering experiments, and
electronic structure calculations.

Part of our program will yield information and insight into the structural and magnetic transitions,
as well as find the role of spin fluctuations and phonons in producing a superconducting state. This can
be done by studying the role of chemical substitutions (x) in already well-known parent materials. For
example, it is puzzling that doping of BaFe,As, by ~ 10% electrons on iron crystal site gives
superconductivity [Sefat et al., Phys. Rev. Lett. 101 (2008), 117004.], but holes do not give the same
effect [Sefat et al., Phys. Rev. B 79 (2009), 224524.]; see Figure 2. In addition, it is difficult to
understand why electron doping with metals of the same column (3d or 4d), which are so different in
size, induce superconductivity for the same T and at the same doping level [Ni et al. Phys. Rev. B 80
(2009), 024511.]. One of our immediate questions is if Mo-doping duplicates Cr-doping in BaFe,As,
system, and what underlying electronic structure may stabilize a magnetic phase in favor of a
superconducting dome.
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c) What is the intrinsic behavior of a single crystal? Here we will attempt to synthesize crystals by
various crystal growth methods, find their chemical stoichiometries, and characterize the crystals
by means of basic physical property measurements.

We have shown using a combination of powder X-ray and neutron diffraction, first principles
calculations, temperature- and field-dependent magnetization, heat capacity and resistivity data that
the superconducting behavior of ‘Sr,V,0¢Fe,As,’ is dependent on synthesis conditions, particularly,
heating profiles result in unintentional chemical doping (Figure 3, left) [Sefat et al. Physica C 471
(2011), 143.]. Because such polycrystalline materials contain numerous impurities, it would be
essential to find the behavior of the pure crystal.

In addition, the coexistence of superconductivity and antiferromagnetism is found in Bridgman
grown AFe,,Se, crystals, with different Ty values perhaps dependent on uncertainty in the iron
content (see Figure 3, right) [Liu et al. Euro. Phys. Lett. 94 (2011), 27008.]. It would be interesting to
grow more homogenous crystals out of flux, with better control over stoichiometry and determine the
y value.
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Figure 3: Left is the normalized temperature dependence of electrical resistivity for ‘Sr,V,0¢Fe,As,” materials
synthesized in different conditions; samples 5 and 6 are not superconductors down to 1.8 K [Sefat et al. Physica C
471 (2011), 143.]. Right is the temperature dependence of the resistivity for AFe, ,Se, showing the coexistence of
superconductivity and antiferromagnetic phases [Liu et al. Euro. Phys. Lett. 94 (2011), 27008.].

Publications: From April 15, 2010 (start of the project) to the present time, we have published 27
scientific manuscripts in journals such as Phys. Rev. Lett. (3), Chem. Mater. (2), and Phys. Rev. B (12).
A few of these are listed below:

Uhoya, W.; Stemshorn, A.; Tsoi, G.; Vohra, Y. K.; Sefat, A. S.; Sales, B. C.; Hope, K. M.; Weir,
S. T., “Collapsed tetragonal phase and superconductivity of BaFe,As, under high pressure,” Phys.
Rev. B 82 (2011), 144118.

Sales, B. C.; McGuire, M. A.; May, A. F.; Cao, H. B.; Chakoumakos, B. C.; Sefat, A. S., “Unusual
phase transitions and magnetoelastic coupling in TIFe;¢Se, single crystals,” Phys. Rev. B 83
(2011), 224510.

Sonier, J. E.; Huang, W.; Kaiser, C. V.; Cochrane, C.; Pacradouni, V.; Sabok-Sayr, S. A.;
Lumsden, M. D.; Sales, B. C.; McGuire, M. A.; Sefat, A. S.; Mandrus, D. “Magnetism and
disorder effects on muon spin rotation measurements of the magnetic penetration depth in iron-
arsenic superconductors,” Phys. Rev. Lett. 106 (2011), 127002.

Marty, K.; Christianson, A. D.; Wang, C. H.; Matsuda, M.; Cao, H.; VanBebber, L. H.; Zarestky,
J. L.; Singh, D. J.; Sefat, A. S.; Lumsden, M. D. “Competing magnetic ground states in non-
superconducting Ba(Fe;.«Cry),As,,” Phys. Rev. B: Rapid Comm. 83 (2011), 064513.

Gofryk, K.; Vorontsov, A. B.; Vekhter, I.; Sefat, A. S.; Imai, T.; Bauer, E. D.; Thompson, J. D.;
Ronning, F. “Effect of annealing on the specific heat of Ba(Fe;,Co,).AS,;,” Phys. Rev. B 83
(2011), 064513.

Fernandes, R. M.; VanBebber, L. H.; Bhattacharya, S.; Chandra, P.; Keppens, V.; Mandrus, D.;
McGuire, M. A.; Sales, B. C.; Sefat, A. S.; Schmalian, J. “Effect of nematic fluctuations on the
elastic properties of iron arsenide superconductors,” Phys. Rev. Lett. 105 (2010), 157003.

Mook, H. A.; Lumsden, M. D.; Christianson, A. D.; Nagler, S. E.; Sales, B. C.; Jin, R.; McGuire,
M. A.; Sefat, A. S.; Mandrus, D.; Egami, T.; dela Cruz, C., “Unusual relationship between
magnetism and superconductivity in FeTegsSeqs,” Phys. Rev. Lett. 104 (2010), 187002.

Gofryk, K.; Sefat, A. S.; McGuire, M. A.; Sales, B. C.; Mandrus, D.; Thompson, J. D.; Bauer, E.
D.; Ronning, F., “Doping-dependent specific heat study of the superconducting gap in
Ba(Fe; «Coy),As,,” Phys. Rev. B, 81 (2010), 184518.

Lu, X.; Park, W K; Yuan, H. Q.; Chen, G. F.; Luo, G. L.; Wang, N. L.; Sefat, A. S.; McGuire, M.
A.; Jin, R.; Sales, Mandrus, D.; Gillett, J.; Sebastian, S. E.; Greene, L. H., “Point-contact
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Towardsa universal description of vortex matter in superconductors
Pl: Leonardo Civale,
Superconductivity Technology Center, Los Alamos National Laboratory
e-mail: Icivale@lanl.gov
Project Scope

Superconducting vortex physics has been a major field in condensed matter and statistical physics since
the discovery of the oxide high temperature superconductors (HTS). Vortices in HTS have a complex
phase diagram in the magnetic field - temperatBe&)(space with a proliferation of several topological

vortex phases. The rich vortex physics in HTS arises from the much larger influence of thermal
fluctuations as compared to conventional low temperature superconductors (LTS). It is important
noticing, however, that there is not a hard boundary between LTS and HTS vortex phenomenology. In
any superconductor (SC) the vortex behavior is determined lgtthesic properties of the vortex matter

and theextrinsic effects resulting from materialnhomogeneities that create a potential energy landscape.

The central idea of this project is obtain a comprehensive vortex physics descriptiorutinagrisal, in

the sense that it should be applicable to all or at least a broad variety of SC. We are working in
coordinated experimental and theoretical effort to attain this objective. Our focus is on interactions
between vortices with material inhomogeneities with emphasis on the influence of thermal fluctuations.
Our project is fundamental-science oriented in terms of the methodology and expected outcome, but we
intend to obtain results applicable not only to model systems but also to materials of technological
relevance, including predictions valid for new superconductors that can be discovered in the future.

Recent progress

The oxide HTS exhibit rich vortex physics due to the strong thermal fluctuations arising from the small
coherence lengthg) and large anisotropy)( Iron-based superconductors are a whole new family of
materials spanning broad ranges of critical temperaturgsé(@ndy, where the generality of the ideas
developed for the oxides can be tested. The multi-band superconductivity in these compounds introduces
a new level of complexity. Valuable information can also be obtained fromp,Mgéhemically simpler
two-band superconductor.
To obtain a general perspective, we have investigated
vortex matter in superconductors spanning broad ranges ¢f T °r RleFe;ez crystals
andy, fromy=1 toy> 6 and from T< 10K to T, ~ 90K (see
Figure 1). This allows us to perform comparative analyse
fixed T, and/ory. Also, we studied samples with different
degrees of disorder; from very clean single crystals to films 4r
with the strongest pinning obtained so far. We h ve“:
manipulated the pinning landscape both chemically (by adding 3
second phases and tuning the growing conditions) and thr u% \ BaCo Fe, As, films
irradiations (protons to introduce random defects and hgavg »| $ MoB
. . = @ ®-—MgB,
ions to create aligned columnar defects). We use transport aigd
magnetization methods to study the upper critical fields),(H ° il e Ca,,,Na, Fe As, crystals
melting lines (H,), critical currents densitiesfJand dynamics | FeSeTe fiims
(flux creep). Of particular relevance was the use of the pulsed- 0 . . . .
fields facilities at the NHMFL-LANL to explore the high fiel 0 20 40 60 80
phenomenology, and the analysis of the angular dependences. T K]

YBa,Cu,0, films

tropyy)
(6]

|Ca, Na  Fe As, crystals

05 05 2" T2

Co-doped iron-arsenide 122 films: (from the group of Prof.| Figure 1: electronic mass anisotrogy (
H. Hosono, Tokyo Inst. of Technol., Japan). After an initiayS Superconducting critical temperaturs
study of SrFedCoy.AS, (Te~19K), we focused on biaxially (To) for several materials under study.
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oriented BaFg,CoAs; films grown by Pulsed Laser Deposition on (La,Sr)(Al, Ta¥0bstrates, which
are more stable and have better crystalline quality, withZ1K andAT. < 1K. We determined H, H,

and J as a function of field orientatior®j. In the T-H region studied we found that,(®) can be
modeled using a single band wigls 2. This simplified description is valid since the predictions of the
two band model and a single-band with low anisotropy are almost identical héhliKe observations

on single crystals of the same composition with similaaridy, we found a broadening of the resistive
transitionp(T) with increasing H, indicating the presence of a vortex liquid phase. This was the first clear
observation of a vortex liquid in a superconductor with such lpan@l small anisotropy. @) does not
follow the anisotropic scaling observed ipd); instead it shows a large peak centered at H//c indicative
of strong correlated pinning. Consistently, we found that 1 MA/cnf at 4 K and 1 T, about 2 orders of
magnitude higher than in the SgRE0AS; films. A large ©) peak forH||c confirms the presence of
strong correlated disorder.

Ca;,Na,FeAs, single crystals: (Renmin Univ. of China, Beijing). We investigated the effect of doping

on the crystalline structure and superconducting properties for x = 0.5, 0.6, 0.75. The maxim8&4r

K occurs at x~0.75, corresponding to a charge carrier density different than in dopeAsBafRd
SrFeAs,. We determined the vortex phase diagram and pinning regimes of the x = 0.75 and x = 0.5
(Tc~19K) crystals. As in the Co-doped films, in the T-H region studied (up to 15{®)Hcan be
described by a single band anisotropic model, and reman@abl85+0.05 is the same for both crystals,
independently of the Na content. In the~-T33 K crystal we detected a narrow vortex-liquid phase. In
contrast to the Co-doped films, neithep,(B) nor J(®) show evidence of correlated pinning. We
explored the time relaxation of. &nd extracted the flux creep rate S(T,H). Both crystals show
qualitatively similar behavior, with elastic collective creep at low T and H and a crossover to plastic creep
above a boundary(H) that coincides with the upper end of the regigié BI"® originated in pinning by
sparse random nanopatrticles. The glassy expqnéartthe x=0.75 crystal ig ~ 0.7 to 1, a value range
frequently observed in YBEuO; and consistent with collective creep, while for the x=0.5 crystaBB

to 3.3, above the highegtpredicted by collective creep models. Our results point to the need to explore
more examples of vortex matter in systems with intermediate influence of thermal fluctuations.

Co-doped BaFeAs, single crystals: (grown at ISTEC, Japan). We are exploring these crystals as a link
between the GaNa,FeAs;, single crystals and the Co-doped films, with intermedigt®3K and similar
anisotropyy~2 near T. In contrast to the Co-doped films they show no correlated pinning, and as
compared to the GaNaFeAs, single crystals they exhibit different pinning regimes, in particular a
maximum in H) at intermediate fields (“fishtail effect”). The creep rates S(T,H) are similar to the
CaNayFeAs, system, but the crossover from elastic to plastic creep occurs at a temperature
intermediate between the two GhllaFeAs, crystals with T of 19K and 33K. We have irradiated one of

these Co-doped crystals with protons to introduce random point defects, and are currently repeating the
vortex studies. Initial results show an increase,ididappearance of the fishtail, and a decrease in S.

TloseRbosoFe 7556, single crystals: We are studying this new superconductor in collaboration with the
Zhejiang Univ. (China) and the NHMFL-LANL. &T) for H||c increases linearly with decreasing T,
reaching Hy(T=0) ~ 55 T, while a larger &{T=0) with a strong convex curvature is observed foicH

The anisotropy of K decreases with decreasing T. The analysis based on the Werthamer-Helfand-
Hohenberg model shows that,H=0) is orbitally limited for H||c, but the effect of spin paramagnetism
may play a role on the pair breaking foldéd H.,(®) near T is consistent with a single-band model with
y~6, and that @) broadens upon increasing of H, indicating the presence of a vortex liquid.

ReBa,Cu;0; thin films. We studied (H,T) and H; (©) in Yq7/:Gd2sBaCus0Oy with random Bazr@
nanoparticles and in YB@uO, films grown by metal organic deposition. Both films have mixed pinning
landscapes with large REWOs particles (diameter ~80nm) and high density of twin boundaries. In
addition YGdBCO+BZO films have a high density of BZO nanoparticles (diameter ~25nh), &and S
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above T~40K, are greatly affected by the BZO nanoparticles, resulting in a higrerddmproved J
along the ¢ axis and at intermediate ©, while at low T both types of films show similar behavior.

We also investigated a series of (Y,Gd)Ba&O, films with BaMO; (M=Zr, Nb, Sn) additions. The
engineered pinning landscapes consisted mainly of random nanoparticles, and we were able to control
their size (D = 22 to 83 nm) and density< 0.1 to 1310*/m°). J gradually increases with increasing
both for H|lc and H||45. The films with highem show nearly isotropic.Jindicating that spherical
nanoparticles pin vortices over a broad angular range. The nature of the vortex melting transition
systematically changes by changmgin films with largen we observed a Bose-glass like transition at
both H||c and H45, with similar exponents than in YBCO single crystals with correlated disorder.

Bulk palycrystalline MgB.: (Dr. A. Serquis, Bariloche, Argentina) We had previously shown that,MgB
doping of with carbon nanotubes (CNT) resulted in an enhancement of bdtiukl to the reduction of

the electronic mean free path induced by the C that dissolves in the matrix) (doé Jo the pinning
produced by the CNT that retain integrity). We have now explored the flux creep in undoped and CNT-
doped polycrystalline MgB In both cases S(T) is Anderson-Kim like with no evidence of glassy
relaxation, in contrast to pnictides and oxides. Although the CNT doping increaisedsd increases S.

This is consistent with the reduction§rdue to doping. We used the pulsed-field facilities of the NHMFL

to investigate EK(T) in bulk polycrystalline MgB doped simultaneously with C and Ca. These two
elements dope different sites of the Md#ttice, altering the intra- and inter-band scattering in dissimilar
ways. The idea of this study is that these different effects on the electronic mean free path should reflect
in the temperature dependence qf.HWe are currently analyzing these results in the framework of
Gurevich’s model for b in two-band superconductors.

Future plans

We will continue the study of Fe-based superconductors, the materials of most current interest due to
their exciting novel physics, particularly their multi-band character, and the lasg&Ve established
solid collaborations with some of the groups producing the best samples, and we will continue receiving
both thin films and single crystals. One main focus will be the exploration of the angular dependences of
the equilibrium and non-equilibrium states of the vortex matter. We will use the pulsed fields of the
NHMFL-LANL to study Hx(T,0), Hy(T,®), and the dissipative properties of the vortex liquid at very
high fields. We will also continue using transport and magnetization tools to investigate the pinning
properties, the nature of the solid phases, and the flux creep mechanisms. The overall goal will be to
elucidate the complex relations between the multi-band character, the anisotropy, the presence or absence
of vortex liquid phases, and the glassy (elastic) or non-glassy (plastic) dynamics. We have already
irradiated several samples with protons and heavy-ions, and we plan to continue exploring the irradiation
effects on the vortex matter in Fe-based, cuprates, and Blgierconductors. We will focus on using
irradiations to engineer well controlled mixed pinning landscapes (random+correlated) to investigate their
combined and synergetic effects, and to manipulate the crossover between elastic and plastic dynamics.

As an example, we have received a new batch of BalegAs, films, with thicknesses from ~100
nm to ~500 nm. Our first goal is to investigate whether there is a thickness depend&nsearofar to
the case of YBCO films, in order to determine the presence of interface pinning. The second goal is to
explore the source of the correlated pinning along the c-axis. Our initial results suggest that there is no
thickness dependence Jp and that the c-axis peak Ji(©®) remains visible for all thicknesses. We are
also studying the effects of 3MeV proton irradiation on the vortex pinning in these films. We started with
low doses to produce a small defect density and we plan to follow the evolution with dose. We found that
the initial irradiation produces a small reduction inand a small increase i, bnly in limited H-T
ranges. We are also pursuing proton irradiations in theNegFe,As, single crystals. For the 33K
crystal we found that the initial irradiation increasgsignificantly, reducing the exponemtin the J O
H™ regime, and eliminates the field-independgmedime at high H.
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With regards to MgB we will explore flux creep in epitaxial films produced by reactive evaporation
(Brian Moeckly, Superconductor Technologies, Inc.). These films are cleaner than the bulk MgB
samples (they have a much smallgp) Hind also will allow us to investigate angular dependences, in
contrast to polycrystalline samples.

We will expand the use of magnetic force microscopy (MFM) for direct visualization of vortices and
vortex lattices in cuprates, Fe-based, M@Bd borocarbide superconductors. We will apply this tool to
determine the temperature dependence of the penetrationMepthulti-band superconductors, and to
explore magnetic and non-magnetic pinning effects.

Publications
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DOE award # DE-SC0002613
Project Title: “High magnetic fields as a probe to unveil the physical properties of the newly
discovered Fe oxypnictide superconductors and related compounds”
3. Name of the PI: Luis Balicas
4. Name of therecipient (Ingtitution): National High Magnetic Field Laboratory-Florida State
University
5. Project Scope: The goal of this project is to undertake a complete and concerted effort in the
physical characterization of Fe pnictides and related compounds at high magnetic fields, aiming
at:

i) Determining their magnetic field-temperature phase-diagram by exploring their transport and magnetic
properties as a function of field, temperature, and pressure. How much of their phase diagram is occupied
by the vortex-liquid, vortex-lattice and/or vortex-glass phases? Are there additional superconducting
and/or magnetic phases at higher fields?

ii) Clarifying if the boundary between the normal metal and the superconducting phase can be explained
in terms of single band or multi-band superconductivity, or multiple superconducting phases,

iii) Understanding the origin of their extremely high upper critical fields,

iv) Exploring the possibility of observing the de Haas van Alphen effect, in order to study the evolution of
the topography of the Fermi surface(s) as a function of doping/pressure,

V) Characterizing their under-doped regime due to the possible existence of a pseudogap phase as in the
cuprates.

6. (Very...) Recent Progress
1) Disorder-dependent superconducting phase-diagram at high magnetic fields in
Fe . Se,Te .« (in particular for X ~ 0.4)

We compared the high-field phase-diagram for the Fe,.,(Te,Se) series, particularly the diagram for the
optimally doping compound Fe;yTe;.x-0.6S€x04 synthesized by two methods: the first method is based
on a traveling-solvent floating zone growth technique (TSFZ), which leads to crystals of acceptable
crystallinity displaying “non-metallic" resistivity above the superconducting transition, optimal T.s, with
transition widths AT, = 1 to 3 K, see Figs. 1 (a) and (b). We compared their behavior with crystals
resulting from a second growth method based on the Bridgman-Stockbarger (BS) technique which, in our
case leads to crystals of poorer crystallinity (i.e. larger mosaicity), wider transitions and frequently to non-
optimal Ts in as grown crystals, as previously reported by other groups. [1] These last single-crystals
were subjected to an annealing procedure which leads to metallic resistivity, considerably sharper
resistive transitions AT, = 1 K, and to superconducting transitions comparable to those reported in the
literature for high quality BS-grown single crystals as measured by SQUID magnetometry. [2] The
annealed crystals having a clear metallic behavior preceding superconductivity, display considerably
higher upper-critical fields when compared to those showing poor metallicity, particularly for magnetic-
fields applied along the inter-layer direction. This increase leads to a distinct shape of the H., (T), i.e.
from an approximately linear in T behavior as reported in Ref. [3], to the marked concave down curvature
followed by saturation at lower temperatures as seen in Ref. [4]. An analysis of our experimental data
using a multiband theory for H,(T) [5] shows that H,(T) is indeed strongly Pauli limited with a Maki
parameter oy ~ 7-10, and predicts the Farrel-Fulde-Larkin-Ovchnikov (FFLO) state [6], which is
characterized by modulated superconducting gap, below 7K, see Fig. 1 (c¢). A detailed single crystal x-ray
analysis reveals that the annealing process does not affect the crystallinity or the degree of mosaicity of
our single-crystals nor the fraction of interstitial iron. isotropic phase diagram which combined with the
enhancement in Hc,® (T), suggests that the fluctuations in the content of interstitial Fe contributes strongly
to the suppression of superconductivity. Finally, we found, through a scaling analysis of the fluctuation
conductivity in the neighborhood of the superconducting transition, that the superconducting fluctuations
in this system are two-dimensional in character. And this is consistent with our estimation for the inter-

N
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plane coherence length in this system, which in agreement with other groups, indicates that it is smaller or
of the order of the inter-planar distance.

hybrid outsert field hybrid outsert+insert field
\ \ T T T T T T ] Floating 10 H y I T I T I T I
. . —H
3~ zone: e
FeTe, Se,, B (d) —H, ) 1
) m H//ab r o H it (i.e. paramagnetic term)
o Hie 5 -
— (a) FeTe, Se, , @
e o =
— | Annealed : g '_:.__fb 5 J
—, Fe  Te Se ) FeTe, Se, . % o -— /
S, (Brdeman) NP = .
% |—e—H/a A Hie -
T I it - £ i | FeTe, Se,, LiFeAs 7
Fe ,\Te, 5S¢, ; i' jb 5 T=5K
self- ! B ddk
(Se'lf f_lP‘l;X) ab FeTe, . Se, ., T:m =17K
o & H//ab 1 ] 1 1 1 ]
—o—H//
0 I ‘E.‘ I L I I I L | & Hie 0 10 20 30 10
000204060810 000204 06081.0 _H(T) .
f r L) I L) I L) I L]
- Irreversible, LiFeAs
o I ' " e H/ ab-plane 1k diamagnetic eas ;
0 P T=17K
3 - o // c-axis - B .
. Fit 5 “rreversible,
1 (C) z I (e) )aramagnetic B
& = i
= 20t - o}
= L
& 1sf < T
= v 2 —
1.0 | i
T=2K
03 “4F Huearly // c-axis N
0.0 [ ', 1 ‘ 1 ‘ I P
10 15 20 25 30
! H(D)

Fig.1. (a) Comparative superconducting phase-diagram under high magnetic fields where the upper critical
field H., normalized by the superconducting transition temperature T, is plotted as a function of the reduced
temperature t = T/T, for two single crystals: respectively for the Fe.5Sey4Te single crystal in Ref. [3] and for
our annealed Fe; ;;Seg4Teq¢ (nominal stoichiometry) BS single-crystal. (b) Superconducting phase-diagram for
several TSFZ grown single-crystals, where the phase-diagram for our annealed Fe,;;SeysTeyps BS single-
crystal is also included. Open and solid markers depict the phase-boundary between metallic and
superconducting states for fields along the c-axis and along a planar direction, respectively. All points for both
graphs were extracted from the middle point of the resistive transition. (c) Upper critical fields H., as a
function of 1-t where t=T/T, is the reduced temperature. Red lines are fits to a model discussed in Ref. [5] for a
Pauli limited multi-band superconductor which assumes the emergence of a Farrel-Fulde-Larkin-Ovchnikov
state (blue line). (d) Magnetic torque ras a function of magnetic H for a nearly optimally doped LiFeAs single
crystal (T, = 17 K), at temperature of 5 K. Blue and magenta lines depict increasing and decreasing field
sweeps, respectively. Notice, how a clearly large diamagnetic signal (broad peak) is followed by a small loop
(whose beginning is indicated by the red arrow) which is characterized by a paramagnetic or nearly
ferromagnetic response, before the reversible torque region is reached. Red line is a fit to 7 oc H® which
describes the paramagnetic component superimposed into the torque signal. Spikes observed at H = 11.45 T
(paramagnetic irreversible torque region), correspond to the irreversible response associated with distinct field
sweep rates, OH/St = 2 T/min above 11.45 T (resistive insert of the hybrid magnet) and dH/dt = 0.1 T/min
below 11.45 T (superconducting outsert of the hybrid magnet). (e) 7 as a function of field in a limited scale,
showing the different irreversible/hysteretic regimes in the vicinity of the upper critical field at a temperature T
=2K.
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i) Paramagnetic Meissner response in the vicinity of H, in LiFeAs

The authors of Ref. [7] claim that the SC phase-diagram of LiFeAs can be well described within a
theory for H., based on the multiband s~ pairing scenario within the clean limit, [8] assuming the
existence of a FFLO like state for HLc below 5 K. Stimulated by this preliminary report, we proceeded
to perform high field torque measurements in LiFeAs single crystals in provenance of the group of C. W.
Chu from the University of Houston. Since torque is proportional to magnetization which is a
thermodynamic function of state, our goal was to obtain a thermodynamic confirmation, i.e. evidence for
a phase transition within the superconducting state in the vicinity of the upper critical field which would
indicate the presence of an additional phase-transition.

Figure 1 (d) and (e) show the magnetic torque as a function of the magnetic field (up to 45 T and

30 T, respectively) for a LiFeAs single-crystal close to optimal doping. For fields below 10 T one sees a
typical hysteretic diamagnetic response, due to the pinning of vortices by either defects or geometrical
barriers intrinsic to the crystal (collective pinning), which is characterized by a sharp peak whose
amplitude and position in field depends on temperature. Remarkably, as the field further increased beyond
10 T, the sign of the irreversibility changes forcing the magnetic torque to display the same value for both
increasing and decreasing field sweeps at a given field value (indicated by the red arrow). This crossing
can only be consistent with an irreversible response which is paramagnetic or nearly ferromagnetic in
nature, as if one was dealing with “antivortices”. In the literature one can indeed find reports of a
“paramagnetic Meissner” response, for instance in the cuprates [9]. But in contrast to our results, it is
usually observed only at extremely low magnetic fields, and is ascribed to the interplay between
frustration among grains in granular samples and the d-wave symmetry of the superconducing gap [10].
In our case, this effect seems to disappear as the sample is rotated towards the ab-plane, which discards
any role that one could associate with magnetic impurities, and indicates that this effect is intrinsically
related to the superconducting phase diagram for fields along the inter-planar direction. Curiously, in the
only compound for which the FFLO state is claimed to have been observed, i.e. CeColns, this state is
claimed to coexist with a magnetic state presumably induced by the external field within the vortex cores
associated with the complex vortex lattice structure associated with it [11]. Our results are suggestive of a
similar scenario, although at this point we have to complete the phase diagram in Fig. 4, and check its
reproducibility in several crystals and devices and techniques.
References
[1] Y. Mizuguchi and Y. Takano, J. Phys. Soc. Jpn. 79, 102001 (2010).
[2] B. C. Sales et al., Phys. Rev. B 79, 094521 (2009).
[3] M. Fang et al., Phys. Rev. B 81, 020509(R) (2010).
[4] S. Khim, et al.,Phys. Rev. B 81, 184511 (2010).
[5] A. Gurevich, et al., Phys. Rev. B 82, 184504 (2010).
[6] P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964); A. L. Larkin and Yu. N. Ovchinnikov, Sov. Phys. JETP
20, 762 (1965).
[7] K. Cho et al., Phys. Rev. B 83, 060502(R) (2011).
[8] A. Gurevich, Phys. Rev. B 82, 184504 (2010).
[9] E. L. Papadopoulou, et al., Phys. Rev. Lett. 82, 173 (1999).
[10] M. Siegrist and T. M. Rice, Rev. Mod. Phys. 67, 503 (1995).
[11] M. Kenzelmann et al., Science 321, 1652 (2008)

7. Futureplans

Most of our attention in next year will be focused on three fronts:

i.  Understanding the origin of the paramagnetic like Meissner response in LiFeAs for fields
close to the upper critical field. Does this correspond to a particular vortex state, or is this
evidence for a phase transition within the superconducting state involving the
superconducting order-parameter?

j. Further refinement of the synthesis protocol of the FeSe,Te,y series, with the goal of
improving its crystallinity, reducing the amount of interstitial iron and the inhomogeneity of
its distribution. The shape of the high field superconducting phase diagram seen by us and by
other groups, shows a mild upturn at lower temperatures which can only be understood in
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10.

11.

terms of the presence of an additional superconduting phase akin to the so-called FFLO state
characterized by a modulated superconducting gap. The synthesis of clean, high quality
samples, currently one of our goals, is crucial to clarify this issue through thermodynamic
measurements.

k. Synthesis and physical properties of 122 Fe chalcogenide systems. These compounds seem to
be radically different from the other Fe pnictide superconductors, where the magnetic
moment of Fe is claimed to be very large. Also, for particular combinations of alkaline and
iron concentrations, this system seems to undergo a phase transition towards an insulating
state as in the cuprates. We want to study this interplay, and in particular clarify if or how the
magnetism of Fe ions affects their superconducting phase diagram measured at high fields.

1. Search for further thermodynamic evidence for additional field-induced superconducting
phases within the superconducting phase diagram of the Fe pnictide/chalcogenide
compounds.

m. Continue our efforts to detect the de Haas van Alphen effect in these materials.

A list of publicationsresulting from DOE sponsored resear ch that have been published in

2008-2011 (2009-2011 in our case):

Anisotropic phase diagram of the frustrated spin dimer compound BagMn,Og, E. C. Samulon, K.

A. Al-Hassanieh, Y.-J. Jo, M. C. Shapiro, L. Balicas, C. D. Batista, and 1. R. Fisher, Phys. Rev. B

81, 104421 (2010).

Possible Bose-Einstein condensate of magnons in single-crystalline Pb,V;0g, B. S. Conner, H. D.

Zhou, Y. J. Jo, L. Balicas, C. R. Wiebe, J. P. Carlo, Y. J. Uemura, A. A. Aczel,T. J. Williams, and

G. M. Luke, Phys. Rev. B 81, 132401 (2010).

Atomic layers of hybridized boron nitride and graphene domains, L. Ci , L. Song , C. H. Jin, D.

Jariwala, D. X. Wu, Y. J. Li, A. Srivastava, Z. F.Wang , K. Storr, L. Balicas, F. Liu, P. M.

Ajayan, Nat. Mater. 9, 430 (2010).

Disorder-dependent superconducting phase-diagram at high magnetic Fermi surface evolution

through a heavy-fermion superconductor-to-antiferromagnet transition: de Haas-van Alphen

effect in Cd-subgtituted CeColns, C. Capan, Y.-J. Jo, L. Balicas, R. G. Goodrich, J. F. DiTusa, 1.

Vekhter, T. P. Murphy, A. D. Bianchi, L. D. Pham, J. Y. Cho, J. Y. Chan, D. P. Young, and Z.

Fisk, Phys. Rev. B 82, 035112 (2010).

Short range ordering in the modified honeycomb lattice compound S Ho,O,, S. Ghosh, H. D.

Zhou, L. Balicas, J. S. Gardner, S. Hill, Y. Qiu, and C. R. Wiebe, J. Phys.-Condens. Mat. 23,

164203 (2011)..
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Hidden Order, M. M. Altarawneh, N. Harrison, S. E. Sebastian, L. Balicas, P. H. Tobash, J. D.

Thompson, F. Ronning, and E. D. Bauer, Phys. Rev. Lett. 106, 146403 (2011).

Spoin Liquid Sate in the S=1/2 Triangular Lattice BasCuSh,Oq, H. D. Zhou, E. S. Choi, G. Li, L.

Balicas, C. R. Wiebe, Y. Qiu, J. R. D. Copley, and J. S. Gardner, Phys. Rev. Lett. 106, 147204

(2011).

Anisotropic Hysteretic Hall Effect and Magnetic Control of Chiral Domains in the Chiral Spin

Sates of Pr,lr,0;, L. Balicas, S. Nakatsuji, Y. Machida, and S. Onoda, Phys. Rev. Lett. 106,

217204 (2011).

Multi-band superconductivity in LaFeAsOqoFq 1 single crystals probed by high field vortex torque

magnetometry, G. Li, G. Grissonanche, A. Gurevich, N. D. Zhigadlo, S. Katrych, Z. Bukowski, J.

Karpinski, and L. Balicas, Phys. Rev. B 83, 214505 (2011).

Rearrangement of the antiferromagnetic ordering at high magnetic fields in SmFeAsO and

SmFeAsOgoFo1 single crystals, S. Weyeneth, P. J. W. Moll, R. Puzniak, K. Ninios, F. F.

Balakirev, R. D. McDonald, H. B. Chan, N. D. Zhigadlo, S. Katrych, Z. Bukowski, J. Karpinski,

H. Keller, B. Batlogg, and L. Balicas, Phys. Rev. B 83, 134503 (2011).

Floating zone crystal growth and structural distortion of Pb,V30,, B.S. Conner, H.D. Zhou, L.

Balicas, C.R. Wiebe, J. Whalen, T. Siegrist, J. Cryst. Growth 321, 120 (2011).
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Project Title: “Novel Temperature Limited Tunneling Spectroscopy of
Quantum Hall Systems”

Principal Investigator: Raymond Ashoori (ashoori@mit.edu)
Institution: Massachusetts Institute of Technology

Project Scope:

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

Recent Progress:

We have made considerable progress since receiving our original grant in
August of 2008, both in developing and improving our spectroscopic technique
and in understanding the physics of low-dimensional electronic systems. In 2010,
we published (with sole DOE support) a paper in Nature that describes striking
and detailed features that appear in the spectrum of the quantum Hall system
only at low temperatures (~100 mK) and at high magnetic fields. We have also
observed a quasiparticle (a “plasmaron) whose existence had first been predicted
over 40 years ago. We have also developed a means to extract the dispersion
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relation of quasiparticles within an electronic system and extract features such as
changes to the mass of electrons that occur as a result of electron-electron
interactions .
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Figure 1 | High magnetic field TDCS spectra show ‘sash’ features: bright and dark diagonal
lines across the spectrum. The horizontal axis in each spectrum is the electron density in
the quantum well, expressed as a filling factor v with v=1 corresponding to completely
filling the lowest spin-polarized Landau level. The vertical axis is energy E measured from
the Fermi energy Er, with E>0 corresponding to injecting electrons into empty states in the
quantum well and E<0 corresponding to ejecting electrons from filled states. Bright
regions correspond to high single-particle density-of-states. a, Spectrum taken at a
temperature of 100mK with a 4T perpendicular magnetic field. Features associated with
the “v=1 sash” are highlighted with a blue arrow, while another sash about v=3 is indicated
with a dashed blue arrow. b, 13.5 T data, taken at 80 mK. The v=1 sash is similarly
indicated with blue arrows, while the “v=% sash” that, when extrapolated, passes through
the Fermi energy at v=% is indicated with green. Sharp downward steps in the spectrum
corresponding to chemical potential jumps at filling fractions corresponding to fractional
quantum Hall plateaus are indicated with yellow arrows. The contrast for positive and
negative energies has been adjusted separately in this spectrum. In c-f, selected regions of
the spectrum in b are magnified and their contrast enhanced to ease identification of the
features, indicated with arrows that match the colors in b.

Observation of Novel “Sash” Features: Application of a large magnetic
perpendicular to a 2DES field produces massively degenerate Landau levels;
within a Landau level the kinetic energy of the electrons is suppressed, and
electron—electron interactions set the only energy scale. Coulomb interactions
break the degeneracy of the Landau levels and can cause the electrons to order
into complex ground states. We observed, in the high energy single particle
spectrum of this system, salient and unexpected structure that extends across a
wide range of Landau level filling fractions. The structure appears only when the
two-dimensional electron system is cooled to very low temperatures, indicating
that it arises from delicate ground state correlations.
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As seen in Fig. 1, above, our TDCS results on a high mobility sample at low
temperatures display a number of prominent “sash” features (see caption for an
explanation of the meaning of these spectra; also see introductory section of this
proposal for how these spectra are obtained). The bright (dark) regions in plots
are regions of high (low) single-particle density of states (SPDOS). The plots
display the SPDOS as a function of electron injection (E>0) or ejection (E<O)
energy relative to the Fermi energy (E=0 on the plots) as exchange-split Landau
levels are filled with electrons (horizontal axis). The dark regions about the Fermi
energy in each of the plots arise from a magnetic field-induced Coulomb gap that
exists in two dimensions. In a simple picture, this gap develops because the
magnetic field inhibits electrons already in the 2D system from moving away from
the tunneling electron. The sash features appear as bright and dark lines cutting
through the Landau level spectrum that appear to intersect with the Fermi energy
at electron densities corresponding to filling fractions of v=1, v='2, and v=3.

Amazingly, we find that the observed sashes disappear when the sample
temperature is increased to a value far below the temperature equivalent of the
energy at which the sash is seen. For instance, in Figure 1b, there are sash
features occurring at 7 meV, or about 70 Kelvin, which disappear when the
sample temperature is raised to 1 Kelvin. This behavior suggests that the high
energy spectrum probes correlations in the ground state of the system. Hence,
the high energy single-particle spectrum can be seen as a kind of microscope for
electronic correlations.

Publications 2008-2011 resulting from DOE sponsorship:

O.E. Dial, R.C. Ashoori, L.N. Pfeiffer, K.W. West, “Anomalous structure in the single
particle spectrum of the fractional quantum Hall effect”, Nature 464, pp. 566 — 570
(2010)

Lu Li, C. Richter, J. Mannhart, R. C. Ashoori, Coexistence of Magnetic Order and Two-
dimensional Superconductivity at LaAlO3/SrTiO3 Interfaces (provisionally accepted for
publication in Nature Physics)

O.E. Dial, R.C. Ashoori, L.N. Pfeiffer, K.W. West, “Observations of Plasmarons in a
System of Massive Electrons” submitted for publication

Future Plans

Spectroscopy of the semiconductor 2DES at lower temperatures and
with higher mobilities, Improvements to Experimental Apparatus and to
Samples: The results shown above, as well as our prior work, were all performed
at temperatures around 100 mK. As the resolution of our spectra is limited by the
sample temperature, lower temperatures would allow us to obtain significantly
more detailed structure. To improve signal to noise in the experiment, we are
adding a second stage of amplification to the probe (amplifier at the 1K pot). To
achieve low heating of the mixing chamber, we run our low temperature amplifier

75



(in the mixing chamber) at very low power (~5 mW) and a gain of less than unity
(gain of about 2/3). This means that the noise in the system is dominated by our
room temperature 50W amplifier. By having a second stage amplifier (with a gain
of about 10) at the 1K pot, we may be able to dramatically reduce the noise in the
experiment. This will mean that we will be able to take significantly higher
resolution data in the same amount of time as it now takes us for lower
resolutions.

Composite Fermions: Composite
fermion theory beautifully captures most ™
of the features of the fractional quantum
Hall effect by describing the 2D system
as comprised of weakly interaction °§
‘composite fermions”. Essentially,
electrons in this model bind even integer _
numbers of magnetic flux quanta (two §°
flux quanta per electron for the simplest
case) to themselves. One then treats the
value of magnetic field for which there
are two flux quanta per electron within
the system (equivalent to filling factor
v=l2) as zero magnetic field for the
composite fermions. Figure 2 shows
possible identification of structures in
our spectra that originate from
composite fermions. In higher mobility

0 13 2I/3 10 13 2/3 1
Filling factor,v Filling factor,v

Figure 2: The 13.5T TDCS spectrum without (a)

and with (b) the calculated composite fermion

Landau fan superimposed allows identification

samples and at lower temperatures, we
may be able to see more features in the
fan and to determine if we are indeed
observing features originating from
composite fermions.

Stripe and bubble phases: Spatial
ordering of electrons into “stripe” and
“bubble” features is thought to exist

of the two v="2 sash features (green line sloping
down with left and right y-intercepts of +5 and
-5 meV) a Landau level of the composite
fermion fan closest to the Fermi surface. Lines
suggested by the fan but not observed have been
included to show alignment with chemical
potential jumps (vertical glitches in data at v="3
and v=% associated with known fractional
quantum Hall states.

natively in the 2DEG around higher

Landau level filling factors (n>4) and signatures of them may have appeared in
transport properties of the 2D electron system at very low temperatures. They are
thought to arise from a competition between long range Coulomb repulsion of
electrons and short range exchange attraction (as well as the screening
properties of the 2DEG for high Landau level filling). To date, the main
experimental evidence for such structures comes from transport experiments
revealing anisotropy in the sample conductance and evidence for pinning of a
crystal in microwave conductivity studies. As we move to lower temperatures and
higher mobilities, we will perform TDCS measurements in the hope of detecting
signatures of this spatial ordering.
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Microwave spectroscopy of electron solids:
fractional quantum Hall effect and controlled disorder

Principal Investigator: Lloyd W. Engel, NHMFL/FSU, engel@magnet.fsu.edu

Project Scope

This project involves spectroscopic studies of solids of carriers in two-dimensional electron
systems (2DES), in GaAs/Al,Ga;_,As heterostructures. These solids, stabilized by mutual
repulsion of carriers, are pinned by residual disorder, and exhibit a striking resonance in their
rf or microwave spectra. This resonance is the motivation for studying these systems with
microwave spectroscopy.Understood as a pinning mode, in which pieces of the solids oscillate
within the potential of the disorder, the resonance is of interest both as the signature of a
solid, and as a tool for the study of these solids. Fig. 1 explains the measurement technique,
and shows an example of a resonance.

The electron solids are ubiquitous in low-disorder 2DES, in that they can be observed in
many different ranges of Landau level filling, v. The best known solid range is at the high
magnetic field (B), low v termination of the fractional quantum Hall series. In high quality
n-type samples there is solid for v both above and below the 1/5 fractional quantum Hall
effect (FQHE), with a “reentrant” range of solid [1], located between the 2/9 and 1/5 FQHE.
In higher Landau levels, there are other electron solid phases [2] which exhibit pinning modes:
the “bubble” phases [3], lattices with multiple carrier guiding centers at each site, and the
anisotropic “stripe” phases [4]. Within the v ranges of quantum Hall plateaus, but not
exactly at the quantizing “center” filling, v., quasiparticles or holes have low partial Landau
level filling 7 = v — v,, and exhibit pinning modes [5] that behave as expected for a pinned
Wigner solid of quasiparticles or quasiholes on top of one or more filled Landau levels.

Recent Progress

Evidence for Wigner crystals of 1/3 fractional quantum Hall quasiparticles
We have studied microwave conductivity spectra in the immediate vicinity of Landau level
filling v = 1/3, with comparison to spectra taken near ¥ = 1 in the same sample. The results
are interpreted as due to Wigner crystallization of dilute fractionally charged quasiparticles.
Fig. 2 shows the development of the resonance within the 1/3 FQHE.

Skyrmion solid near v = 1. In this work, skyrmion effects in the IQHWS around
v = 1 effects are elucidated by systematic study of the dependence of the pinning mode on
in-plane field, B, which at fixed v reduces the skyrmion spin. B) has essentially no effect
on the pinning mode for v just below 2, at which a Wigner crystal is composed of single
Landau quasiholes. In contrast, By increases the pinning frequency of the solid near v =1
just under conditions for which the skyrmion sizes are predicted [6] to be significant. We
find B) increases the pinning mode frequency only for small enough skyrmion density. This
shows that spin size of skyrmions is affected by their mutual proximity [6], an illustration of
the intertwined nature of charge and spin in this state.
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Figure 1: a. Schematic of measurement of a transmission line. The coplanar waveguide
(CPW) transmission line is drawn to scale, as fabricated on the top of a sample. The highly
conductive metal film that forms the CPW is shown as black. The metal side planes are
grounded. b. Pinning mode of electron solid terminating the FQHE at high B. Density, n,
is varied by means of a backgate.
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Quasi 3-D Wigner crystals: In-plane magnetic field effect on Wigner crystal-
lization in wide quantum wells. Large in-plane magnetic field B) can be thought of
as confining an electron to a magnetic length I = (fi/eB)"/?. When [z is significantly
less than the well width W, the carriers have some freedom the z-direction (growth direc-
tion) to alternate z from site to site, to minimize interelectron repulsion, forming a quasi-3D
crystal [7]. Taking insulating behavior to indicate the presence of a pinned Wigner solid,
references [7, 8] reported that applying By shifted v, the filling factor below which Wigner
crystallization occurs, upward.

We have extensively studied the effect of B on Wigner crystal formation as evidenced
by the presence of the pinning mode. Bj has more effect for larger carrier density, n. The
quasi 3D states are expected to occur for this condition, since when the carriers are spaced
far apart, it is less advantageous for them to avoid each other in the z direction.
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Future Plans

Wigner solids of fractional quantum Hall quasiparticles

A natural extension of our recent results [9] on the resonance for v just above and below 1/3,
would be to look for resonances within other FQH states. One of these is the spin transition
[10] in the 2/3 FQHE, another is the 1/5 FQHE, for which the low v and reentrant [1] electron
solids are close by in filling. One possibility is to compare data on the different FQH states,
to see the effects of different electron or composite fermion [11] (CF) Landau level. The
Landau level affects the wave function of a carrier of the solid, and hence the coupling of the
carrier to disorder and the resonance frequency. It may be possible (although challenging)
to examine some of the delicate N = 1 Landau level states, which are of particular current
interest.

Searching for resonances in other FQHE states than 1/3 should be a matter of optimizing
measuring techniques to more easily maintain the sensitivity needed to resolve the resonance
signals, (which are comparatively small for FQH quasiparticle solids), while achieving bet-
ter sample states. We have found that sample state can often be improved by using a
transmission line with wider slots (see Fig. 1a): this may be due to reduced strain effects
on the sample. Wider slots also can produce lower temperatures by reducing the effect of
noise coming down the microwave coaxial cable to generate heat (mainly as resistive loss
in the transmission line). Especially with wide slots, which reduce the sensitivity of the
measurement, reduction of drift of the instrumentation is of great importance in looking at
the small signals from the FQHWS pinning modes. Simply placing the room temperature
instrumentation in a temperature-controlled (adequately cooled) box should greatly improve
the spectra.

Samples with controlled disorder

These studies are intended to increase understanding of the pinning mode, while exploring
the interplay of interaction and disorder in 2DES in high magnetic field. We will study the
resonances of a series of samples in which the 2DES resides in Al,Ga;_,As, rather than
pure GaAs. The random [12], point like disorder from the Al atoms is ideal for modeling in
the context of weak pinning theory [13-15], and we propose to examine the x dependence
of the resonance peak frequency, fpr, with the aim of obtaining quantitive information on
correlation lengths of solid order and shear moduli in the electron solids. At the same time
we can investigate newly-reported reentrant phases [16] in these materials, and study the
competition, strongly affected by disorder, between the FQH liquids and the electron solids.

The problem of understanding disorder is complicated by the several different kinds of
disorder present in heterostructures in the low temperature limit: accidental impurities dis-
tributed throughout the material, interface roughness, and the potential of remote ionized
dopants. As part of the study of samples of varying disorder we plan to measure pin-
ning modes in heterostructure isolated field effect transistors (HIGFETS)[17], which have no
deliberate dopants, and are populated by application of bias voltage to a nearby gate. Mea-
surements of these devices at microwave frequency will require us to develop new techniques.
Besides offering a different disorder environment, the devices have readily tunable density,
and maintain good quality at lower densities than doped devices, potentially giving access to
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conditions in which electron solids may be present for kinetic energy not completely frozen
out by high magnetic field.
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Emergent Phenomena in Quantum Hall Systems Far From Equilibrium

Michael Zudov
School of Physics and Astronomy, University of Minnesota - Twin Cities, Minneapolis, MN 55455, USA
E-mail: zudov@physics.umn.edu Web: http://groups.physics.umn.edu/zudovlab/

Project Scope

The project expands upon a rapidly growing area of nonequilibrium transport phenomena
recently discovered in very high Landau levels of two-dimensional electron systems (2DES)
where Shubnikov-de Haas oscillations (SdHO) are not yet resolved. Among these phenomena
are microwave-(MIRO) [1], phonon-[2], Hall field-[3] induced resistance oscillations, and
several classes of combined oscillations [4]. Experimentally, all these effects often extend into
the regime of separated Landau levels where other striking phenomena, such as microwave-
induced zero-resistance states [5] and dc field-induced zero-differential resistance states [6]
emerge. At the same time, the majority of theoretical proposals have been focusing on the regime
of overlapping Landau levels and, as a result, their direct applicability to experiments remains
limited. One of the objectives of the project is to understand how these and other emergent
nonequilibrium transport phenomena evolve in the regime of separated Landau levels in a high-
mobility 2DES and eventually explore their relevance in the quantum Hall effect regime.

Recent Progress
Giant microwave photoresistivity in high-mobility quantum Hall systems. We have recently

observed a remarkably strong microwave photoresistivity effect in a high-mobility 2DES subject
to a modest magnetic field and low

temperature [7,8]. In contrast to MIRO U I R I 0 AI 90 (~]Ig
i JHZ

which are observed at all cyclotron 190 GHz
resonance harmonics and are known to L

decay away with increasing microwave
frequency, this peak appears only near
the second harmonic of the cyclotron
resonance and only above a certain
frequency fo ( > 100 GHz, in our 2DES).
Furthermore, this so-called X, peak [see
Fig. 1 (a)] can be surprisingly strong,
exceeding both MIRO and the dark
resistivity by more than one and two
orders of magnitude, respectively [8].
We have found that the peak appears in
the regime linear in microwave intensity
and quickly decays with increasing 0 1 2
temperature. Appearing only in the B [kG]

separated Landau level regime, the peak . L ) _
Fig. 1: (a) Magnetoresistivities measured without and with

cannot be explained by existing theories - ovec of £ = 190 GHz. (b) Differential resistivity under
and its origin remains unclear. microwaves of f=90 GHz at currents from | = 0 to 40 zA.
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Nonlinear response of microwave photoresistance in a high mobility 2DES near the
second harmonic of the cyclotron resonance. We have performed nonlinear transport studies of
microwave photoresistance in a high-mobility 2DES over a wide range of microwave
frequencies (up to 190 GHz) and dc currents (up to 100 #A) [9]. Remarkably, at a microwave
frequency f = 90 GHz, which is lower than the critical frequency fo necessary for the observation
of the X, peak at zero dc field, the peak shows up in nonlinear differential resistivity under
modest dc fields, which apparently help to separate it from MIRO [Fig. 1 (b)]. Once developed,
the X, peak persists over a wide range of dc currents and eventually evolves into a minimum (not
shown). Most importantly, the position of the X; peak is largely insensitive to the applied dc field
over the whole range of dc fields studied. This behavior is in contrast to the evolution of MIRO
that shift to higher magnetic fields [4] in accordance with the “displacement” model [10]. Taken
together, these findings give further evidence that the nature of the X, peak is different from that
of MIRO and provide timely and important constraints for theoretical considerations.

Microwave Photoresistance in a 2D Electron Gas with Discrete Spectrum. In order to
further investigate the regime of separated Landau levels, we have studied the evolution of linear
response microwave photoresistance with the microwave frequency f, from 50 to 200 GHz [11].
In the overlapping Landau level regime, theory predicts that microwave photoresistivity
oscillates as dp,, ~ —Sin(2zaw/ ), where @ = 2f, a is the cyclotron frequency. In this limit, the
spacing between any cyclotron resonance harmonic and the closest maximum, called the phase
¢n =N — v/, 1S close to 1/4 regardless of the microwave frequency. However, when the
microwave frequency becomes sufficiently high, MIRO extend into the separated Landau level
regime and the above expression is no longer valid. Here, the theory predicts that the phase ¢,
will be reduced reflecting the ratio of the : ,
Landau level width T to the cyclotron 4 1 ; ' T
energy, ¢n ~ I/ This result implies : i 76 GHz|
that for a given (not-too low) w, o,
should increase with the oscillation order
n (until it saturates at 1/4). At the same
time one expects that, for a given n, ¢,
will decrease with @, while the number
of peaks showing the reduced phase will
increase. As a result, a comprehensive
frequency dependence study is expected
to yield information on how the Landau
level width I" evolves with the magnetic

—_—

op,, [
(=]

GHz

op,, [
— O = I

5, : 2 : : -
field. = | : : : 150 GHz|
Surprisingly, our recent experiments = : W 5
[1_1] revealed_very unusual bghavior. &0 : 7 | _
First, we confirmed that for a given o, -1~ : : : -
the phase ¢, is decreasing with T
0 1 2 3 4 5

decreasing n~ 1/B, in agreement with wlit.

previous St.UdleS [12]. At t.he same t'”_‘e’ Fig. 2: Microwave photoresistivity dp,, Vs a/aat f = 76 GHz (a),
our analysis of the evolution of g with 105 GHz (b), and 150 GHz (c).
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® ~ o ~ B, does not show any noticeable decrease, as prescribed by ¢, ~ I'/a. Instead, we find
that for all n, ¢, remains roughly the same over the whole range of @ studied. We thus conclude
that ¢, depends strongly on the oscillation order n, but not on the magnetic field. This finding
clearly shows that the routinely observed reduced phase [11, 12] cannot be explained by the
transition to the separated Landau level regime presenting a serious challenge for existing
theories. Finally, this study revealed that the phase of the novel X, peak near the second
harmonic of the cyclotron resonance [7-9] is also independent on B. Its value, however, is found
to be significantly smaller (but not zero as proposed in [7]) than the MIRO phase (see Fig. 2 (b)
where the X, peak appears on top of the second MIRO maximum).

Future Plans

It has been known for a long time that the amplitude of Shubnikov - de Haas Oscillations
decreases when a high enough direct current is passed through the 2DES. The obvious candidate
for such nonlinearity is the increase of the electron temperature which is caused by Joule heating.
This scenario was investigated and confirmed in various 2DES [13], ranging from Si-inversion
layers [14] to graphene [15]. On the other hand, many other studies [16] interpret dc field-
induced suppression of the SAHO solely in terms of the so-called inelastic mechanism [17,18].
This mechanism originates from non-equilibrium distribution of electron states caused by
electric field and was originally proposed to explain experiments on microwave photoresistance
[1]. In addition to heating and inelastic mechanisms, there also exist the displacement
mechanism [10,18] which stems from electric field-induced modification of impurity scattering
rates and was successfully used to explain HIRO [3] as well as many other nonlinear phenomena
[4]. Unfortunately Refs. 15 did not elaborate why (and if) heating and displacement mechanisms
can be ignored in their experiments. In the near future we plan to systematically investigate the
role of dc electric field on Shubnikov — de Haas oscillations (and in the regime preceding SdHO)
in order to single out partial roles of heating, displacement, and inelastic contributions.
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Project Scope:

We explore in this project quantum electronic and optical properties in MBE/CVD grown and/or
lithographically patterned nanoelectronic structures. The proposed research address the issues of what
novel types of quantum collective behaviors can emerge from nanostructures and how well this behavior
can be controlled and manipulated. The Quantum Transport in Structured Semiconductors Thrust
addresses quantum transport properties in low-dimensional semiconductor systems. We search and
examine novel phenomena arising due to strong electron-electron interactions and the interplay between
disorder and electron-electron interaction. The focus of the Growth and Properties of III-Nitride and III-V
Nanowires Thrust is to synthesize high quality IlI-nitride and III-V heterostructure nanowires that may
exhibit unexpected and exciting quantum electronic properties. Ultrafast time-resolved optical
measurements are also utilized to examine carrier dynamics in these nanostructures.

Recent Progress:

Impact of disorder on the 5/2 non-Abelian quantum Hall state: The electron-electron (e-¢) interaction
plays an important role in two-dimensional electron systems (2DESs) and is known to induce novel
quantum ground states, e.g., the many-body quantum Hall effect states. In addition to e-e interactions,
disorder has a similarly important impact on the quantum states in 2DESs, and the interplay between
disorder and e-e interactions remains a major line of

° P research. Here, we present our recent results on how the

— = Rel.[18] nature of disorder affects the 5/2 energy gap and, thus, the
2 °f - foso || | stability of this state. The 5/2 fractional quantum Hall

;}: . = 5 P E;} | effect (FQHE) state has been at the center of current

5 " - © Ref. [24] quantum Hall research due to the possibility of it being
3 o f\\a ° el non-Abelian and, thus, having potential applications in

< 2 . . Saa b A 4 A 7| fault-tolerant topological quantum computation. There is

(b) an urgent need to understand the impact of disorder on this

00 5 10 15 FQHE state, since a larger energy gap at 5/2 would

1/ (x [10° cm®Vs)™] exponentially reduce error rates and make the envisioned

Fig. 1: Normalized 5/2 energy gap as a quantum computation more robust. In this study, we
function of 1/ (u is electron mobility) for a| compare the activation energy gap data obtained in two
HIGFET sample and modulation-doped | types of samples: symmetrically doped modulation
quantum-well samples. The two lines are| quantum-well samples and undoped heterojunction
guides to the eye. insulated gate field-effect transistors (HIGFETSs).In
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modulation-doped quantum-well samples, where long-range Coulombic disorder dominates, the energy
gap (shown as the squares and dots in Fig.1) drops quickly with decreasing mobility (or increasing
disorder). On the other hand, in HIGFET samples, where the short-range neutral disorder dominates, the
5/2 energy gap (the triangles in Fig. 1) shows only a weak mobility dependence. Our results clearly
demonstrate that the two types of disorder play very different roles in affecting the stability of the 5/2

state.

Re-entrant Negative Coulomb Drag in a 1D Quantum Circuit: Coulomb drag measurements were
carried out between tunable vertically-coupled quantum wires. The wires are fabricated in a
GaAs/AlGaAs double quantum well heterostructure with a 15 nm barrier separating the quantum wells.
This design allows an independent control over the subband occupancy in each independently contacted

LPL (V)

Fig. 2: Drag resistance (gray circles, left-axis)
and conductance in the lower (open black
circles, right-axis) and upper (filled black
circles, right-axis) wires as a function of LPL
voltage for fixed UPL = -0.23V. The vertical
grey dotted lines delimit the high-density re-
entrant negative Coulomb drag regime.

Spatial Distribution of Defect Luminescence on GaN Nanowires. The
spatial distribution of defect and band-edge luminescence of GaN
nanowires was studied using spatially-resolved cathodoluminescence
(CL) imaging and spectroscopy (Ref. 30). Using this high resolution
technique, defect-related yellow luminescence was revealed to be
primarily surface-related (Fig. 3), possibly due to the diffusion of mobile
point defects during growth. Mitigation of these surface defects will be
key to controlling the nanowire electronic properties via interface

engineering. Fig. 3: CL image showing
defect related yellow
Carrier Dynamics in 111-Nitride Nanowires: Optical pump-probe | luminescence at the GaN

experiments were carried out on Ill-nitride nanowire ensembles,
revealing that carrier relaxation through the defect states responsible for

quantum wire, a first in a device with such a small
interwire separation. The Coulomb drag signal is mapped
out versus the number of subbands occupied in each wire,
and regions of both positive and negative drag are
observed. A single Coulomb drag trace taken from such a
mapping is shown in figure 2 (gray circles, left-axis),
along with the conductance in the lower wire (open black
circles, right-axis) and in the upper wire (filled black
circles, right-axis). Negative Coulomb drag signals are
measured in two regimes: one at low electronic density
when the drag wire is close to or beyond depletion and one
at a higher electronic density when the drag wire has one
or more single 1D subbands occupied. This re-entrant
high density negative drag signal is delimited by the
vertical dotted gray lines in figure 2. This is the first
observation of a negative one-dimensional Coulomb drag
signal in wires with a 1D subband occupancy greater than,
or equal to one. We proposed the re-entrant negative drag
signal in terms of localization, electron-hole asymmetry
and band structure.

nanowire surface, and band-
edge emission at the core.

yellow luminescence increased with the nanowire growth temperature. Experiments also revealed that
AlGaN and AIN shell layers of GaN nanowires passivate the surface defects. Recently, we have
performed the first ultrafast optical experiments on single Ill-nitride nanowires, allowing us to uncover
new physics that was obscured in experiments on nanowire ensembles.
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Future Plans:

Soin polarization of the fractional quantum Hall states in the first excited Landau level: Surprisingly,
very little data are available for the spin polarization of the fractional quantum Hall (FQH) states in this
Landau level. On the other hand, answers to this question will help us to better understand the nature of
these FQH states, in particular the 5/2 and 12/5 states, which are believed to be of non-Abelian and have
potential applications in fault-tolerant topological quantum computation. We plan to systematically study
the spin polarization utilizing the tilted magnetic field technique in ultra-high mobility two-dimensional
electron systems. In particular, we will examine whether the transition from a FQH state to an anisotropic
state at 5/2 is a first order quantum phase transition, predicted by a theoretical model. Possible spin
transition under tilt magnetic fields will also be examines for the 12/5 state, a possible candidate of the
more exotic parafermionic FQH state.

Double Quantum Wires: With the goal of studying 1D correlation physics we will use the new samples to
measure 1D-2D tunneling, 1D-1D tunneling for a single subband and Coulomb drag between 1D wires.
These transport measurements will probe the density of states and interwire electron-electron scattering
due to Coulomb interactions. These effects should depend on the nature of the 1D ground state, and
provide a useful tool to access Luttinger liquid effects. In addition to these dc transport techniques, we
have developed a high frequency (~GHz) reflectometry technique for quantum computing measurements.
While this is primarily for the detection of single electron events in quantum dots, we will try to make
conductance measurements of single long quantum wires on the time scale of 100 nanosec to 1 microsec.
The combination of double wire experiments and fast transport measurements has significant potential for
new studies of quantum wires.

Spin Physicsin 2D Holes: Building on recent successes in growth of high-mobility two-dimensional hole
systems (2DHS) via C doping of (100) oriented GaAs/AlGaAs heterostructures, we propose to develop
2DHS at Sandia for experiments investigating the spin degree of freedom in nanostructures. After
successful development of 2DHS, we propose to perform experiments investigating hole spins in bulk 2D
systems. For example, measurements of the spin-orbit coupling can be made via magnetotransport.
Another goal would be to experimentally determine the coupling between hole and nuclear spins in the
host semiconductor using nuclear magnetic resonance (NMR) techniques, such as resistively-detected
NMR, to verify the magnitude and form of the coupling predicted by theory.

Growth and Electronic Properties of Nanowires: We will focus on growth and characterization of core-
shell nanowires, primarily Al(Ga)N/GaN and patterned InGaAs/GaAs nanowires, in order to continue our
study of interface manipulation and engineering of nanowires, and the resulting effects on their electrical
and optical properties. These core-shell nanowires will allow us to examine the novel structure and
physics of 1D and 2D electron and hole gases that may be formed at the heterointerfaces in free-standing
semiconductor nanowires, as predicted by our recent theoretical work (Ref 34). We will also fabricate
and study the properties of Al(Ga)N/GaN nanowire heterostructures using a recently-developed top-down
nanowire fabrication technique, which may yield nanowires with fewer point defects. Obtaining better
understanding of and control over these phenomena could enable the development of ultrafast and
ultraefficient nanowire-based electronic and photonic devices.

Ultrafast Dynamics in Nanowires: We will use terahertz (THz) time-domain spectroscopy (THz-TDS) to
measure the conductivity of core-shell nanowires in a non-contact manner, which will enable us to study
IDEG/2DEG formation in these systems. Optical-pump terahertz-probe measurements will enable us to
temporally resolve conductivity dynamics in these nanomaterials after ultrafast photoexcitation.
Additionally, we will continue our pump-probe experiments on individual nitride nanowires. Our initial
focus will be to optimize the spatial resolution of this technique, which should enable us to image carrier
dynamics in individual nanowires with sub-100 fs temporal and sub-micron spatial resolution. Performing

87



such measurements will enable us to directly image, for example, the effects of radial heterostructuring on
charge transport in a single GaN core/AlGaN shell nanowire, with direct impact on the use of these
nanowires in nanoscale transistor and waveguide applications.

Selected Publications (2008-2011):

1.

2.

W

27.
28.

29.
30.
31.
32.

33.
34.

W. Pan, S. K. Lyo, J. L. Reno, J. A. Simmons, D. Li, and S. R. J. Brueck, Applied Physics Letters 92,
052104 (2008).

W. Pan, J. S. Xia, H. L. Stormer, D. C. Tsui, C. Vicente, E. D. Adams, N. S. Sullivan, L. N. Pfeiffer,
K. W. Baldwin, and K. W. West, Physical Review B 77, 075307 (2008).

D. Huang, S. K. Lyo, K. J. Thomas, and M. Pepper, Phys. Rev. B 77, 085320 (2008).

D.R. Luhman, W. Pan, D. C. Tsui, L. N. Pfeiffer, K. W. Baldwin, K. W. West, Physical Review
Letters 101, 266804 (2008).

S. K. Lyo, Phys. Rev. B 77, 195306 (2008).

T.M. Lu, L. Sun, D. C. Tsui, S. Lyon, W. Pan, M. Miihlberger, F. Schiffler, J. Liu, Y. H. Xie,
Physical Review B 78, 233309 (2008).

E. Bielejec, J. L. Reno, S. K. Lyo and M. P. Lilly, Solid State Communications 147, 79 (2008).

E. H. Hwang and S. Das Sarma, Phys. Rev. B 78, 075430 (2008)

C. P. Morath, J. A. Seamons, J. L. Reno and M. P. Lilly, Phys. Rev. B 78, 115318 (2008).

. Q.Li, G. T. Wang, J. Cryst. Growth, 310, 3706 (2008).

. Q. Li, G. T. Wang, Appl. Phys. Lett., 93, 043119 (2008).

. I. Arslan, A. A. Talin, G. T. Wang, J. of Phys. Chem. C 112, 11093 (2008).

. P. C. Upadhya, Q. Li, G. T. Wang, A. J. Fischer, A. J. Taylor, R. P. Prasankumar, Semiconductor

Science and Technology, 2008.

. A. A. Talin, G. T. Wang, E. Lai, R. J. Anderson, Appl. Phys. Lett., 92, 093105 (2008).

. S. K. Lyo, Phys. Rev. B 79, 125328 (2009).

. D. Huang, S. K. Lyo, and G. Gumbs, Phys. Rev. B 79, 155308 (2009).

. W. Li, C. L. Vicente, J. S. Xia, W. Pan, D. C. Tsui, L. N. Pfeiffer, K. W. West, Phys. Rev. Lett. 102,

216801 (2009).

. J. A. Seamons, C. P. Morath, J. L. Reno and M. P. Lilly, Phys. Rev. Lett. 102, 026804 (2009).
. S. K. Lyo, Phys. Rev. B 79, 125328 (2009).

. C. P. Morath, J. A. Seamons, J. L. Reno and M. P. Lilly, Phys. Rev. B 79, 041305 (2009).

. G. T. Wang, Q. Li, A. A. Talin, A. Armstrong, Y. Lin, J. Huang, ECS Trans. 19, 55 (2009).

. R. P. Prasankumar, P. C. Upadhya, A. J. Taylor, Phys. Stat. Solidi B 246, 1973 (2009).

. Y. Lin, Q. Li, A. Armstrong, G. T. Wang, Solid State Commun., 149, 1608 (2009).

. G. Stan, C. V. Ciobanu, T. P. Thayer, G. T. Wang, J. R. Creighton, K. P. Purushotham, L. A.

Bendersky, R. F. Cook, Nanotechnology 20, (2009). (Cover Article)

. Q.Li, Y. Lin, J. R. Creighton, J. J. Figiel, G. T. Wang, Adv. Mater. 21, 2416 (2009). (Cover Article)
. W. Li, J.S. Xia, C. Vicente, N.S. Sullivan, W. Pan, D.C. Tsui, L.N. Pfeiffer, K.W. West, Phys. Rev.

B 81, 033305 (2010).

S.K. Lyo, Phys. Rev. B 81, 115303 (2010).

D. Laroche, S. Das Sarma, G. Gervais, M.P. Lilly, and J.L. Reno, Appl. Phys. Lett. 96, 162112
(2010).

P.C. Upadhya, Q.M. Li, G.T. Wang, A.J. Fisher, A.J. Taylor, R.P. Prasankumar, Semi. Sci. Tech. 25,
024017 (2010).

Q.M. Li and G.T. Wang, Nano Lett. 10, 1554 (2010).

W. Pan, J.L. Reno, D. Li, and S.R.J. Brueck, Phys. Rev. Lett. 106, 156806 (2011).

W. Pan, N. Matuhara, N.S. Sullivan, K.W. Baldwn, K.W. West, L.N. Pfeiffer, and D.C. Tsui, Phys.
Rev. Lett. 106, 206806 (2011).

T.M. Lu, W. Pan, D.C. Tsui, P.C. Liu, Z. Zhang, and Y.H. Xie, accepted to Phys. Rev. Lett.

B.M. Wong, F. Leonard, Q. Li, G.T. Wang, Nano Lett, dx.doi.org/10.1021/n1200981 (2011)

88



Experimental Condensed Matter Physics Principal Investigators Meeting
Abstract

Project Title: Cold Exciton Gases in Semiconductor Heterostructures
Principal Investigator: Leonid Butov

Institution: University of California, San Diego

e-mail address: Ivbutov@physics.ucsd.edu

webpage: http://physics.ucsd.edu/~lvbutov

Project Scope

An indirect exciton is a bosonic quasi-particle formed by an electron and a hole confined in separated
quantum well layers. Due to their properties, indirect excitons form a model system both for the studies of
basic properties of cold bosons and for the development of optoelectronic devices: (i) Indirect excitons
have long lifetimes and can cool down to temperatures well below the temperature of quantum
degeneracy. This gives an opportunity to realize cold excitons gases. (ii) Indirect excitons have built-in
dipole moments and their energy can be controlled by voltage. This gives an opportunity to create a
variety of potential landscapes for indirect excitons and use them as a tool for studying the physics of
excitons. (iii) Indirect excitons have long spin relaxation times. This allows studying exciton spin
transport and other spin-related phenomena. (iv) Indirect excitons can travel over large distances. This
gives an opportunity to measure exciton transport by imaging spectroscopy. Within this project, we study
excitons in lattices and moving lattices — conveyers, spin-related phenomena in cold exciton gases and
coherent phenomena in cold exciton gases.

Recent Progress (since the start of the project in August 2010)

Electrostatic conveyer for excitons

We realized controlled transport of indirect excitons via moving lattices — conveyers created by a set of ac
voltages applied to the electrodes on the sample surface. The wavelength of this moving lattice is set by
the electrode periodicity, the amplitude is controlled by the applied voltage, and the velocity is controlled
by the ac frequency. The excitonic conveyer realizes controlled transport of excitons as charged coupled
devices (CCD) realize controlled transport of electrons. We found the dynamical localization-
delocalization transition for excitons in the conveyers and determined its dependence on exciton density
and conveyer amplitude and velocity [1, t5].

l— conveyer off conveyer on

Fig. 1. Exciton conveyer. Exciton emission images for
conveyer off and on. Exciton transport via conveyer is
presented by the extension of the exciton cloud along the
direction of the moving potential [1, t5].

Spin texture in a cold exciton gas
We observed spin textures in a cold exciton gas in a GaAs/AlGaAs coupled quantum well structure. Spin
textures spontaneously form around the exciton rings, which serve as sources of cold excitons. The
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observed phenomena include a vortex of linear polarization and extended coherence of excitons in the
polarization vortex, a skew of the exciton fluxes in orthogonal circular polarizations and a corresponding
four-leaf pattern of circular polarization, a ring of linear polarization, and a periodic spin texture. These
phenomena emerge below a few Kelvin. The data indicate a ballistic exciton transport regime where the
spin polarization is locked to the direction of particle propagation and scattering is suppressed [2, t1-t4].
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Fig. 2. An example of the observed exciton spin textures. (a) Polarization image showing exciton spin texture
with x- and y-polarized excitons (yellow and blue). A ring of linear polarization and a vortex of linear polarization with
polarization perpendicular to the radial direction are presented. (b) Visibility of interference between the emission of
excitons, which are laterally separated by &;. Extended coherence of excitons is observed in the polarization vortex.
Insert shows the temperature dependence [2, t1-t4].

Pattern of spontaneous coherence and phase singularities in a cold exciton gas

We observed pattern of spontaneous coherence and phase singularities in a cold exciton gas in a
GaAs/AlGaAs coupled quantum well structure. Extended spontaneous coherence of excitons is observed
in the region of the polarization vortices and in the region of the macroscopically ordered exciton state.
The coherence length in these regions is much larger than in a classical gas, indicating a coherent exciton
state with a much narrower than classical exciton distribution in momentum space, characteristic of a
condensate. The observed phase singularities include phase domains and fork-like dislocations in the
interference pattern. Extended spontaneous coherence, spin texture, and phase singularities are spatially
correlated and emerge when the exciton gas is cooled below a few Kelvin [t1-t4].

Fig. 3. An example of the observed phase singularities. Fork-like dislocation in
interference pattern characteristic of a phase singularity [t1-t4].

Excitons in 2D lattices

We developed a method to create 2D electrostatic lattices for excitons and realized square, triangular, and
honeycomb lattices. Cold atoms in lattices have been intensively used for the exploration of condensed-
matter physics. For excitons in electrostatic lattices, parameters of both the lattice, e.g., the lattice
amplitude, and the particles, e.g., the exciton density, can be accurately controlled as for cold atoms in
lattices. Parameters of excitons differ from the atomic ones by orders of magnitude. Therefore, studies of
excitons in controllable lattices can give new insights into this field [t6].
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Fig. 4. An example of 2D lattices for excitons. (a) Schematic of electrode pattern, (b) SEM image of electrodes,
and (c) exciton potential landscape for a square lattice. A color bar presents the exciton energy variation [t6].

Future Plans

The planned activities for the near future follow the proposal and the results of the first months of the
research.

For the first part of the project — excitons in lattices — we plan to continue the study of excitons in 2D
lattices. In particular, we plan to study exciton transport and localization-delocalization transition for
excitons in 2D lattices.

For the second part of the project — exciton conveyers — we plan to develop exciton conveyers in circular
geometry, i.e. stirring potentials, which can be used for generation and control of exciton vortices.

For the part of the project — spin related phenomena in cold exciton gases and coherent phenomena in
cold exciton gases — we plan to study the observed spin textures, pattern of spontaneous coherence, and
phase singularities in a cold exciton gas.

A list of publications and presentations at conferences and schools resulting from DOE sponsored
research since the start of the project in August 2010

1. A.G. Winbow, J.R. Leonard, M. Remeika, Y.Y. Kuznetsova, A.A. High, A.T. Hammack, L.V. Butov,
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Project Title: Measurement of Single Electronic Charging of Semiconductor Nano-Crystals
PI: Marc A. Kastner, mkastner@mit.edu
Institution: Massachusetts Institute of Technology

Project Scope

The long-range goal is to use charge sensing to measure the motion of single electrons as they hop among
the semiconductor nano-crystals in a two-dimensional array. Such nano-crystals have been identified as
potentially useful for solar cells, because their optical absorption can be tuned, by varying their size,
across the solar spectrum. In principle, a mixture of different sizes could be therefore used to improve
solar cell efficiency beyond the Shockley-Queisser limit. While the optical properties of individual nano-
crystals are well controlled and understood, the transport of electrons and holes through an array of such
nano-crystals is not. Single-electron tunneling between quantum dots in GaAs heterostructures, in which
the confinement is induced by nanometer-size electrodes, has been measured using narrow transistors as
charge sensors. The technique allows the measurement of tunneling rates, and gives detailed information
about what limits charge transport. We have fabricated nanometer-size charge sensors integrated with
nanometer-size samples of nano-crystal arrays. Future work will be aimed at measuring the single-
electron tunneling events as well as identifying possible collective motion of electrons.

Recent Progress

When we began this project there were two major technical obstacles that we had to overcome. The first
was to integrate a nanometer-size transistor with a different material, in which the motion of electrons is
to be measured. The second was to fabricate uniform nano-crystal films on the nanometer length scale.
We have now overcome both of these hurdles.

(Mm v ‘ (b) Figure 1. (a) Electron Micrograph of MOSFET gate and a-
- , Gate Si:H sample. (b) Sketch of the cross-section of the device
.‘ along the dashed red line in (a). A positive voltage on the gate
znﬂ: .‘-"a-SI:H creates an inversion layer in the p-type Si.

We and others had great success in using narrow transistors (also called quantum point contacts) in
GaAs/AlGaAs heterostructures as the charge sensors for observation of single-electron tunneling between
quantum dots in the same heterostructure. However, no one had ever used a narrow transistor to measure
charge motion in a nearby different material. Our first publications have announced that we have done
this. We used electron-beam lithography to create narrow MOSFETs, ~100 nm wide, and to fabricate a
similarly narrow strip of semiconductor, in the first case amorphous Si:H, nearby. An electron
micrograph and sketch of the cross-section of the device are given in Figure 1. Applying a step voltage to
the a-Si:H results in a transient change in conductance of the MOSFET because of the motion of charge in
the a-Si:H, and this can be used to measure the resistance of the a-Si:H. The MOSFET is an electrometer
integrated with the sample of interest, and because its input capacitance is very small, extremely large
resistances can be measured. We can measure resistances four orders of magnitude larger using this
technique than by measuring current in the same sample. Furthermore, the technique can be used even
when the contacts are much more resistive than the sample, as we have recently demonstrated.

Figure 2(a) shows the transient observed in the conductance of the MOSFET when the step voltage is
applied to the a-Si:H. This is converted to a conductance, and is measured as a function of temperature
(Fig. 2b). The open circles are the data that can be measured with conventional methods. One can
measure resistances as large as ~10"* Q with the charge sensing method.
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Creating uniform films of nano-crystals has been a challenge that we have only recently met. In general,
the large oleic acid cap molecules needed to produce nano-crystals that are very uniform in size, makes
the tunneling of electrons between nano-crystals extremely slow, and thence the conductance extremely
small. This has been overcome either by cap exchange with smaller molecules or annealing to degrade
the cap molecules. However, these treatments generally lead to films that are cracked. We have found
that exchanging the oleic acid capping ligand for n-butylamine while the nano-crystals are still in solution
results in deposited films that are uniform and much more highly conducting. Furthermore, we are able to
pattern these films using electron beam lithography and liftoff.

(k)

3 Figure 3. Examples of nano-crystal films patterned
l!_l 4 with electron-beam lithography. (a) Electron
,'- ] micrograph of triangles showing feature size as small
e as ~40 nm. (b) Photoluminescence from a patterned

B
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i 9 film, and (c) electron micrograph of the same pattern.
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Figure 3 shows examples of nano-crystal films patterned on the nanometer length scale. One can see that
features as small as ~40 nm can be created using e-beam lithography and liftoff. The photoluminescence
shows that the non-radiative recombination rate for nano-crystals in the patterned films is not radically
increased.

Future Plans

Our plan is to now integrate the charge sensor with a narrow strip of nano-crystals nearby to search for
single-electron tunneling and other charge fluctuations. The narrow MOSFETSs generate their own single-
electron signals, because of tunneling of electrons between the inversion layer and traps, probably in the
oxide adjacent to it. For this reason, we are fabricating devices with two MOSFETS, one on each side of
the nano-crystal film. We have shown that tunneling events inside one MOFET are not detected by the
second, but we expect that both MOSFETSs will be sensitive to charge motion in the nano-crystal films.
An electron micrograph of the dual-MOSFET structure is shown in Figure 4.

Single-electron tunneling will be detected if electrons tunnel over large enough distances. For lateral
quantum dots in GaAs, such detection is effective if the tunneling distance is ~300nm. Our measurements
of the temperature dependence of the current-voltage characteristic on large area films have led us to
conclude that the transport is limited by nearest-neighbor tunneling, in which case the tunneling distance
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Figure 4. Electron micrograph of a double-
MOSFET device. The nano-crystal film will be
patterned between the two transistors and
contacts will be made to it with gold electrodes
outside the field of view.

would be too short to be observed by the MOSFETs. However, the large area and the cracking,
mentioned above, may be influencing the results. We will first use our charge sensing to measure the
current-voltage characteristic as a function of temperature on the crack-free, small area samples. We will
then study the time dependence of the MOSFET conductance, looking for correlated transients in the two
MOSFETS.

In addition to single-electron tunneling events, we may observe collective motion of electrons resulting
from the long-range Coulomb interaction. It has been predicted that when the two-dimensional density of
electrons or holes is commensurate with the density of nano-crystals, the Coulomb interaction will lead to
a charge-density wave that is pinned. Because of disorder, it is much more difficult to observe such
commensurability effects in large-area samples. However, in a small sample the correlation length of the
hexagonal close-packed order of the nano-crystals can be comparable to the sample size, making the
correlations more easily observable. It has been predicted that these correlations should result in large
variations of the activation energy of the conductance as a function of gate voltage. We will search for
this by using the Si substrate as a gate to add charge carriers to the nano-crystal film. In addition, the
formation of a charge density wave may give rise to narrow-band noise if the pinning can be overcome
with field. This would be observable with our charge sensors.

Publications
“Measuring charge transport in a thin solid film using charge sensing,” K. MacLean, T. S. Mentzel and

M. A. Kastner, Nano Letters 10, 1037 (2010)

“The effect of electrostatic screening on a nanometer scale electrometer,” K. MacLean, T. S. Mentzel and
M. A. Kastner, Nano Letters 11, 30 (2011)
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""Colloidal Quantum Dot Films, Transport and Magnetotransport”
Philippe Guyot-Sionnest, The University of Chicago.
BES ECMP PI meeting, August 9-12 2011

Project Scope

Research in colloidal quantum dots (CQD) is increasingly applied towards applied electrooptical
devices, including LEDs, PV and photodetection. Our DOE work is on the basic electrical
properties of films of CQD. We study monodispersed dots. We investigate the effect of carrier
density, temperature and matrix. CQD solids allow to test the models of conduction in
disordered systems, in particular variable range hopping. The small density of state allows to
observe effects of magnetic field on the conductance, such as spin-blockade and wave-function
squeezing, and we are searching for magnetic polarons. The CQD solids also exhibit large 1/f
conductance noise that is not quantitatively understood.

Recent progress

A. Magnetic polarons in magnetic impurity doped quantum dots. The RKKY model predicts
that in a quantum dot, the coupling between magnetic impurities is strongly affected by unpaired
electrons.’ This allows for voltage-controlled magnetic materials. There are reports of such
effect in epitaxial materials. > * * ® Recently Gamelin et al showed that photoexcitation of one
exciton in CdSe:Mn colloidal dots lead to a magnetic polaron.® Over the past several years we
investigated Mn?* doping in various colloidal quantum dots, CdSe, CdS, ZnSe, and core/shells,
and developed the ability to charge the dots with controlled average number of electrons.
However we have not yet observed the expected changes in magnetic properties. At present
there are no synthesis of monodispersed Mn?* doped colloidal dots in which electrons or holes
can be injected, and therefore this experiment may still be mostly a synthetic challenge.
Systems that are currently being explored are HgTe:Mn, ZnTe:Mn/HgTe and ZnTe:Mn/CdTe
core/shell systems. The development of these systems is in progress and the search for voltage
tunable magnetic CQD solids is on-going.

B. Conduction in films of quantum dots. We finished a detailed study of the dc conductance of
CdSe colloidal dot films. The model of variable range hopping conductivity predicts a crossover
between Mott and Efros-Shklovskii as a function of temperature and density of states. This was
observed using monodispersed CdSe colloidal quantum dot 3D solids where the density of states
at the Fermi level is varied by electrochemistry ’ . The temperature dependence of the
conductivity shows the 1/4 Mott exponent at low density, while the 1/2 Efros-Shklovskii
exponent appears at high densities. That study gives us confidence that prior litterature on
disordered semiconductors is directly applicable to the conductivity in CQD solids

Recently, we developped HgTe colloidal dots. HgTe is a semi-metal with a zero energy gap.
However small nanocrystals have a gap between the I'g valence and conduction bands. Figure 1a
show an absorption spectrum of the HgTe colloidal dots with an edge at 3 microns. Films of
HgTe CQDs readily exhibit conductivity due to thermally excited carriers, and it is also strongly
modulated by the electrochemical potential as shown in figure 1b. The 10°-fold increase in
conductance occurs concurrently with the reversible current for reduction (negative side) and
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oxidation (positive side). Overall, this new system responds extremely well to electrochemical
doping, with stable, reversible and repeatable charging both for n and p-side.
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Fig 1a: room-temperature absorption spectra Fig 1b: Cyclic voltammetry (black) and
of HgTe NCs in TCE solution (black) and on Pt conductance (blue) of the HgTe NC film at
coated electrodes after crosslinking with 210K
hexanedithiol. The 3000cm™ peak is due to
hvdrocarbons.

C. Magnetoresistance in colloidal guantum dot arrays as a function of charging and composition.
We study the magnetoresistance in pure CdSe or CdSe/CdS quantum dot films, where the MR is
attributed to spin-blockade. Positive MR of 35% was obtained in films of CdSe/CdS dots, at
high bias, low charging level and with mixed sizes.® The explanation is that spin-blockade is
most effective when the coupling between electrons of separate dots is weakest. Spin blockade
should be more effective in one-dimensional channels and at lower bias. We investigate samples
in Anodized Aluminum Oxide (AAO) with pores adjustable between 20 and 60 nm diameter as
shown in Fig. 2a. The results are rather similar to prior results with interdigitated electrodes
except for a more robust MR at higher temperature (fig.2c) and for lower biases of a few volts
(fig.2b).
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Figure 2: a) SEM image of the pores at the AAO surface. b) MR at 4V (red curve) and 5 V (blue curve)
through a film of ~ 400nm thick AAO filled with CdSe dots and capped with a porous Au layer. c)
Temperature dependence of the MR response. A guide to the eye fit uses a Lorentzian with 30K half-
width.

Future plans
The investigation of magnetic doped colloidal dots is on-going, and the study of the electrical
properties of HgTe quantum dot films is on-going as well. The study of spin-blockade in AAO
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channels is nearly finished. Our studies of electrical conductivity in colloidal dot films brought
about the issue of conductance noise in these systems. The 1/f noise is very large, orders of
magnitude larger than in a homogeneous conductor of similar gap and average carrier density.
We therefore have started looking into noise in the transport of colloidal dot solids. Figure 3
shows preliminary results for HgTe.

P (Hz")
=)
AP (HZ")

f (Hz) / (Hz)

Fig 3: 1/f noise power spectrum density normalized by the DC current at different biases (left) and
potentials (right) for HgTe colloidal dots. Left: at one fixed potential, -0.4V corresponding to about 2
electrons/dot, the normalized spectral density of the noise decreases under increasing bias. Right: at a
fixed bias (2V), the sample is charged to different levels, from the intrinsic regime with ~ 107
electron/hole per dot to ~ 1 electron/dot and the normalized spectral density of the noise decreases by
about 3 orders of magnitude.  All lines are linear fits and the slopes vary from 1 to 1.2

Noise has been investigated in granular conductors,” ** * with predictions'? of 1/f noise in the

hopping regime. There is however no quantitative modeling of the magnitude of the noise and
its physical origin remains uncertain. In our observations, the noise is reduced with increased
bias, lower temperature, and higher charge density.  Noise sources may come from single
quantum dots as well as the assembly. At the single dot level, PL blinking already exhibits a 1/f
power law while a film of dots has a granular structure with many possible constricted paths.

We will therefore compare different realization of colloidal dots solids, metals (Au) and
semiconductor (CdSe and HgTe). With their tunable properties including their surfaces, size and
monodispersivity, packing, and electron occupation, they are promising systems to investigate
noise.
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Spectroscopy of Degenerate One-Dimensional Electrons in
Carbon Nanotubes

Junichiro Kono

Department of Electrical and Computer Engineering and Department of Physics and Astronomy,
Rice University,
Mail Stop 366, PO Box 1892, 6100 Main St., Houston, Texas 77251-1892, U.S.A.
Telephone: 713-348-2209, E-mail: konoQrice.edu

1 Project Scope

We are studying the fundamental properties of degenerate one-dimensional (1-D) electrons in single-walled
carbon nanotubes (SWNTSs) using dynamical methods to probe and understand electronic correlations
and many-body phenomena. SWNTs are an ideal 1-D system for studying novel quantum effects in
nanostructures. There have been transport and optical studies on SWNTs by a number of groups during
the past decade, revealing some characteristic features of 1-D systems. However, most of the predicted
exotic properties of interacting 1-D electrons have yet to be observed, and some of the reported experimental
evidence remains controversial. Here, using spectroscopic methods from terahertz (THz) to optical ranges,
we aim to achieve a fundamental understanding of correlations and many-body effects in this
prototypical 1-D nanostructure. These studies can provide a wealth of new insight into the nature of strongly
correlated carriers in the ultimate 1-D limit and lead to novel nanodevice concepts and implementations.

2 Recent Progress

During the last year, we have made significant progress in three aspects of 1-D dynamic phenomena in
SWNTs, which are summarized below:

2.1 Large Magnetic Susceptibility Anisotropy of Metallic SWNTs

Unusual magnetic properties have been predicted for SWNTs due to the combined effects of the Aharonov-
Bohm effect and the large diamagnetic susceptibility of the graphene lattice. Their orbital magnetic suscep-
tibility x is expected to be 2 orders of magnitude larger than their spin magnetic susceptibility, and the value
of x is predicted to be strongly dependent on the strength of the applied magnetic field, B, and the Fermi en-
ergy. Furthermore, the sign of x can be either positive (paramagnetic) or negative (diamagnetic), depending
on the nanotube chirality as well as the magnetic field orientation. See Fig. 1(left). Here, through magnetic
linear dichroism spectroscopy, we have successfully extracted the anisotropy of x of metallic SWNTs for
the first time and found it to be 2-4 times greater than values for semiconducting nanotubes. This large
anisotropy can be understood in terms of large orbital paramagnetism of metallic nanotubes arising from the
Aharonov-Bohm-phase-induced gap opening in a parallel magnetic field, and our calculations quantitatively
reproduced these results. We also compared our values with previous work for semiconducting nanotubes,
which confirm that the anisotropy of x does not increase linearly with the diameter for small-diameter
nanotubes.

Figure 1(Right)(a) shows polarization-dependent optical absorption spectra at 0 and 35 T. None of the
spectra are intentionally offset, indicating an increase (decrease) in absorbance for light polarized parallel
(perpendicular) to the field. This is a direct result of magnetic alignment, together with the fact that
only the light-field component parallel to the tube axis is strongly absorbed in SWNTs. Namely, at 35 T
there is a finite degree of alignment in the magnetic field direction within the nanotube ensemble, resulting
in stronger (weaker) absorption for light polarized parallel (perpendicular) to the field. From the theory
of linear dichroism for an ensemble of anisotropic molecules, the following quantity can be shown to be
constant, independent of the degree of alignment:

_ AH +2A,

AO 3 )

(1)
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Figure 1: (Left) Calculated magnetic susceptibility anisotropy of single-walled carbon nanotubes. The
susceptibility yx is expressed in units of x* = (2my/a)(ma®/¢o)?a=2? = 1.46 x 10~* emu/mol, where v =
6.46 eV-A, a = 2.5 A, and ¢9 = ch/e is the magnetic flux quantum. The (6,6) nanotube (metallic) is
paramagnetic along the tube axis and diamagnetic in the perpendicular direction (x| > 0 > x.1 ), whereas
the (6,5) nanotube (semiconducting) is diamagnetic in all directions but most strongly diamagnetic in the
perpendicular direction (x1 < x| < 0). In both cases, Ax = x| — xL > 0, leading to alignment in an
external magnetic field B. (Right) (a) Absorption spectra (solid black) for 0 T and 35 T with all peaks
assigned to specific chiralities. No trace is intentionally offset, indicating greater (smaller) absorption for
parallel (perpendicular) polarization. The unpolarized isotropic absorbance (dashed red), calculated from
the 35 T spectra via Eq. (1), agrees well with the 0 T data. (b) Reduced linear dichroism versus energy from
data taken at 35 T. The largest peak is from metallic nanotubes (6,6) and (7,4).

where A (AL) is the absorption for light polarized parallel (perpendicular) to the orientation axis, i.e., the
magnetic field direction. We calculated Ag at 35 T using Eq. (1) and plotted it in Fig. 1(Right)(a) as a
red dashed line. The agreement between the calculated Ay and the zero-field absorption spectrum confirms
that Ag is independent of alignment (or B), because at 0 T A = A, = Ay. We further confirmed that at
any fields between 0 and 35 T the increase in A} and decrease in A are such that A is preserved through
Eq. (1). Since linear dichroism, LD = A — A, directly depends on the absorbance, LD alone cannot be
used for comparing different spectral features. To adjust for differences in relative absorbances due to the
fact that our sample is enriched for (6,5), the LD was divided by Ag, yielding the reduced linear dichroism,
LD"™ = LD/Ay, which is plotted in Fig. 1(Right)(b) for 35 T. It is immediately evident from this plot that
the spectral region where metallic peaks [(6,6) and (7,4)] exist has much larger LD" than the region where
the most prominent semiconducting peaks [(6,5) and (6,4)] exist. This is evidence that the (6,6) and (7,4)
tubes are aligning more strongly than the (6,5) and (6,4) tubes.

2.2 Resonant Raman Spectroscopy of Armchair Carbon Nanotubes:
Absence of “Metallic” Signature

Recently, much progress has been made in understanding electron-phonon interactions and their consequences
in Raman scattering spectra in “metallic” SWNTs, in which the chiral indices (n,m) satisfy v = (n —
m) mod 3 = 0, as opposed to semiconducting SWNTSs, for which v = +1. Note that, while armchair
(n = m) nanotubes are metallic (gapless), non-armchair (or n # m) v = 0 tubes have small curvature-induced
bandgaps, i.e., they are in fact narrow-gap semiconductors. Of particular interest is the so-called G-band,
a Raman-active optical phonon feature originating from the in-plane C-C stretching mode of sp?-hybridized
carbon. In SWNTs, the G-band is split in two, the GT and G~ peaks, due to the curvature-induced
inequality of the two bond-displacement directions. For v = 0 tubes, the higher-frequency mode (G™)
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is a narrow Lorentzian peak, while the lower-frequency mode (G™) is extremely broad. Earlier theoretical
studies described this broad feature as a Breit-Wigner-Fano lineshape due to the coupling of phonons with an
electronic continuum or low-frequency plasmons, but there is now accumulating consensus that the broad G~
peak is a softened and broadened longitudinal optical (LO) phonon feature, a hallmark of Kohn anomalies.
Through either scenario, this broad G~ feature has conventionally been known to be a “metallic” feature,
indicating the presence of metallic tubes.

Here, we have performed detailed wavelength-dependent Raman scattering measurements on a macro-
scopic ensemble of SWNTs enriched in armchair (or n = m) nanotubes produced via density gradient
ultracentrifugation. Our G-band spectra clearly show that the broad G~ mode is absent for armchair struc-
tures and only occurs for non-armchair (or n # m) “metallic” nanotubes. Namely, the conventional method
for identifying metallic nanotubes by observing a broad G~ peak does not apply to the only truly metallic
species, i.e., armchair nanotubes. This supports an earlier conclusion based on a small number of single-tube
measurements and negates some claims that armchair nanotubes also show a broad G~ feature. Further-
more, this result firmly establishes a general correlation between G-band lineshape and nanotube structure
due to the sampling of a statistically significant number (~ 10'°) of nanotubes.

:'_'_'_'_|_'_'_'_'—|—'_'_'_'_| m
410,10)
Family 30
(11(3@ E| sser = 1.89 €V (655 nm)
€ 610 = '
£ = (9.9
< S o) Family 27
(@) g 118 E{ sser =2.03 €V (610 nm)
c o) :
% ‘c:j 2 8) N 7
= 3
o S Family 24
= £ ©6)  Eyper = 2.25 €V (552 nm)
S ! (7.7)
o Family 21
o Eyyser = 2.48 €V (500 nm)
n 570 0 DRSS g
150 20(_) 25911 450 1500 55_0 1 6(101 1650 150 250 ' 1450 1500 1550 1600 1650
Raman Shift (cm™) Raman Shift (cm™) Raman Shift (cm™)

Figure 2: (Left) Raman intensity for armchair-enriched SWNT's as a function of Raman shift and excitation
wavelength for Family (2n+m) = 27. (a) RBM region where RBMs due to the (9,9) and (10,7) are observed.
(b) Corresponding G-band region where only the G* peak is observed when resonating with the (9,9) and
the appearance of the broad G~ coincides with the maximum of the (10,7) RBM. (Right) Selected resonant
Raman spectra at 655 nm, 610 nm, 552 nm, and 500 nm, where resonance occurs with (10,10), (9,9), (8,8),
and (7,7), respectively. In each case, the G-band reflects contribution mainly from the G* peak only.

In Fig. 2(Left)(a), we see only two RBMs, from (9,9) and (10,7), reflecting enrichment toward armchair-
like species. The corresponding G-band [Fig. 2(Left)(b)] shows only a single GT peak centered at ~1590 cm !
at the longest excitation wavelengths (~610 nm) coinciding primarily with resonance of the (9,9) RBM. As
the wavelength is decreased, a broad G~ peak appears in addition to the G* peak. This broad G~ peak,
centered at ~1550 cm™!, reaches a maximum in intensity at ~587 nm, which coincides with the RBM
resonance maximum of the (10,7). The simultaneous appearance of the G~ peak with the Raman resonance
maximum of the (10,7) and its absence with pure resonance with the (9,9) point out a clear correlation
between (n,m) chirality and G-band lineshape. Namely, the broad G~ peak appears only in the presence of
non-armchair ¥ = 0 nanotube species, and (n,n) armchair species consist of only one single, narrow peak.
Figure 2(Right) shows selected Raman spectra of the (7,7), (8,8), (9,9), and (10,10) armchair families taken
at 500, 552, 610, and 655 nm excitations, respectively. These wavelengths are close to the general resonance
maxima for each respective family. Data taken across a diameter range of 0.96-1.38 nm shown here clearly
demonstrates that the appearance and dominance of a single G feature is a general result and indicator for
the predominance of armchair species in a SWNT sample.
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3 Future Plans

e To produce water-free and surfactant films of metallic nanotubes for DC transport, THz conductivity,
electron spin resonance, and optical pump-probe measurements.

e To conduct THz conductivity measurements on metallic-enriched films to provide insight into the origin
of the ~4 THz peak observed by many groups on various types of SWNTs.

e To fabricate device structures based on armchair SWNTs for i) investigating the possibility of Peierls
instability in small-diameter armchair tubes and ii) resistively detecting electron spin resonance on a
single-tube level.
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Symmetries, interactions, and correlation effects in carbon nanotubes
DOE award DE-SC0002765

Gleb Finkelstein
Physics Department, Duke University, gleb@phy.duke.edu

Project Scope

Our work focuses on studying electronic interactions in carbon nanotube quantum
dots by low temperature magneto-transport methods. Our main result is the observation
of the dissipation-induced quantum phase transitions in an artificial quantum impurity
(i.e. quantum dot). The possibility of a quantum phase transition (QPT) induced by
dissipation has attracted significant attention to 2-dimensional systems, such as
superconducting films, Josephson junction arrays, and electron gases in the regime of the
quantum Hall effect. We observe what we believe is a QPT in a very simple system — a
resonant level in a carbon nanotube coupled to two competing dissipative bath, realized
in two metallic contacts. We focus on this exciting result in the next two pages. Our other
two major directions of studies are briefly listed below:

Kondo box in a carbon nanotube

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

Graphene-based Josephson junctions

In this project, we have explored graphene-based Josephson junctions, which are
unified with our main subject by the role played by their dissipative environment. We
fabricated the junctions with contacts made from lead. The high transition temperature of
this superconductor allows us to observe the supercurrent branch at temperatures up to ~2
K, at which point we can detect a small, but non-zero, resistance. We attribute this
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resistance to the phase diffusion mechanism, which has not been yet identified in
graphene. By measuring the resistance as a function of temperature and gate voltage, we
can further characterize the nature of the environment and dissipation in our samples.

Recent Progress:
Dissipation-induced quantum phase transitions in an artificial quantum impurity
We investigate tunneling through a resonant level formed in a carbon nanotube
guantum dot, contacted by resistive metal leads. These leads create a “dissipative
environment” for the electrons
tunneling across the  nanotube,
suppressing the tunneling rate at a
power law of temperature, ~T* (with
an anomalous exponent 2r=2R/Rg,
where R is the leads resistance and
Ro=h/e* is the quantum resistance).
We developed side-gated nanotube
samples, which allow us to control the
tunneling  barriers  between the
nanotube quantum dot and the leads
(Figure 1). By using the side gates, we
can easily tune the tunneling rates
from the dot to the two leads to

®
b T

become identical (symmetric coupling) ~ F19ure 1. AFM image of the sample. The

. nanotube is marked CNT. It is contacted by
or strongly asymmetric. We study the two pairs of metal leads (Source and Drain).
shape of the resonant peak in the Two side-gates (SG1 and SG2) control the
nanotube conductance, while  barrier asymmetry. The T gate is used to
controlling the ratio of the two change the number of electrons in the dot.
tunneling rates.

Intuitively, one might expect that both the width and the height of the resonant
peak would be suppressed by the dissipative environment, since they both depend on the
tunneling rate. However, we find that the result strongly depends on the ratio of the
tunneling rate to the two leads (Figure 2). For asymmetric coupling, the peak
conductance drops with decreasing temperature, while the peak width saturates. For
symmetric coupling, the situation is reversed: the peak width is suppressed at low
temperatures, while the peak height saturates at e%/h.

The observation of unitary conductance in the symmetric case is highly non-
trivial. Indeed, one could have expected that coupling to the dissipative modes would
reduce the resonant conductance from its unitary value of e?/h. Another key observation
is that the width of the resonant peak in the symmetric case monotonically decreases with
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Figure 2: Resonant peak conductance vs. gate voltage at several temperatures from
3.0 K to 50 mK. The two panels compare the (A) symmetric) and (B) asymmetric
coupling of the resonant level to the two leads. Note that at the highest T, the peaks in
(A) and (B) have similar width and height (~0.5e?/h). For symmetric coupling, as the
temperature drops, the peak reaches e’h, while the peak width monotonically
decreases. For asymmetric coupling, the situation is reversed: the peak height drops,
while the width saturates. The left panel corresponds to the QPT case (see text).

lowering temperature. We analyze the temperature dependence of the peak height as a
function of temperature, and observe that it scales as a power of temperature. A resonant
conductance peak separates distinct quantum states of the system, which differ by one
electron in the dot. The fact that the transition region between these two states appears to
shrink in the limit T=0 indicates the presence of a boundary quantum phase transition
(QPT; at the boundary QPT, a sub-system of a larger system undergoes a QPT). The
dissipation-induced QPTs have been predicted (but never observed!) in more involved
quantum impurity models, although surprisingly not for our, more basic, case.

The shape of the resonant peak vs. temperature has not been, to the best of our
knowledge, considered theoretically for tunneling into dissipative leads. To understand
our observations, we invoke the similarity between tunneling in dissipative environment
and tunneling between two Luttinger liquids. In both cases, the tunneling electron excites
one-dimensional bosonic modes, resulting in suppression of differential conductance
through a single tunneling junction as G ~ T® at low temperature. It appears that
theoretical predictions of the resonant tunneling between the Luttinger liquid correctly
describe many of the behaviors of the peak height and width that we observe both in the
symmetric and asymmetric cases. However, we stress that our experiment does not study
a Luttinger liquid either in the leads or in the nanotube: the electron motion in metallic
leads contacting the nanotube is diffusive, while the nanotube segment is short enough so
that the electron motion is fully quantized.
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Future plans

I plan to continue the work on carbon nanotube quantum dots, which turn out to
be very convenient for experimentally ‘modeling’ the behavior of a quantum impurity in
dissipative environment. Specifically, after completing the work on the simplest case —
the resonant level (see above) — it would be natural to focus on the Kondo effect in
dissipative environment. This system is thought to be prototypical for certain types of
strongly correlated bulk materials, and one can hope to gain valuable information by
studying a well-controlled system that may share similar physics.

Publications
Two-stage Kondo effect and Kondo-box level spectroscopy in a carbon nanotube,
Yu. Bomze, |. Borzenets, H. Mebrahtu, A. Makarovski, H. Baranger, and G. Finkelstein,

Phys. Rev. B 82, 161411R (2010).

Phase diffusion in graphene-based Josephson junctions,
I.V. Borzenets, U.C. Coskun, S.J. Jones, and G. Finkelstein, submitted to PRL.

Dissipation-Induced Quantum Phase Transition in a Resonant Level,
H. Mebrahtu, 1. Borzenets, Yu. Bomze, and G. Finkelstein, Prepint.
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Investigators: R.J. Birgeneau, E. Bourret-Courchesne, A. Lanzara, D. H. Lee, J. Orenstein, R.

Ramesh, and A. Vishwanath.

Scope of the program: Quantum physics provides the theoretical basis for our understanding of
the electronic properties of all materials. The Quantum Materials program at LBNL focuses on
an important sub-class of systems, now widely known as ‘quantum materials,” in which quantum
mechanics plays an especially profound role in determining important properties. In some cases,
such as superconductors, the order parameter is explicitly a quantum mechanical object, while in
other systems, quantum effects may dominate because of proximity to quantum critical points.
Our team focuses primarily on the electronic properties of transition metal oxides, in both thin
film and crystalline form, where the interplay between competing order, frustration, strong
interactions lead to an especially rich and diverse range of quantum physical phenomena.

Recent progress: Time-resolved ARPES and optical spectroscopy of cuprates

As it is not possible to present an overview of all the research in the Quantum Materials group in
this format, we highlight one of the areas in which significant progress has been made. The
research described below is the result of a collaboration among the Lanzara, Orenstein, and Lee
groups (with BSCCO samples provided by H. Eisaki, AIST, Japan). Lanzara and collaborators
have developed instrumentation for performing time-resolved measurements of angle-resolved
photoemission (ARPES), while the Orenstein group has developed tools for time-resolved
optical measurements. D.H. Lee and his group are providing theoretical support for the team as
a whole.

Despite intense research, the most basic question concerning copper oxides — the
underlying mechanism for their high-T. superconductivity — remains unresolved. One of the
keys to solving the mystery is deeper understanding of the interactions between quasiparticles
(electrons not bound into Cooper pairs) that lead to their net attraction. In principle, a direct path

to probing such interactions is to measure the rate of quasiparticle recombination, i.e. the rate at
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which two quasiparticles of opposite spin interact, emit energy, and re-enter the superfluid
condensate.

Although the importance of quasiparticle recombination has been recognized from the
earliest days of superconductivity research, historically it has proved difficult to measure rates
directly in conventional small-gap superconductors. This is because a phenomenon known as the
“phonon bottleneck™ intervenes and obscures the rates of the underlying microscopic processes.
When a nonequilibrium density of quasiparticles is created in a superconductor, for example by
pulsed photoexcitation, their subsequent recombination is accompanied by creation of acoustic
phonons of energy 2A, that is, twice the BCS energy gap. Once created, such phonons will
undergo the reverse process of decay into quasiparticles. In this manner, quasiequilibrium is
rapidly established between electrons and phonons. Accordingly, the decay rate of excess

quasiparticles is governed by the rate at which 2A

f Delay phonons either leave the excited region of
T fsium

superconductor or decay into phonons with

Analyzer
Specs 150mm

energy below 2A, rather than the underlying
recombination rate.

In contrast with the behavior of

UHV analysis

22 conventional  superconductors,  quasiparticle
chamber ®. nZ B B A . B

<L 880 0.15mm §% recombination rates in high-T. materials are not

20 . .
| hidden by a phonon bottleneck. The evidence for
Cavity-dumped Ti Sapphire laser this statement is that in high-T. superconductors

f 54,3/n MHz, 150 fs, 840nm

BBQ 1mm the rate of decay of the excited quasiparticle

Figure 1: Apparatus for performing time-resolved population is proportional to their density, i.e.
ARPES measurements. A beam of pulses from a ) . . . ]
single Ti:Sapphire laser is split into two: one beam  the rate of quasiparticle-quasiparticle scattering,

at 1.5 eV photogenerates electronic excitations, a L. . .
second quadrupled and time-delayed beam is used Whereas it is independent of density in

as a photoemission source. conventional systems. The contrast with low T,
superconductors is likely to be a straightforward consequence of the much larger gap in high-T,
materials; when 2A is a large as 50 to 100 meV, the energy released by recombination is much
more likely to decay into lower energy bosonic excitations than to regenerate a broken Cooper
pair.
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The ability to probe the microscopic quasiparticle recombination rate provides a
tremendous opportunity for further investigation of quasiparticle interactions by time-resolved
ARPES. This experiment can selectively probe the decay rate of quasiparticles as a function of
their energy and momentum, thus revealing the details of their interaction. The apparatus
developed by the Lanzara group to perform time-resolved ARPES is shown schematically in Fig.
1. A beam of ultrashort pulses from a Ti:Sapphire laser is split in two; one beam of 1.5 eV
pulses is used to inject excess quasiparticles, the second beam is quadrupled in frequency and
used to induce photoemission from the sample surface. By varying the delay between the 1.5 eV
pump pulses and the 6 eV probe, the occupation of quasiparticle states is measured as a function
of energy, momentum, and time delay after pulsed photoinjection.

To facilitate comparison of optical and ARPES data, we have set-up a time-resolved
optical reflectivity apparatus that uses the same laser as used for photoemission experiments.
Fig. 2 shows time-resolved reflectivity data for a slightly underdoped sample of BSCCO (T.= 90
K) measured at 20 K. The curves show the decay of the photoinduced change in reflectivity at

1.5 eV as a function of time for different intensities of the pump beam. The curves are
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Figure 2: Decay of photoinduced change in

optical reflectivity measured at different pump
laser intensities and normalized to the same
value at zero time delay.

Figure 3: Comparison of the pump intensity
dependence of the decay rates of photoinduced optical
reflectivity and ARPES signals measured at the gap
node and at an angle of 13 degrees away from the gap
node.

normalized to illustrate that the decay slows as the

initial density of quasiparticles is decreased. Fig. 3 compares the decay rate of the optical
reflectivity with that of ARPES signal measured under the same excitation conditions. To
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illustrate the trend, we plot the ARPES intensity measured for momentum along the nodal
direction and at a direction that is 13° away from the node. The rate of decay of ARPES signal
increases with angular distance from the nodal direction while the decay of the optical
reflectivity is faster still. This trend is consistent with the assumption that the optical reflectivity
probes a momentum and energy average of the quasiparticle distribution function that is

weighted in the antinodal direction, where the density of quasiparticle states is much larger.

Future work: The results emerging from time-resolved spectroscopy of cuprates suggest that the
microscopic quasiparticle recombination rate is a strong function of quasiparticle momentum.
That the rate is fastest for antinodal quasiparticles suggests that recombination may proceed with
emission of bosonic excitations with wavevector near r, 7z, which would conserve momentum
for recombination between quasiparticles at adjacent antinodes. We believe that through more
detailed measurement and modeling of quasiparticle recombination rates a detailed picture of

quasiparticle interactions will emerge. Future work will emphasize:

e use of higher energy photons in the photoemission process, which will enable direct
measurement of antinodal quasiparticle recombination rates.

e increased sensitivity which will translate to higher energy resolution, allowing
exploration of very slow recombination that may occur at the zero energy nodal
states.

e the theoretical problem of recovering the momentum and energy dependence of
quasiparticle interactions from the time-resolved ARPES observable,
f(w, k;t)A(w, k; t), the product of the time-dependent occupation and spectral

functions.

Recent publications on time-resolved optics and ARPES

Nodal quasiparticle meltdown in ultrahigh- resolution pump-probe angle-resolved
photoemission . J. Graf et al., Nature Physics (Published online July 3, 2011).

From a single-band metal to a high-temperature superconductor via two thermal phase
transitions. Ruihua He, Science 331, 1579-1583 (2011).

Vacuum space charge effect in laser-based solid-state photoemission spectroscopy. J. Graf et al.,
J. Appl. Phys. 107, 014912 (2010).
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Infrared and angle resolved photoemission studies of high-temperature
superconductors and related systems

Christopher C. Homes, Tonica Valla, and Peter D. Johnson
homes@bnl.gov, valla@bnl.gov, pdj@bnl.gov
Condensed Matter Physics & Materials Science Department
Brookhaven National Laboratory, Upton, NY 11973-5000

Project Scope

The focus of this program is the detailed investigation of the nature of the interactions in strongly-
correlated electron systems as probed by infrared and angle-resolved photoemission spectroscopy
(ARPES); the former yields information about the complex optical properties, including the real part of
the optical conductivity, while ARPES probes the momentum dependence of the electronic structure and
associated dynamics below the Fermi surface. Methods of analysis in the latter include energy
distribution curves (EDC’s) and momentum distribution curves (MDC’s). Both insulating and metallic
systems have been studied, with special emphasis on the copper-oxide and the new iron-based
superconductors in which there are other phases that compete with superconductivity, such as charge- and
spin-stripe order. Understanding the nature of these interactions may provide the key to unlocking the
mystery of high-temperature superconductivity in these compounds. Other studies include the topological
insulators and graphene.

Recent Progress

Optical properties of an iron-chalcogenide superconductor. The discovery of superconductivity in the
iron-pnictide and iron-chalcogenide materials has forced the condensed matter physics community to re-
examine the definition of high-temperature superconductivity and the mechanism responsible for it.

Whﬂe FeTe is not §upercop§1ucting, FeSe is superconducting at ——
ambient pressure with a critical temperature of T, ~ 8 K. The - o0 100 150
alloyed material FeTe,,Sex has a superconducting phase with a 1 FeTeg ssS€0.4 (214 K)

i

maximum T, ~ 14 K at x=0.45. We have measured the complex Ellob

optical properties of FeTe,ssSeq 45 over a wide frequency range for

a variety of temperatures above and below T, [22]; the real part of 2000

;

&
the optical conductivity is shown in Fig. 1. At room temperature :; i oL Drude-Lorentz 11 ] |
the conductivity appears to be flat and incoherent, but a low % - 7233: 2000 ?\.J_Of.»'-("";::j .
temperature (100 K) it can be it can be modeled quite well usinga 2 "*°°[ = A N
simple Drude-Lorentz model (inset of Fig. 1). Below T, thereisa S H —ex 1™ S/’/\/\..\‘ 11
significant suppression of the low-frequency optical conductivity. 05 “ o Sl |
This so-called “missing area” may be used to estimate the strength 0 T T e 00
of the superconducting plasma frequency w,s = 3000 £+ 300 cm’ Wave number (cm=)

(pso=0)p,52) , as well as the effective penetration depth Aer = 530 nm  Fig. 1 The real part of the optical

(lower than the values observed in the cuprate materials). This conductivity of FeTeyssSeqss in the

material also falls on the universal scaling line py/8 = 4.4 o4 T. infrared region for several temperatures
.. . . . Lo above and below T..

[1,13], which is consistent with the observation of strong dissipation

in the normal state. Finally, we remark that this is a multiband system, with both electron and hole

pockets at the Fermi surface. While the conductivity can be fit reasonably well using a single isotropic

energy gap and a Mattis-Bardeen dirty limit approach, there is a substantial amount of low-frequency

conductivity that is not reproduced unless a second smaller gap is also considered. The values for the two

gaps of A ~ 2.5 and 5 meV are in good agreement with ARPES measurements, and represent either the
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gapping of the electron and hole bands, or possibly an anisotropic gap on the electron band — both
interpretations are consistent with the s* model.

Photoemission studies of the underdoped cuprates. A new method of analysis to remove the broadening
effects associated with the finite experimental resolution, has allowed the identification of a particle-hole
asymmetry in the nodal region. Several calculations indicate that such an asymmetry is indicative of the
presence of hole pockets on the Fermi surface in the pseudogap region of the phase diagram. By
measuring the particle hole asymmetry as a function of doping and associated T, it is possible to
determine the structure of the Fermi surface as indicated in figure 2(a). Note however that in models such
as the YRZ phenomenological mode [31], the Green’s function G(K,gr) associated with the backside of
the pocket obtained in such an analysis is zero. This, of course, results in the absence of intensity in the
photoemission spectrum.
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Fig. 2 (a) Experimentally determined hole pockets; (b) Calculated pockets.

For comparison, Fig. 2(b) shows the doping dependent hole pockets calculated within the YRZ ansatz
[31]. The area of the pockets scale approximately with the doping level, consistent with Luttinger’s
theorem which states that the volume of the Fermi surface is equal to the carrier concentration, as shown
in the inset of Fig. 2(a). However, we note that at higher doping levels there appears to be an increasing
discrepancy between the measured pocket size and the doping level. It is unclear at the present time
whether this discrepancy reflects the presence of electron pockets appearing on the Fermi surface at
higher coverage’s or some other phenomenon.

Future Plans and Beamline Development at NSLS 11

We plan to pursue work on the complex optical properties of superconductors, including the iron-
chalcogenide materials as well as their non-superconducting parent compounds. The parent compounds
are bad metals in which the role of electronic correlations becomes increasingly important at below the
magnetic and structural transitions. We will examine the effects of excess iron, as well as other
impurities, on the normal-state transport properties and the strength of the electronic correlations in the
parent compounds. We will adopt a similar strategy for the superconducting materials to see how iron
and other transition metal substitutions alter the normal and superconducting state properties. The role of
high-pressure studies of low-dimensional materials will also be expanded.

The Electron Spectroscopy group will participate in the development of two new facilities at NSLS II,
including capabilities in both high resolution photoemission and infrared spectroscopy. We have co-
authored an approved proposal for a high-resolution Electron Spectro-Microscopy Beamline at NSLS II.
A high-resolution, high-flux, wide-range and micro-focused beamline has been designed to provide
monochromatic radiation into three separate branches, serving three different electron microscopes. A
full-field PEEM microscope, for the in-situ growth and characterization of artificial nanomaterials, and
two scanning photoemission micro-scopes, one optimized for ultra-high energy- and angle-resolution
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(HR-ARPES) and one optimized for chemical analysis of samples in reactive environments at ambient
atmosphere (AP-PES). The two scanning microscopes will be coupled with the PEEM microscope and
with a common sample preparation chamber. Further, each chamber will have its own sample storage and

load-lock for fast sample insertion.

The proposal for a broadband, high-
brightness  optical  spectroscopy
beamline at NSLS II has also been
favorably reviewed by the Scientific
Advisory Committee. The beamline
will sit on one of the dipole bending
magnets and will have the potential
for magneto-optical spectroscopy,
ellipsometry, and  time-resolved
optical spectroscopy (“METRO”).
The principal use of this beamline in
our studies will center around
“aperture-limited” techniques,
specifically the challenges presented
by small apertures in measuring the
reflectance or transmission in a
diamond-anvil or clamped-pressure
cell, as well as the use of infrared
microscopy to  measure small
samples.

Publications (FY08-FY10)

Electron
Spectro-Microscopy
Facility

sub-meV
ARPES
microscopy

Low En. EPU
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Fig. 3 Electron Spectro-Microscopy Facility at NSLS II. A high-
resolution, high-flux, wide-range and micro-focused beamline will
provide high-quality monochromatic radiation to three different
electron microscopes: 1) PEEM, 2) ultra-high energy- and angle-
resolution ARPES (HR-ARPES) and 3) ambient pressure

photoemission (AP-PES).
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The Nature of Fermi Arcs, Pseudogaps, and Electron Scattering Rates in Cuprate High-T,
Superconductors
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The “normal”, i.e. non-superconducting state of underdoped cuprate superconductors is an
extremely unusual state of matter, widely argued to be more exotic and interesting than the high
temperature superconducting state to which it is linked. This normal state is characterized by
three key phenomena — a) a confusing “Fermi arc” typically described as a discontinuous locus of
quasiparticle excitations at the Fermi energy, b) a “pseudogap” corresponding to weakly gapped
states above the superconducting transition temperature and c) a non-Fermi Liquid behavior
usually indicated by unusual electronic scattering rates, and a lack of quasiparticle excitations at

the Fermi surface. We show, via the introduction and application of a new type of quantitative

Fig 1: Creation and Fitting of
the ARPES Tunneling Spectra
(ATS). a, ) Nodal and
near-nodal ARPES spectra of
optimally doped (T, =92K)
Bi2212 at T=50K. b,d) 7 out of
a total of 170 individual EDCs
from the plots at left. The sum of
all 170 individual EDCs gives
the spectral weight curves (black.
e) normalized off-nodal spectra
and the spectral weight curves
from panels B and D (orange and
red curves, respectively). The
red curve is normalized to the
orange curve to create the
ARPES tunneling spectra
(Yellow). f) Fit of the ATS to the
8 Dynes tunneling formula, with
parameters  indicated. In

4 A=50:0.1meV particular, the extracted

= S sw ; P i scattering rate T'y;g = 2.6 meV is
P much smaller than the value ~ 20
-04 -02 0 03 -02 -01 0 01 meV determined by the peak

Energy (eV) Energy (eV) widths (blue arrows in panel b).

ARPES-based spectroscopy (fig 1), that the Fermi arcs as well as much of the pseudogap
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phenomenology are naturally explained as a consequence of the interplay of the temperature and
doping dependence of a d-wave superconducting gap/pseudogap with a dynamical electronic

scattering rate which is experimentally determined for the first time. In particular, we show a) the
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Fermi arc is not a discontinuous locus of quasiparticle excitations at the Fermi surface but is
rather a continuous locus of non-quasiparticle excitations due to the weight scattered into the gap,
b) there is a prepairing pseudogap, and c) these non-quasiparticle excitations around the Fermi
arc are natural candidates to explain much of the anomalous non-Fermi-liquid like behavior of

cuprates (fig 2).

Future studies will extend this new technique to many different doping levels, as well as other
classes of superconductors, so as to bring enlightenment to the phase diagram and potentially the

mechanism of superconductivity.

(mia)

Non-quasiparticle
weight at E;

Fig 2: Experimental Fermi “arcs” vs. temperature (top), and simulated arcs
(bottom) from a T =67K underdoped Bi,Sr,CaCu,OQ; sample. A) The unusual
temperature-dependent arc length is seen in both the data and simulations. Inputs to
the simulations are directly extracted from the experimental ARPES data, especially
from the ATS curves that give the gap and the temperature-dependent scattering rate

I'yrs. B) Simple picture for the temperature dependence of the Fermi arc length. The
arc is approximately the region where ', > A, with the arc growing rapidly with
temperature as ', grows. C) Cartoon showing change in spectral weight (red) along

the Fermi surface due to increasing I’ between the superconducting and normal
states as determined by the ATS (green).
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Project Title: Experimental study of severely underdoped ultrathin cuprate films.

P.l1.: Thomas R. Lemberger, Ohio State University. trl@physics.osu.edu.

Project Scope:

The primary physics focus of our DOE research is on quantum critical points and
associated quantum and thermal fluctuations in novel superconductors, including cuprates and
Fe-based superconductors. Cuprate compounds of primary interest include thick and ultrathin
films of YBCO and Bi-2212, grown at OSU and at Technion in Israel. We also study films of
LSCO and the novel e-doped compound Pr,CuQO,4 grown by MBE by our longtime collaborator
in Japan. In addition, we have extended our work into Fe-based superconducting films grown at
U. Wisconsin. Our research involves a range of measurements. Superfluid density measurements
on films are essential in order to determine that the films are of sufficient quality to warrant
detailed study. Beyond that, we study resistivity and Hall coefficient at OSU, THz transmission
measurements with Simon Fraser U., local superfluid density with Stanford, and resistance
fluctuations in collaboration with U. Illinois-Urbana. A secondary focus involves working with
other film-growing labs to provide feedback on film quality through superfluid density
measurements. This has been quite successful for us in the past, in work on electron-doped
cuprates and on LSCO. We are working in this fashion with groups in Germany, Wisconsin, and
Japan.
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Recent Progress:

1. We found that quantum fluctuations in highly-anisotropic, severely-underdoped
Bi,Sr,CaCu,0g.x (B-2212) are strong and are two-dimensional (2D), as opposed to the 3D
fluctuations found in the less anisotropic cuprates YBCO and LSCO. These results rest on the
measured linear scaling of T¢ with “superfluid density”, A%(0), in Bi-2212 films. The figure
shows that Bi-2212 scaling is similar to that of ultrathin YBCO films. And, it shows that data on
Bi-2212 powders (blue) agree with sputtered films (red - Technion) agree with PLD films (black
- OSU), over doping ranges where the data overlap. To our knowledge, we are the first group to
successfully grow severely underdoped Bi-2212 films. (Figure is from our soon-to-be submitted
paper listed below.)
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1.5.  The temperature dependence of superfluid density in Bi-2212 exhibits the same
“universal” trend found in underdoped YBCO, namely, that the regime of critical thermal
fluctuations near T, seems to disappear. This observation supports the interpretation of scaling
data in terms of critical quantum fluctuations.

2. We found that the magnitude and temperature dependence of the superfluid density of
pulsed-laser-deposited (PLD) films of the electron-doped pnictide superconductor, Ba(Fe;-
xC0x)As,, are comparable to those of single crystals. (Films grown by C.B. Eom at U. Wis.) The
T-dependence in particular agrees with crystal data in great detail. This result has two
ramifications. First, from a fundamental point of view, the T-dependence of superfluid density in
this compound is insensitive to the extra disorder expected in films relative to crystals. Theories
predict various degrees of sensitivity, due to scattering between electron-like and hole-like Fermi
surfaces with gaps of opposite sign. Second, despite the structural and chemical flaws observed
in PLD films by x-rays and TEM, their superconductivity properties are still quite good, and will
only get better as film deposition protocols improve. This result was published in: Yong et al.,
Phys. Rev. B 83, 104510 (2011).
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Future Plans:

Right now we are working hard on growing underdoped ultrathin films of Bi-2212 using
Bi-2201 for protective buffer layers above and below. Ultrathin cuprate films are of central
interest because the fluctuation regime above their T.’s should be more pronounced than for any
bulk cuprate sample. We want to look for Kosterlitz-Thouless-Berezinskii behavior in the
superfluid density near T, in ultrathin Bi-2212, as we observed in ultrathin YBCO. Since “thick”
Bi-2212 already exhibits 2D scaling, will we see the same scaling in ultrathin films, just with a
different T-dependence near T.? Normal-state transport (resistivity, Hall coefficient, and
magnetoresistance) should provide great insight into the fluctuation regime above T..

We are anxious to get results of resistance-fluctuation measurements on our ultrathin
YBCO films from our collaborators at U. Illinois. These fluctuations are presumably due to some
mesoscopic ordering, such as charge and spin stripes, that should grow with underdoping and be
especially prominent in ultrathin films. We’ve sent some films already. Similarly, we are hopeful
that THz transmission measurements (at Simon Fraser Univ.) on ultrathin films will provide
insight into the electrodynamics at frequencies comparable to 2kgT, where the gap frequency
might reside.

We are excited about continuing our collaborations with C.B. Eom on Fe-pnictide films,
hoping to follow superfluid density into compounds other than Ba(FeCo),As; to study superfluid
density near quantum critical points in the phase diagram. There should be features associated
with antiferromagnetism turning on as T decreases for films near the QCP where AF appears.

More speculatively, we are working on a novel electron-doped cuprate superconductor
Pr,CuO4., Where superconductivity arises due to oxygen reduction, not cation substitution. Our
collaborator, Michio Naito in Tokyo, has sent us a film grown by MBE. T; is as high as 26 K in
his annealed films of Pr,CuQ4.x, which is higher than for the traditional e-doped compound, Pr.
xCexCuOy. It is extremely important to compare properties of e-doped cuprates with the similarly
structure LSCO-type hole-doped cuprates. It would be very exciting to get ultrathin films of this
compound to compare with YBCO and Bi-2212 ultrathin films.

Publications:

1. “Anomalous Noise in the Pseudogap Regime of YBa2Cu307” D. S. Caplan, V. Orlyanchik,
M. B. Weissman, D. J. Van Harlingen, E. H. Fradkin, M. J. Hinton, and T. R. Lemberger, Phys.
Rev. Lett. 104, 177001 (2010). n.b., We provided some sample films and helped in writing the
paper; all measurements were done at Illinois.

2. “Superfluid density measurements of Ba(CoxFel—x)2As2 films near optimal doping”, Jie
Yong, S. Lee, J. Jiang, C. W. Bark, J. D. Weiss, E. E. Hellstrom, D. C. Larbalestier, C. B. Eom,
and T. R. Lemberger, Phys. Rev. B 83, 104510 (2011).

3. “2-D Quantum Critical Point in Severely Underdoped Bi2Sr2CaCu208+x Films Revealed by

Superfluid Density Measurements” Jie Yong, A. McCray, M. Randeria, M. Naamneh, A.
Kanigel, and T.R. Lemberger, to be submitted soon.
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SPECTROSCOPIC IMAGING STM STUDIES OF COMPLEX ELECTRONIC MATTER

Principal Investigator:
J. C. (Séamus) Davis

Brookhaven National Laboratory
P.0.Box 5000
Upton, NY 11973-5000

Department of Physics, 622 Clark Hall
Cornell University, Ithaca, NY 14850

Phone: 607-220-8685 (mobile)
Email: jcdavis@ccmr.cornell.edu

Project Scope

We focus upon a spectroscopic imaging STM research program covering four major areas of
complex electronic matter. The first consists of studies of the electronic structure of
cuprates, and includes searching for the mechanism of high temperature superconductivity
therein. The second is a program focused on the recently discovered high temperature
superconducting pnictides to study symmetry of the order parameter, effect of the dopant
atoms, and the electron pairing mechanism. Our third program focuses on electronic
nematic states, especially in the ruthenates. Here the key challenge is to image a high
magnetic field induced transition to a nematic state at sub kelvin temperatures. The fourth
program is the SI-STM study of the mechanism of heavy fermion electronic structure in
intermetallic metals and of heavy fermion superconductivity.

Recent Progress
Several recent achievements include:

Evolution of the electronic excitation spectrum in superconducting Bi;Sr2CaCuz0s.:s

We measure the spectrum of electronic excitations N(E) over a wide range of hole density p
in superconducting BiSr;CaCu;0s.¢ and demonstrated that a form of N(E) enables
successful fitting of spectra throughout the Bi>Sr,CaCu;0s.q4 phase diagram. We found that
A.(k) values rise with falling p along the familiar trajectory of excitations to the pseudogap
energy, whereas the inelastic scattering rate seems to be an intrinsic property of the
electronic structure and rises steeply for p<16%. Such diverging inelastic scattering may
play a key role in suppression of superconductivity near the Mott insulator; Nature Physics
4,319 (2008).

Discovery of Momentum-space Arcs supporting Cooper Pairing in BizSr2CaCuz0g.4

We have imaged the electronic structure of Bi,Sr,CaCu;0s.¢ in r-space and k-space
simultaneously and discovered that, although the low-energy excitations are Bogoliubov
quasi-particles, they occupy only a restricted arc in k-space which is terminated on the line
between (0,7) and (,0). This arc shrinks rapidly with diminishing p in a fashion that would
satisfy Luttinger's Theorem. Concomitantly, spectral weight is transferred to higher energy
r-space states that lack the characteristics of excitations from delocalized Cooper pairs and
break locally translational & rotational-symmetry; Nature 454, 1072-1078 (2008).

Heavy d-electron Quasiparticle Interference in Sr3Ru;07
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Electronic liquid-crystalline phases represent an unexplored frontier of condensed-matter
physics and are proposed to be important in the physics of cuprate high-T.
superconductivity: Classical liquid crystal physics was transformed by microscopies that
enabled imaging of real-space structures and patterns. To obtain equivalent data in the
purely electronic systems we use SI-STM in SrzRu;0; because it exhibits a field-induced
transition to an electronic liquid crystalline phase; Nature Physics 5,800 (2009).

Spectroscopic Fingerprint of Phase-Incoherent Superconductivity in Pseudogap Phase

A possible explanation for the existence of the cuprate “pseudogap” state is that it is a d-
wave superconductor without quantum phase rigidity. One spectroscopic signature of d-
wave superconductivity is the particle-hole symmetric “octet” of dispersive Bogoliubov
quasiparticle interference modulations. We explored this octet’s evolution from low
temperatures to well into the underdoped pseudogap regime. No pronounced changes
occur in the octet phenomenology at the superconductor’s critical temperature Tc, and it
survives up to at least temperature T ~ 1.5 T.. In this pseudogap regime, we observed the
detailed phenomenology that was theoretically predicted for quasiparticle interference in a
phase-incoherent d-wave superconductor. Science 325, 1099 (2009)

Real-space and Momentum-space Imaging of Heavy Fermions

Within a Kondo lattice, the strong hybridization between electrons localized in r-space and
those delocalized such that they are defined in k-space, generates exotic electronic states
called ‘heavy fermions’. We used imaged the evolution of URuSi, electronic structure
simultaneously in r-space and k-space. At low temperatures in this material we achieved
the first visualization of the quantum mechanical process of heavy fermion formation and
thereby opened exciting new avenues for research into heavy fermions and their
superconductivity; Nature 465,570 (2010).

Proposed Research
HEAVY FERMION SUPERCONDUCTORS

Effect of individual ‘'Kondo Hole’ on a Heavy Fermion Electronic Structure

Substituting individual Th atoms on the U sites can allow us to image the effect of absence of
a single magnetic atom from an otherwise translationally invariant Kondo lattice. This is the
well-known ‘Kondo Hole’ idea that has been studied theoretically for decades. However, this
state has never actually been imaged by STM because convectional STM studies use
magnetic adatoms on metal surfaces, so that creating a ‘Kondo-hole’ is not possible.

We propose exploration of individual ‘Kondo-hole’ phenomenology at individual Th atoms
(S=0) substituted on the U sites in URu;Siz which is a rather simple heavy fermion system at
low temperatures. Our first objective is to determine the changes in density-of-states
(within the hybridization energy range occurring at the Th sites. Second we will attempt to
use Fourier transform STM to determine the changes in the hybridization process itself
(surrounding each Th atom.

Superconducting Quasiparticle Interference in Heavy Fermion Compounds

We also propose to generalize our heavy-fermion QPI techniques from the normal heavy-
fermion state into the heavy fermion superconductive state below 1.7K in URu;Si,. This
system should have an exotic symmetry order parameter because of the hidden order state
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in the background. Superconductive QPI is a very powerful technique to determine the k-
space electronic structure and the complex structure of the energy gap

ELECTRONIC NEMATIC MATERIALS

Visualization of the Field-Induced Nematic Transition Imaging in Sr3Ru;0;

Grigera et al reported that the itinerant metamagnet Sr3Ru,07 undergoes a phase transition
to a new state of electronic matter whose transport properties are strongly anisotropic. We
propose imaging this field induced phase transition which occurs near 8.2 Tesla and at
which the electronic structure spontaneously reduces its symmetry and domains of size
approximately 0.5 micron square (from deHaas-VanAlpen measurements) are formed.
These domains are believed to separate regions within which the rotational symmetry of
the r-space and k-space electronic structure is reduced from that of the crystal but in two
possible different ways (at 90° to each other).

COPPER-OXIDE SUPERCONDUCTORS

Imaging Quantum Oscillation Effects in Very High Magnetic Fields

When studied by ARPES, underdoped cuprates appear highly anomalous in that they seem
to have no closed Fermi surface, but only disconnected ‘Fermi arcs’. However, quantum
oscillations in the electrical resistance of YBa;Cu3Oss established the existence of a well-
defined Fermi surface in the high-field state of underdoped cuprates. The Fermi surface is
made of small pockets, in contrast to the large cylinder characteristic of the overdoped
regime. However, after several years of study, it is unknown whether these pockets are
electron-like, hole-like, and how many there are, and where they are in k-space. Thus it has
proven virtually impossible to make progress on this issue which is profoundly important
to our understanding of high-T. superconductivity. And the standard approach of using
ARPES to explore the k-space electronic structure is ruled out because this technique does
not work in magnetic fields.

However there is one technique which can determine k-space electronic structure in high
magnetic fields - quasiparticle inference imaging. Bogoliubov quasiparticle interference
(QPI) occurs when these quasiparticle waves are scattered by impurities and the scattered
waves undergo quantum interference. We propose to pursue such QPI studies to the highest
magnetic fields at which it is presently possible to achieve a persistent magnetic field -
namely 20 Tesla. If the magnetic field were to introduce changes which alter the cuprate k-
space electronic structure from its well understood zero-field arrangement, this would
become apparent immediately in the QPI patters, For example, if as proposed an electron
pocket were to appear near the Brillouin zone face, an additional new set of QPI vectors
would appear.

FERRO-PNICTIDE SUPERCONDUCTORS

Effect of Dopant Atoms on Disorder & Transport Anisotropy in FeAs Compounds

The parent phase of AEFe;As; (AE=Ca, Sr and Ba) ferropnictide family

exhibits very peculiar properties in terms of transport anisotropy. When the crystals are
most orthorhombic, the anisotropy is minimal (at most a few %) and it only becomes robust
when dopant atoms are added and the system moves toward the orthorhombic —
tetragonal phase transition point. Beyond this, the anisotropy disappears. The reasons for
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these unusual phenomena, and their impact on the mechanism of superconductivity which
exhibits its maximum T just at the point of disappearance of the anisotropy, are unknown.

We propose to study Ca(Fei.xCox)2Asz as a function of Co doping. We will image the
locations of the Co dopant atoms in search of a process whereby they could enhance the
transport anisotropy. In doing so we will use the knowledge of the band structure in
detwinned samples of Ca(Fei.xCox)2Asz to analyze the effects of different scattering
processes on the transport, and also on the QPI signatures which have remained
unexplained.

Publications

1. Interplay of Electron-Lattice Interactions and Superconductivity in Bi2Sr2CaCu208+8
Jinho Lee, K. Fujita, K. McElroy, ]. A. Slezak, M. Wang, Y. Aiura, H. Bando, M. Ishikado, T.
Masui, J.-X. Zhu, A. V. Balatsky, H. Eisaki, S. Uchida, and J. C. Davis Nature 442, 546-550
(2006)

2. The Ground State of the Pseudogap in Cuprate Superconductors T. Valla, A. V. Fedorov,
Jinho Lee, ]. C. Davis, G. D. Gu Science 314,1914-1916 (2006)

3. An Intrinsic Bond-Centered Electronic Glass with Unidirectional Domains in
Underdoped Cuprates , Y. Kohsaka, C. Taylor, K. Fujita, A. Schmidt, C. Lupien, T.
Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi, S. Uchida, ]J. C. Davis, Science 315,
1380-1385 (2007)

4. Imaging the impact on cuprate superconductivity of varying the inter-atomic distances
within individual crystal unit cells, . A. Slezak, Jinho Lee, M. Wang, K. McElroy, K. Fujita,
B. M. Anderson, P. ]. Hirschfeld, H. Eisaki, S. Uchida, ]. C. Davis, Proc. Nat. Acad. Sci. USA
105,3203 (2008).

5. How Cooper pairs vanish approaching the Mott insulator in Bi2Sr2CaCu208+6 Y.
Kohsaka, C. Taylor, P. Wahl, A. Schmidt, Jhinhwan Lee, K. Fujita, J. W. Alldredge, K.
McElroy, Jinho Lee, H. Eisaki, S. Uchida, D.-H. Lee & J. C. Davis, Nature 454, 1072 (2008).

6. Spectroscopic Fingerprint of Phase-Incoherent Superconductivity in the Cuprate
Pseudogap State Jhinhwan Lee, K. Fujita, A. R. Schmidt, Chung Koo Kim, H. Eisaki, S.
Uchida, J. C. Davis Science 325,1099 (2009)

7. Heavy d-electron quasiparticle interference and real-space electronic structure of
Sr3Ru207 Jinho Lee, M. P. Allan, M. A. Wang, |. Farrell, S. A. Grigera, F. Baumberger, J. C.
Davis and A. P. Mackenzie Nature Physics 5,800 2009

8. Imaging the Fano lattice to 'hidden order' transition in URu2Si2, A. R. Schmidt, M. H.
Hamidian, P. Wahl, A. Balatsky, J. D. Garrett, T. ]J. Williams, G. M. Luke & J. C. Davis
Nature 465,570 (2010)
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ABSTRACT FOR BES-ECMP MEETING - PABLO JARILLO-HERRERO

Project Title: Quantum Transport in Topological Insulator Nanoelectronic Devices
Principal Investigator: Pablo Jarillo-Herrero

Institution: Massachusetts Institute of Technology

E-mail address: pjarillo@mit.edu

Project Scope

The research objective of this proposal is to study the novel quantum properties of
topological insulators (TIs). It is part of the broad context of the PI’s research activities,
which focus on the conceptually new behavior of electrons in low dimensional
nanostructures, and in particular in solids where the effective Hamiltonian is described by
the Dirac equation. Our experimental approach includes the fabrication of quantum TI
devices and their investigation via electronic transport techniques.

Recent Progress

We developed two alternative fabrication approaches for TI devices. The first approach is
based on single crystal Bi,Se; exfoliated onto a substrate, with the resulting flakes
subsequently connected by electrodes. Using this first approach we have established® that
the surface channel supports electronic transport, and that its density is tunable by a gate
voltage. A second approach is based on using thin-film of Bi,Se; grown in an ultra-high
vacuum chamber. Thin film growth offers fine control over geometry and composition
and a straightforward approach for growth of heterostructures. We recently fabricated
low carrier density thin-film devices where the surface density is tunable by a top-gate.
The devices exhibit remarkable conductance modulation, up to 500% on/off ratio (Fig.
1(a)), and a cross-over of the Hall coefficient to positive values (Fig. 1(b)) which
indicates that the dominant Hall current-carrying population changes from electrons to
holes.

We use these devices as a platform
to study the fundamental transport
physics of Tls. The thin film material
exhibits a pronounced Weak
Antilocalization (WAL) correction to
conductance. This correction allows
to extract the coherence length and
the effective number of coherently
independent channels. We find the
WAL correction depends on the " ) ] e
applied gate voltage such that the 0 -8 -4 0 4
effective number of parallel channels Via (V) Vie V)

TG"

is gate-tunable. We interpret this as  Figure 1. (a) Resistance R vs. Top-gate voltage Vro
arising from a competition between  measured on three different devices. Inset:
two time-scales: A phase coherent Conductance of one of the devices. (b) Hall

transport time scale 7, and a surface- ~ coefficient Ry in 2D units. Ry crosses over to
bulk scattering time zsg. Our results ~ Positive values at Vg ~ -7V.
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suggest that the gate voltage tunes the system between a regime where 7y > zsg Where the
surface and the bulk merge into a single coherent channel, and an opposite regime where
7y < tsg and the surface and bulk are coherently separate. The gate tunability of zsg is
likely due to the formation of a depletion layer between the surface and the bulk carriers.

Future Plans

High Field Magnetoconductance

We intend to carry out
magnetoconductance  experiments
of our low density devices at high
fields. At low field we observe
incipient oscillations which are
likely to become more pronounced
at lower temperatures and higher
fields. Our density tunable devices
could help resolve some of the
outstanding questions relating to
the quantum oscillations of the

Figure 2: Field-effect TI device. The TI flake (light
blue) is gated from the bottom by highly doped Si and
from the top by metallic gates. Carrier density on the top
and bottom surfaces is tuned by combination of top and
surface states, such as the role of poom gate voltages. A p-n junction is created by

band curvature, the Zeeman effect, tyning adjacent regions to p- and n-type doping.
and the role of bulk carriers.

Magneto-capacitance measurements

Our top-gated devices are suitable for capacitance measurements. In particular, we are
interested in characterizing the depletion-layer which is expected to form when gate
voltage is applied to the surface. At high magnetic fields, capacitance measurements
could elucidate the interplay between the surface and bulk carriers in quantum
oscillations.

TI1 PN Junctions

We are developing a TI PN junction (see geometry in Figure 2). In PN junctions transport
is expected to be sensitive to Klein tunneling, detected in graphene but not on the Dirac
electrons of the TI surface state. Since the TI top surface cannot be gated using a back-
gate (as done in graphene), we are developing an approach for using two local top-gates
deposited over different regions of a device.

TI Josephson Junctions

Majorana states are expected to be found in narrow Josephson junctions. We are
fabricating Josephson junctions by in-situ growth of heterostructures consisting of a Tl
and a superconducting (SC) material. This is expected to ensure optimal coupling
between the SC and TI. The SC can then be selectively removed by a standard etching
process, leaving a narrow junction, and a dielectric and a gate electrode can be
subsequently added. We plan to study the effect of Tl thickness and junction geometry. In
particular we are interested to test how deeply into the Tl does the proximity effect
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penetrate, and weather the proximity effect induces supercurrent on both the top and
bottom surfaces.

List of Publications

This project is starting in July 2011, and no publication resulting from this funding has
appeared yet.

References
1. Surface state transport and ambipolar electric field effect in Bi,Se; nanodevices.

H. Steinberg, D. Gardner, Y. Lee & P. Jarillo-Herrero. Nano Letters 10, 5032-5036
(2010).
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Project Title: Focused Research Center in Correlated Electron Materials
Pls: Zigiang Wang, Co-Pls: Hong Ding, Vidya Madhavan, and Willie Padilla
Institution: Department of Physics, Boston College, Chestnut Hill, MA 02467

Email addresses: wangzi@bc.edu, madhavan@bc.edu, willie.padilla@bc.edu,
dingh@aphy.iphy.ac.cn

Project Scope
This Single-Investigator and Small Group Research Grant commenced on 9/15/09. The
grant supports the collaborations among theory and complimentary experimental efforts

(STM, ARPES, and Optics) in one of the DOE grand challenge areas of correlated
electron and complex materials.
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Recent Progress

The research activities have led to 7 published papers from 2010 to 2011, including 2 in
Nature Physics, 2 in Physical Review Letters, 1 in Nature Communications. In addition,
there are 5 manuscripts that have been submitted or to be submitted for publication. A
few selected highlights of the research activities are summarized below.

Iron-based high-Tc superconductors

1)

2)

In this work, we studied the three-dimensional superconducting gap function in
optimally-doped iron-pnictides. We obtained valuable insights by probing the out-
of-plane (k,) dependence of the electronic structure and the superconducting gap
using the k,-capability of angle-resolved photoemission with varying photon
energy. We discovered that the superconducting gap on the inner hole-like FS
shows large k, dispersion that can only derive from 3D pairing. The gap on the
electron-like FS sheets around (7, 0), on the other hand, has a much weaker k,
dependence. We gave a complete description of all the measured gaps by a
single 3D gap function that is consistent with the existence of only two dominate
pairing energy scales, the in-plane and out-of-plane pairing strengths and
suggest a common origin for the pairing strength in all of the observed FS
sheets.

We have studied the correlation effects on the electronic structure and spin
density wave order in Fe-pnictides. Starting from the multi-orbital Hubbard model,
we developed a finite-U Gutzwiller approximation and showed that non-
perturbative correlation effects are essential to stabilize the metallic spin density
wave phase for the intermediate correlation strengths appropriate for pnictides.
We found that the ordered moments depend sensitively on the Hund's rule
coupling Jy but weakly on the Coulomb repulsion U, varying from 0.3uB to 1.5uB
in the range J4=0.3~0.8eV and U=3~4eV. We obtained the phase diagram and
discuss the effects of orbital order and electron doping, the evolution of the Fermi
surface topology with the ordered moment, and compared to recent experiments.

High Tc cuprate superconductors

1)

We used scanning tunneling microscopy (STM) and neutron scattering to provide
the first direct evidence that antiferromagnetism and superconductivity coexist
spatially in electron-doped superconducting PrggsLaCeg 12CuQ,.4 (PLCCO) with T,
= 21 K. Combining neutron and STM data on nominally identical samples, we
showed that the AF order as well as the superconductivity are inhomogeneous
and compete locally on nanometer length scales.

Topological Insulators

1)

We utilize Fourier transform scanning tunneling spectroscopy (FT-STS) to probe
the surface of the magnetically doped TI, Bi, Fe,Te;. Our measurements show
the appearance of a hitherto unobserved channel of electronic backscattering
along the surface g-vector GK. By comparing the FT-STS with angle-resolved
photoemission spectroscopy (ARPES) data, we formulate a simple model
showing that these new GK vectors are fully consistent with spin-flip scattering.
Our combined data therefore present compelling evidence for the first
momentum resolved measurement of enhanced backscattering due to magnetic
impurities in a prototypical TI.
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Future Plans

In the coming year, we will continue to carry out the proposed and the newly initiated
research projects.

The Group will continue the study of high-Tc cuprates and iron-pnictides using
complimentary techniques (ARPES, STM, Optics, and theory). In the case of the
pnictides, the focus will be on the mechanism of superconductivity and pairing symmetry
which have been the most important unresolved issues of intensive debate. The doping
dependence of the superconducting gap and the question of coexistence of
superconductivity and spin density wave state in Ni-doped Ba122 pnictides will also be
studied. For the cuprates, the focus will be to continue the investigation of the origin of
the pseudogap in the underdoped regime. STM spectroscopic studies will be conducted
to study the evolution pseudogap phase in La-Bi2201 as a function of temperature to
test the scenario of competing order that has received increasing experimental support.

We will continue our study on topological insulators, which have drawn tremendous
theoretical and experimental interests. We will continue to collaborate with our neutron
and sample growth group at BC. STM and spin-polarized STM studies will be carried out
to probe the magnetic correlations in doped topological insulator Bi,Tes. In addition, we
will study the effects of strong correlations in the strontium iridate class of topological
insulators.

Our optics group will continue the investigation of the electromagnetic properties of novel
metamaterials. These systems show remarkably interesting electromagnetic responses
such as negative diffraction index with potential applications. Since the beginning of the
project, work completed by the group has primarily been the design, fabrication of
experimental equipment for optical characterization. We have successfully constructed a
custom vacuum system which will permit accurate characterization of both absolute
value transmission and reflection of samples over a broad range of the electromagnetic
spectrum from THz to ultraviolet wavelengths. Recently we have redesigned and
ordered new toric mirrors which should permit higher quality measurements with greater
signal to noise. Additionally we will be able to measure samples from temperatures of
liquid helium to 500 degrees Celsius. We are currently writing two manuscripts intended
for publication.
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Infrared Hall Effect in correlated electronic materials

Principle investigator: Dr. H. Dennis Drew

CNAM, Physics Department University of Maryland
College Park, MD 20742

hdrew@physics.umd.edu

Project scope

The research in this program is on the magneto-optical response of electronic materials
at THz frequencies. The emphasis is on measurements of the Faraday and Kerr
rotations and circular dichroism and their interpretation. The program focuses on two
classes of materials: the cuprate superconductors and topological insulators. The main
goal of the proposed research on the cuprates is to combine measurements of the IR
magneto-transport on cuprate superconductors performed in our laboratory at the
University of Maryland with the data acquired from Angular Resolved Photoemission
Spectroscopy and other experiments such as DC transport, and neutron scattering to
critically examine the extent to which Fermi liquid theory provides an adequate
description of transport and infrared properties across the phase diagram of the cuprate
high temperature superconductors. In topological insulators the goal of the program and
its main intellectual merit is the observation and study of the quantization of the Faraday
and Kerr rotation in these materials which are key predicted topological effects. This
quantization is topologically protected only at zero frequency. The experiments examine
the breakdown of these topological invariants with frequency which is important to our
understanding of these important fundamental condensed matter constraints. Also, the
quantization is in units of the fine structure constant, a, so that the measurement
technique may provide precision metrology of this fundamental constant.

Recent progress

Cuprates: IR Hall Effect in BSCCO

Measurements of the Faraday rotation and circular dichroism were performed on
optimally doped Bi-2212 at THz frequencies in order to elucidate the nature of the
anomalous DC Hall Effect long studied in hole doped cuprates[1]. Recent results are
shown in FIG. 1. Above Tc, the spectral weight of the IR Hall response, characterized
by the Hall frequency wy , is found to be significantly larger than the value calculated
within a Boltzmann formalism using ARPES measured parameters. This observation is
the THz manifestation of the well-known anomalous dc-Hall effect where dc-Ry
enhancements are much larger than the values expected from Luttinger’s theorem as
well as the ARPES+RTA value. These enhancements as well as the frequency and
temperature dependence of the dc- and IR Hall response were found to be well
described by a Fermi-liquid theory which incorporates current vertex corrections in the
conductivity and electron-electron interactions mediated by antiferromagnetic
fluctuations. Therefore this work provides strong evidence for an interpretation of the
anomalous Hall Effect in the cuprates in terms spin fluctuations.

134



Topological Insulators.

A special effort was carried out
this past year on topological
insulators because of the great
interest in the predicted
properties of these materials
and because of the availability
of especially good samples at
Maryland. Topological
insulators (Tls) are a predicted
new quantum state of matter
occurring in certain materials
with a strong spin orbit
coupling (e.g., Bi,Se; and
Bi>Te;). Topological insulators
are predicted to have exotic
properties including a
topologically protected spin
polarized conducting surface
state, an intrinsic magneto-
electric effect and Majorana
fermions induced by the
proximity effect with a
superconductor. One of the
signature exotic properties of a
topological insulator is a
quantized Faraday rotation
and/or Kerr rotation due to the

intrinsic magneto-electric effect.

In our work we first
characterized the Maryland low
impurity density samples
through measurements of the
IR response [2] . The
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Figure. 1. (a) and (b) Real and Imaginary parts of the Faraday
angle in BSCCO measured at 3.05, 5.24, 10.5, and 21.75 meV.
(c) Re(1/64) measurements are consistent with THz
measurements in the range 0.41-1.24 meV performed on
optimally doped YBCO-123 films (red squares) as well as dc-
cot By measurements performed on slightly overdoped
(Tc=86.5 K) (cyan) and optimally doped single-crystal Bi-2212
(violet). The dashed straight lines are linear fits to the IR Hall
data. (d) The measured Hall frequency normalized to the free-

electron Hall frequency, @, =0.115 meVT. The inset shows the

Hall mass in units of bare electron mass me versus
temperature. The superconducting state is cross hatched in
gray.

response is well described in terms of Lorentzian phonons and a Drude response of the
bulk electrons. In these measurements the bulk response dominates the signals even
for our lowest doped (n=10"" cm™) samples. The electron-phonon interaction is
observed to be weak in Bi,Se;. Magneto-optical measurements yields a cyclotron mass
for a low-doped Bi,Sej; single crystal which is close to the mass observed in SdH
measurements. Free carriers are electrons as determined from the sign of the Faraday

angle [2].

In order to investigate the predicted quantization of the Kerr and Faraday angles in
topological insulators we extended our THz magneto-optical measurement facility to
include the Kerr Effect [3]. This allows measurement of magneto-optical effect on
opaque samples which is important at this stage of research on TlIs because of their bulk
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conduction. We also, examined the predicted magneto-optical effects in more depth by
taking into account the multiple reflections in the bulk samples or thin films of Tls on a
substrate [4]. The optical configuration is shown in Fig. 2. It was discovered that
measurements of the Faraday rotation at an etalon peak of the Tl crystal the
transmission is 100% which yields a quantized Faraday rotation that is independent of

the material properties. Thus tan(6:) =« .

. E Figure 2. Measurement of Kerr and Faraday angles
T— 2 in Er w0 for a Tl thick film of thickness | and optical constants ¢,

| vacuum f,.=0 Mo on a topologically trivial insulating substrate with
l T &y 6 *=0  optical constants €, us, in a perpendicular magnetic
==t field B. (We consider normal incidence in the actual

substrate proposal but draw light rays with a finite incidence

ey hy  Ban=20m angle in the figure for clarity.) The external magnetic

field can be replaced by a thin magnetic coating on

E =g both Tl surfaces.

Therefore this effect allows the possibility of precision measurements of the fine
structure constant. We also developed a method for measuring separately the Faraday
rotation of the two surfaces on a transparent topological insulator [4].

THz Faraday and Kerr Effect measurements
were made on Bi,Se; single crystals to initiate a
study of the intrinsic magneto-electric effect [3].
This work addressed the issue that the optical
response of the topological surface state is
inextricably mixed with the response of the
residual bulk carriers that result from anti-site
defect doping. To deal with this problem, that is
ubiquitous to currently existing Tl samples, we
have developed a gate modulated Kerr
measurement. When a negative gate voltage,
large enough to deplete the bulk, is applied
further increases change the response of the
surface states but not the bulk. This allows an
isolation of the surface response of one surface
of the TI. Evidence for the THz magneto-
response of the surface carriers was observed

Re[Aoxy] (¢*/h)

Im[Aoxy] (¢2/h)

-10 -5 0 5 10
. . Bfield (T)

as shown in Figure 3. Improved measurements Figure 3. Real and imaginary surface Hall
of the gated Kerr response are currently conductivity of Bi,Se; at 42 cm™ measured
underway. by gate modulated Kerr effect. Cyclotron
resonance of the surface carriers is
observed.

lll. Planned activities: 2011-2012

Our preliminary work on the Kerr measurements on topological insulators has made as
much progress as can be expected with the currently existing materials. It is clear that
major developments on materials will be required before the fundamental quantized Kerr
angle measurements can be realized. We are currently seeking additional support that
includes materials development in addition to the magneto-optical measurements on
these interesting new materials.
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For the second year of this project we plan to focus on the IR Hall measurements on
underdoped cuprates. The main effort will be made on underdoped BSCCO single
crystals which we have available from Brookhaven (Genda Gu). We will also extend our
preliminary studies on underdoped Pr,,Ce,CuQO,4. The main goal will be to critically
compare the THz IR Hall data with the extensive ARPES data available on BSCCO. We
will measure the IR Hall Effect at far IR frequencies which are below any energy gaps,
pseudogaps, or interaction energy scales and where we will be probing the states near
the Fermi energy. This will allow direct contact with quantum oscillations experiments in
cuprates and with DC transport in general. We will examine fundamental issues in
cuprate physics using our unique magneto-optical capabilities. These issues include the
question of whether Fermi liquid theory adequately describes the transport in cuprates
as they are doped closer to the Mott state at zero carrier density. We will also examine
the effects of Fermi surface reconstruction and the Fermi arcs observed in ARPES on
the THz magneto-transport. The relation between the gaps observed in electron
underdoped materials and the pseudogaps observed in hole underdoped materials will
be examined by extending our preliminary studies on underdoped Pr,,Ce,CuQ4to more
extensive doping dependences. The Hall mass my as a function temperature and
frequency for underdoped these two cuprate systems will be fully characterized. We will
also examine oy,(w,T) in comparison with o,(w, T) and the frequency dependence of Ry.

Publications

1. “Terahertz Kerr and reflectivity measurements on the topological insulator
$Bi_{2}Se_{3}%$”, Jenkins, G. S. and Sushkov, A. B. and Schmadel, D. C. and
Butch, N. P. and Syers, P. and Paglione, J. and Drew, H. D., Phys. Rev. B
82,125120,(2010).

2. “Terahertz Hall measurements on optimally doped single-crystal
$Bi_{2}Sr_{2}CaCu_{2}O_{8+x}$”, Jenkins, G. S., Schmadel, D. C., Sushkov, A.
B., Gu, G. D., Kontani, H. and Drew, H. D., Phys. Rev. B82, 094518,(2010).

3. “Topological quantization in units of the fine structure constant” Joseph Maciejko,
Xiao-Liang Qi, H. Dennis Drew, and Shou-Cheng Zhang, Phys. Rev. Letters 105,
166803 (2010).

4. “Simultaneous measurement of circular dichroism and Faraday rotation at
terahertz frequencies utilizing electric field sensitive detection via polarization
modulation”, G. S. Jenkins, D. C. Schmadel and H. D. Drew, Review of Scientific
Instruments 81, 083903 (2010).
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Quantum Materials at the Nanoscale, DE-FG02-07ER46543
Frederick Seitz Materials Research Laboratory - University of Illinois at Urbana-Champaign

Cluster Pls:

Peter Abbamonte (abbamont@illinois.edu)
Raffi Budakian (budakian@illinois.edu)
James N. Eckstein (eckstein@illinois.edu)
Laura H. Greene (lhgreene@illinois.edu )
Anthony J. Leggett (aleggett@illinois.edu)
Dale J. Van Harlingen (dvh@illinois.edu)

Alexey Bezryadin (bezryadi@illinois.edu)

S. Lance Cooper (slcooper@illinois.edu)
Eduardo H. Fradkin (efradkin@illinois.edu)
Taylor Hughes (hughest@illinois.edu )
Nadya Mason (nadya@illinois.edu)

Smitha Vishveshwara (smivish@illinois.edu)

RESEARCH OVERVIEW

The central aim of the Quantum Materials at the Nanoscale (QMN) cluster is to explore—by
combining advanced experimental capabilities, sophisticated theoretical analysis, and the outstanding
facilities of the FS-MRL—the collective organization and dynamics of charges, spins, orbitals, and ions
that arise at the nanoscale in a broad class of important, correlated electronic materials. Our goal is to
understand and control how collective phenomena govern the macroscopic and microscopic properties of
materials, principally by exploring the intersection of strong-correlation physics and nanoscience. Some

highlights of our recent work are described below:

Highlight 1: Measuring fractional vortices in Sr,RuQ,

Recent Progress - Most known superconductors are characterized
by the spin-singlet pairing of the electrons that constitute the
superconducting flow. An exception is Sr,RuQ4 (SRO), which—much
like superfluid *He—may be a spin-triplet p-wave superfluid.
Superconductivity of this type may support remarkable vortex

4]

N (0 K]
@EH
1. L Jeteb)
] rpax
2, miira §
3 e T
anfrzx
a0t
it

NN e

-~ =

Hyfou
Fig. 2 (A) Image of an SRO
nanocrystal ring with an 80-nm
wide weak-link constriction.
(B) Cantilever magnetometry
data showing the evolution of
the Josephson currents taken by
varying the flux through the
ring at a fixed value of the field
applied parallel to the ring face.

excitations that carry half a unit of
magnetic flux (half quantum vortices,
or HQVs) and provide topologically-
protected  states for  quantum
computation. HQVs have not been
observed in large samples of SRO, but
may be more stable (and thus observable) in mesoscopic samples.
Following a suggestion by Leggett, Budakian fabricated micron-sized,
ring-shape structures from high-quality samples of SRO (from Y.
Maeno, Kyoto U.) using the focused ion-beam capabilities at the MRL
Central Facilities. They made ultra-sensitive cantilever magnetometry
measurements on these SRO rings (see Fig. 1) and discovered vortex
states exhibiting a magnetic response consistent with the presence of
HQVs. Leggett and Goldbart played an essential role in interpreting
these measurements, which were recently published in Science and
featured in a Search and Discovery article in Physics Today. Motivated
by Budakian’s experiments, Vishveshwara proposed a two-path vortex
interferometry experiment based on the Aharonov-Casher effect for
detecting the non-Abelian nature of the fractional vortices observed in
SRO. The effect is based on observing vortex interference patterns upon
enclosing a finite charge of externally controllable magnitude within the
interference path. Vishveshwara predicts that when the interfering
vortices enclose an odd number of identical vortices in their path, the
interference pattern disappears only for non-Abelian vortices.
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Fig. 1 False color image of aﬁ
SRO nanocrystal ring attached to
the tip of a cantilever.
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Future Plans — Vishveshwara’s proposal will be implemented using Van Harlingen’s expertise in
nanofabrication and measurement of mesoscopic devices, and Budakian’s expertise in fabricating
nanometer-scale SRO samples. In preliminary measurements, Budakian created an SRO rf-SQUID by
fabricating a single weak-link junction into a ring-shaped SRO particle (see Fig. 2). To interpret the
behavior of Josephson currents in these devices, Leggett and Goldbart are working with Budakian to
model the current-phase relationship of spin-triplet Josephson junctions.

As a first step toward establishing the statistics of the fractional vortices, Budakian and Van
Harlingen plan additional measurements of the current-phase relationship of weak-link SRO Josephson
junctions. A key distinguishing feature of HQVs that possess non-Abelian statistics is the existence of
zero-energy Majorana quasiparticles in the vortex core. In the ring geometry, the Majorana modes would
be localized near the boundaries of the ring. Theoretically, such quasiparticles would give rise to an A/e
supermodulation which would be in addition to the A/2e period Josephson currents. While these
measurements would not directly establish the non-Abelian nature of the quasiparticles, they would
establish the existence of edge modes, an important first step. Ongoing theoretical work by
Vishveshwara is aimed at estimating the magnitude of the Majorana quasiparticle contribution to the
Josephson currents and estimating the temperature dependence of this effect.

Highlight 2: Fundamental studies of electronic correlations and phase coherence using graphene

Recent progress - Andreev reflection—where an electron in a
normal metal backscatters off a superconductor into a hole—forms the
basis of low energy transport through superconducting junctions.
Andreev reflection in confined regions gives rise to discrete Andreev
bound states (ABS), which can carry a supercurrent and have been
proposed as the basis of qubits. Although many measurements have
invoked ABS to explain the existence of supercurrents (e.g., in long
SNS junctions), it has been difficult to directly probe individual ABS.
Recent work of Hughes, Goldbart, and Mason succeeded in
determining the spectra of 51
individual ABS that formed Ve
in a graphene quantum dot;  Fig.3 SEM micrograph of a
the results were reported in  graphene device (false colored
a recent Nature Physics  orange) with overlaid measure-
paper. For the experiments,  ment circuit, for tunneling from
Mason fabricated narrow  superconductor (Pb/In) into gra-
superconducting tunnel ~ Phene. Scale bar is 5 pm.
probes, as well as normal-
metal end contacts, on top of exfoliated graphene flakes (see
Fig. 3). Opposite sign work function mismatches at the normal
metal and superconducting contacts led to the creation of
potential  wells, or quantum dots, underneath the
superconducting probes. These quantum dots were also

10 0 10 20 proximity-coupled to the superconducting leads. The interplay
b Ve(V) of the resulting Andreev reflections with Coulomb charging
Fig. 4 (a) 2D map of tunneling differential  effects gave rise to low-energy ABS, which appeared as
conductance vs. backgate voltage (x-axis) gybgap conductance peaks in the tunneling measurements. As
and bias voltage (y-axis) for tunneling into o0y i Figure 4(a), the ABS have a striking gate-voltage
single-layer graphene. Bright white lines d The gate-dependence was explained by Hughes
inside the superconducting gap (marked as cpendence. & P . plat y g ;
24) are ABS. (b) Transport calculations for and C_Soldbart both phc?nomenologlcally and via a microscopic
ABS in a quantum dot having two levels, a Hamiltonian for ABS in a g-raphene quantum dot. Flgure 4(b)
finite charging energy, and couplings to Shows transport calculations based on this model,
normal metal and superconducting leads. demonstrating a remarkable correspondence with experiment.
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Future plans — Mason will work with Hughes to study manipulation of the ABS via gates and
quantum dot configuration; for example, they will test the prediction of Hughes and collaborators that the
system can be tuned through a quantum phase transition (marked by zero-energy ABS) as the dot size is
varied. The technique of superconducting tunneling spectroscopy will also be applied to other systems,
such as topological insulators (TIs). In three-dimensional TIs, Majorana modes are predicted to appear
when the spin-polarized surface states are coupled to superconductors. Mason, Van Harlingen and
Hughes will collaborate to measure signatures of unusual modes in the tunneling signal between a
superconductor and a TL.

Highlight 3: Measurement of the effective fine structure constant of graphene

Recent progress - Electrons in graphene behave like A t<oas t-200ms gy B
massless Dirac fermions, permitting phenomena with oy D))
parallels in high-energy physics to be studied in a solid- e AT - &
state setting. Several authors have argued that the electrons R R A
in graphene should form a strongly correlated electron ¢ t-30es 4 o t=steasdd L D
system, and might form any of a variety of exotic ground K_(\Q @D\ i 3’3)"

X -;"‘/:\'Y-h 5y g ik

states. Surprisingly, such effects have not been observed in
transport experiments; at low temperatures, graphene
behaves as a simple semimetal. The reason for this has
been a mystery. In most materials, the effect that most
directly influences the strength of correlations is screening.
To investigate how screening influences the strength of ; e
interactions in graphene, Abbamonte performed inelastic Fig.5 Snapshots of the dynamical electronic
x-ray scattering experiments on single crystals of graphite screening in graphene, reconstructed from
at Sector 9 at the Advanced Photon Source (APS). Using inelastic x-ray scattering experiments. These
new reconstruction algorithms developed in collaboration images were produced with a spatial resolution
with Fradkin and postdoc Bruno Uchoa, Abbamonte was ©of 0.53 A and a time resolution of 10.3
able to image the dynamical screening of charge in a attoseconds.

freestanding graphene sheet (Fig. 5). They found that the polarizability of graphene is approximately 3.5
times larger than expected from past estimates based on the random phase approximation. This enhanced
screening is a consequence of excitonic effects in transitions between the © and ©* bands, which dominate
screening at long distances and low energies. Abbamonte and Fradkin argued, further, that the strength
of Coulomb interactions is characterized by a scale-dependent, effective fine-structure constant,
ozéf,(k,a))ze2 / hv,e(K,®) , which approaches the value 0.14 £ 0.092 ~ 1/7 at low energies and large

t=1fs

Xk

distances. This value is substantially smaller than past estimates and suggests that graphene is more
weakly interacting than previously believed. This study—which recently appeared in Science —
demonstrates that a two-dimensional system can exhibit strong dielectric screening over finite distances,
provided its excitation spectrum is gapless. These results have implications for all two-dimensional Dirac
systems, including transition metal dichalcogenides, copper-oxide superconductors with nodal
quasiparticles, and surface states in topological insulators.

Future plans - Abbamonte will expand these studies to higher resolution and to study excitations in
other Dirac systems. The quantity that is important for interactions is the low-momentum, asymptotic
value of a;, but the lowest momentum achieved in the above measurements were 27 /k ~10 lattice

parameters. To establish the proper asymptotic properties of a,, we are developing, in collaboration with

Diego Casa at Argonne National Laboratory, a small-angle inelastic x-ray scattering setup in Sector 9 at
the APS. This instrument will allow IXS experiments to be carried out at scattering angles down to 3°,
allowing the proper, long-wavelength value of a, to be determined. With this setup we should also be

able to see the 2d-3d dimensionality crossover in graphite, as well as study other Dirac systems, such as
transition metal dichalcogenides, which exhibit nodal quasiparticles and mimic many of the properties of
the cuprate superconductors.
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Project Title: Engineering of mixed pairing and non-Abelian quasiparticle states of matter in
chiral p-wave superconductor Sr;RuQO4

Principal Investigator: Ying Liu

Institution: Department of Physics, Pennsylvania State University, 104 Davey Laboratory,
University Park, PA 16802

Email: liu@phys.psu.edu

1. Project Scope

The goal of this project is to seek out novel phenomena in Sr,RuO4 and related Ru-Sr,RuQO4
eutectic phase, especially mixed pairing and non-Abelian states of matter. There is strong
evidence for p-wave superconductivity in Sr,RuQO4. Therefore at the interface between Sr,RuQO4
and s-wave superconductor Ru found in the eutectic phase of Ru-Sr,RuQs, both p- and s-wave
pairs are expected, which should then form a novel mixed pairing state. Similar states may also
present in ultrasmall samples of Sr;RuQj. Furthermore, half-integer flux quanta were observed in
SroRuOy4 recently, suggesting that half-flux-quantum vortices may also exist in this material. If
the half-flux-quantum vortex comes from a chiral p, * ip, pairing, Majorana quasiparticles,
which are both particle and holes), are expected, leading to a non-Abelian state. We propose to
engineer material and device systems on Sr,RuQOj4 to create experimental conditions that will
allow direct observation of mixed pairing and non-Abelian Majorana states of matter.
Specifically, we will: 1) prepare thin flakes of Sr,RuO4 and characterize them by scanning micro
Raman spectroscopy, by scanning transmission (STEM) and by electron energy loss
spectroscopy (EELS); 2) perform tunneling as well as electrical transport measurements on Ru-
Sr,RuO4 eutectic phase and ultrasmall flakes of Sr;RuOj4 to search for mixed pairing states; 3)
explore ways to detect the presence of domains and domain walls, and that of chiral edge
currents; 4) use a c-axis magnetic field to induce a d-vector rotation and detect the rotation by
measuring the orientation dependence of Josephson coupling; and finally, 5) search for half-flux-
quantum vortices and the associated Majorana quasiparticles. It was proposed Majorana
quasiparticles may be used as basis for quantum computing. Therefore work proposed here will
not only lead to fundamental discoveries in unconventional superconductors, but also contribute
to the development of future information technologies.

2. Recent Progress

Even though there is strong evidence for p-wave superconductivity in Sr,RuO4 and that for a
time-reversal symmetry breaking superconducting state from uSR and polar Kerr rotation
measurements, whether it is chiral is less clear as domains and domain walls expected in a chiral
p-wave superconductor have not been observed directly in this material. Therefore, further
experimental studies that can prepare and detect domains and domain walls are needed. These
experiments require structures that are prepared by microfabrication. Recently, we have
succeeded in preparing thin flakes of Sr,RuO,. The work was motivated originally by the need of
superconducting Sr,RuO, material that can be microfabricated. This was difficult to achieve
without superconducting films of Sr,RuO,. The synthesis of superconducting thin films of
Sr,RuO, by pulse laser deposition (PLD) has been reported very recently (Y. Krockenberger, M.
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Uchida, K. S. Takahashi, M. Nakamura, M. Kawasaki, and Y. Tokura, “Growth of
superconducting SroRuQy thin films,” App. Phys. Lett. 97, 082502 (2010)), however, they are not
widely available. The thin flakes prepared by mechanical exfoliation of bulk single crystals
should feature better crystallinity than PLD films. Furthermore, these flakes interact very weakly
with the substrate, which may be useful for certain experiments.

We prepared thin flakes of Sr,RuO, by mechanical exfoliation. Some results are shown in
Figs. 1 and 2. To begin with, slightly Ru deficient single crystals of Sr,RuO, were grown (by our
collaborator, Professor Zhiqiang Mao of Tulane), making crystals easier to cleave. The
exfoliation procedure is different from the procedure used to prepare graphene flakes as even Ru-
deficient crystals of Sr,RuO, are not nearly as cleavable as graphite. In addition, the oxide is
more brittle than graphene, and easy to break. The thickness of the flakes can be estimated
roughly by its color under an optical microscope, and measured relatively precisely by atomic
force microscope. Micro Raman spectroscopy measurements have confirmed that the Raman
spectrum of the flakes as thin as 30 nm is the same as that of the bulk. These flakes have been
characterized by HRTEM by our collaborator, Dr. Yan Xin of NHMFL in Florida.
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Fig. 1. A sample of a pure flake of Sr,RuO, that features a single transition. The transition
temperature and the critical field are similar to those of the bulk.
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Fig. 2. A sample of a flake of Sr,RuQO, that features multiple transitions. The 1.3 K and 2.1 K
transitions correspond to the pure and 3K phases of Sr,RuQO,.

3. Future Plans
In the next year, we plan to carry out the following two experiments:
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Mixed pairing state: Previously we carried out measurements on tunnel junctions prepared on a
single Ru island recently. However, Ru islands chosen for this study, found on a polished surface
of the Ru-containing Sr,RuO, single crystal, feature a relatively rough surface (Fig. 3), which
may prevent the detection of the mixed pairing state. We plan to minimize the amount of the
disorder on the surface of Ru island and prepare tunnel junctions on Ru island by wet etching the
Ru Island (most gentle approach) using sodium hypochlorite (NaOCIl) diluted in de-ionized water
mixture that seems to be an effective Ru etchant to remove the top layer of damaged Ru.

We will also attempt to prepare tunnel junction on Ru containing flakes of Sr,RuQO,. In this
case, the Ru island tends to locate at the edge of flake. This will allow a tunnel junction be
prepared on the Sr,RuQ, side of the interface, which is the bulk of the flake. Mixed pairing state
is expected in the flake, which should be detected in both transport and tunneling measurement.
We plan to use focus ion beam to prepare the flake samples.

50
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Fig. 3. a) AFM image of a Ru island marked by the red box in (a); b) Line scans along the
directions marked in (a) by dashed lines. The height of the Ru island is about 35 nm. The RMS
value for the height of the polished Sr,RuO, surface and top surface of the Ru island is RMS; 4 =
0.49 nm for Sr,RuO, and RMSg, = 2.63 nm for Ru.

2. Domain and domain walls. We plan to detect the presence of domains and domain walls in
Sr,RuO, using flake-based phase-sensitive measurements. In the original phase-sensitive
measurements (K.D. Nelson, Z.Q. Mao, Y. Maeno, and Y. Liu, “Odd-parity superconductivity in
Sr,RuO,,” Science 306, 1151-1154 (2004)), we used a carefully controlled, slow cooling
procedure to prepare a trapped-flux-free, single-domain sample across the crystal (with a width
of ~0.5 mm). However, no active control of domain formation was attempted.

In thin-flake-based experiment, we plan to prepare Augslngs/Sr,RuO, SQUIDs for
controlling and detecting domains in Sr,RuQO,. The device will be prepared by photo lithography
and ion milling. Small magnetic field coils prepared by photo lithography can be used to create
conditions favoring the formation of two domains opposite chiralities during a slow field cool.
Quantum oscillation patterns obtained in zero-field and finite-field cools will be compared to see
if there are signs for the present of domains. Essentially, with and without the presence of the
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domain correspond to a 180-degree intrinsic phase shift, which will in turn lead to a shift in the
minimum position in the quantum oscillation. In addition, we will also explore the physical
behavior of the flakes when their sizes become smaller and smaller. In sufficiently small flakes
only a single domain exist as the domain wall is expected to be around 1 ym wide, which will
show feature not present in flakes that can host multiple domains.

4. Publications resulting from DOE sponsored research (2008-2011)
1) Xiangfan Xu, Zhuan Xu, Tijiang Liu, David Fobes, Zhiqiang Mao, and Ying Liu, "Band-

dependent normal-state coherence in Sr,RuOy4: Evidence from Nernst and thermopower
measurements," Phys. Rev. Lett. 101, 057002 (2008).

2) Neal E. Staley, Linjun Li and Zhuan Xu, and Ying Liu, "Electric field effect on
superconductivity in atomically thin flakes of NbSe,," Phys. Rev. B 80, 184505 (2009).

3) Yiqun A. Ying, Karl Nelson, losef G. Deac, Peter Schiffer, Peter Khalifah, Robert J. Cava,
and Ying Liu, "Magneto electrical transport properties and possible quantum critical
fluctuation in LasRusO19," Phys. Rev. B 80, 024303 (2009).

4)Y. A. Ying, Y. Xin, B. W. Clouser, E. Hao, N. E. Staley, R. J. Myers, L. F. Allard, D. Fobes,
T. Liu, Z. Q. Mao, and Y. Liu, "Suppression of proximity effect and the enhancement of p-
wave superconductivity in the Sr;RuO4-Ru system," Phys. Rev. Lett. 103, 247004 (2009).

5) Tong Zhang, Peng Cheng, Wen-Juan Li, Yu-Jie Sun, Guang Wang, Xie-Gang Zhu, Ke He,
Lili Wang, Xucun Ma, Xi Chen, Yayu Wang, Ying Liu, Hai-Qing Lin, Jin-Feng Jia, and Qi-
Kun Xue, "Superconductivity in one-atomic-layer metal films grown on Si(111)," Nature
Physics 6, 104 - 108 (2010).

6) T. J. Liu, X. Ke, B. Qian, J. Hu, D. Fobes, E. K. Vehstedt, H. Pham, J.H. Yang, M.H. Fang, L.
Spinu, P. Schiffer, Y. Liu, and Z.Q. Mao, "Charge carrier localization induced by excess Fe
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7) Ying Liu, “Phase-sensitive measurement determination of odd-parity, spin-triplet
superconductivity in Sr;RuQs,” New Journal of Physics 12, 075001 (2010).

8) Ying Liu, “Half-flux redux,” Nature Physics 6, 245 - 246 (2010).
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Project Title: Tunneling and Transport in Nanowires
Principal Investigator: Allen M. Goldman
Address: School of Physics and Astronomy
University of Minnesota
116 Church St. SE
Minneapolis, MN 55455

Email Address: goldman@physics.umn.edu

Scope: The goal of this program is to study phenomena that might be relevant to the
performance of devices and circuits at the limit of the smallest realizable feature sizes. Structures
will be prepared using physical rather than chemical or biological techniques. The nanowires will
be either quasi-one-dimensional (quasi-1D) or one-dimensional (1D). The appropriate term
depends upon the size of the widths and thicknesses, or radii, characterizing the transverse
dimensions of a wire relative to some characteristic length associated with a physical property.
When these lengths are smaller than the inelastic scattering, phase coherence, or superconducting
coherence lengths, the wires are quasi-1D. This distinguishes them from wires for which the
transverse dimensions are smaller than the Fermi wavelength for which only the longitudinal
electronic degree of freedom is relevant. For such 1D wires, Landau's Fermi liquid theory fails and
is replaced by Tomonaga-Luttinger Liquid (TLL) theory. Itis important to probe this regime and to
understand the entry into the TLL regime produced by either reducing wire size or by changing the
wire carrier concentration. We propose two types of experiments on nanowires prepared using
electron beam lithography (EBL). The first type involves quasi-1D superconducting nanowires. We
will determine the mechanism for the recently discovered restoration of superconductivity of
quasi-1D nanowires driven resistive by current that occurs upon the application of magnetic field.
We will search for h/e flux quantization in nanometer scale superconducting loops, which may
reveal the nature of Cooper pairing in mesoscopic systems. We will study the superconductor-
insulator transition in nanowires, by varying their thicknesses, their coupling to dissipation, and
their charge densities. The latter will be accomplished using electronic double layer transistor
configurations. The second type of experiment will directed at exploring the TLL regime of 1D wires
prepared from a low carrier density material, either electrostatically doped SrTiOz or KTaOs. We
will employ electron beam lithography to form a surface mask, and will then use an ionic liquid to
induce charge in an exposed line of SrTiO3 or KTaOs. If the wires can be made sufficiently narrow,
then they should exhibit TLL behavior, which can be ascertained by studying charge transport. We
would then study charge and spin transport in detail, and by employing electrostatic gating, tune
between the 1D and quasi-1D regimes so as to determine the phase diagram as a function of carrier
concentration.

Recent Progress:

We discovered that superconductivity could be restored upon the application of small magnetic
fields to nanowires driven out of equilibrium and into a resistive state by an externally supplied
current. Standard four-terminal configurations of a single Zn wire connected with 1pm wide Zn
electrodes. These were prepared using EBL. Standard four-terminal configurations of a single Zn
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wire connected with 1um wide Zn electrodes, 1.5um apart, in the case of the sample shown in Fig.1
(a). The current dependence of the resistance for the sample of Fig. 1 (a) is shown in Fig. 1 (b). As shown
in Fig. 2(a), the higher resistance part of the transition moved to lower temperatures with increasing
magnetic field. The lower resistance part exhibited a different behavior, moving to higher temperatures
with increasing field. Also the temperature at which the wire resistance vanished increased. As a result,
the transition sharpened with increasing field. However this eventually stopped and the onset temperature
as well as the temperature at which the resistance vanished, both moved together towards lower values
upon increasing the field. In effect, there is a magnetic field induced restoration of the superconducting
state over the range of temperatures corresponding to the lower part of the zero field transition as
illustrated in Fig. 2(b).
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FIG. 1 (a) A Scanning Electron Microscope image of the sample, the white scale bar is 1um long. b) Temperature
dependence of the wire resistance, at H = 0 Oe, with current ranging from 0.4pA to 6 pA, every 0.4 pA.
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FIG. 2 (a) Temperature dependence of the wire resistance, at I = 4.4 pA, with varying applied magnetic fields from
0 Oe to 28 Oe, every 4 Oe. (b) Magnetic field dependence of the wire resistance, at I = 4.4pA, with temperatures
ranging from 0.46K to 0.76K, every 0.02K.

Extensive studies of the phenomenon involving changing wire lengths and the orientation of the
magnetic field with respect to the sample plane were carried out. The major conclusion was that
the action of the magnetic field on the electrodes is to generate quasiparticles, which dampen
resistance generating phase fluctuations, leading to the restoration of superconductivity.

There was also progress in the fabrication of superconducting loops for the search for h/e flux

quantization, and in the fabrication of low-carrier density conducting SrTiOs layers for the study of
Tomonaga-Luttinger Liquid phenomena
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Future Plans: Superconducting Nanowires and the Tomonaga-Luttinger Liquid
Flux quantization with h/e quanta: We are investigating the possible emergence of h/e period
oscillations in the critical temperature of small superconducting rings threaded by magnetic flux.
The question arises when the radius of a ring becomes comparable to or smaller than the coherence
length. Numerous calculations using various techniques have shown h/e period oscillations in a
traditional Little-Parks measurement. Preliminary investigations appear to support the theoretical
predictions. However in loops with reduced transition temperatures, h/4e oscillations have also
been observed. This work depends upon preparing ultra small superconducting loops using
electron beam lithography with ultra-clean, long coherence length Al films.

Magnetic field induced restoration of superconductivity in out-of-equilibrium Zn and Al nanowires:
We have constructed a phenomenological scenario to explain our observations. Increasing the current
results in phase slip generation, which results in nonzero resistance. When a magnetic field is applied,
guasiparticles are produced in the electrodes. These quasiparticles dampen the phase slip processes
that produce resistance by increasing the dissipation, resulting in the wire recovering its zero resistance
state. Measurements at temperatures down to 50mK have revealed that the transition as a function of
current, widens at lower temperatures. This suggests that the phase slips producing resistance might be
driven by quantum fluctuations, even though quantum phase slip models (QPSs) do not describe the
data. If the resistance seen in the transition region is indeed driven by QPSs, the field-enhanced
superconductivity could be explained by the effect of dissipation associated with quasiparticles
generated by the magnetic field. As a possible test of this scenario, we propose to introduce dissipation
in a direct manner. The idea would be to fabricate wires on an AlGaAs heterostructure containing a
delta-doped layer, located not too far from the surface, whose conductance is electrostatically tunable.
Phase fluctuations and phase slips might then be controlled by tuning the conductivity of this delta-
doped layer.

Superconductor-Insulator Transitions in Quasi-1D wires: The measurements of Bezryadin and
coworkers on carbon nanotube templated nanowires involved comparing the properties of MoGe
coated wires of different thicknesses prepared using separate sputtering runs. We propose to
produce narrow wires and tune the SI transition using several techniques including: (1) in situ
cyclic evaporation and measurement of amorphous Bi (a-Bi) wires, (2) the use of dissipation as
a tuning parameter for InOx nanowires and (3) the modification of the carrier
concentration of InOx wires using electronic double layer field effect transistor
configurations.

Patterning 1D Electron Gas Structures-Tomonaga-Luttinger Liquid Behavior: A simple approach to
producing low carrier density nanowires may be realized by inducing conductivity in a narrow
patterned line in SrTiO; (STO) by gating using an electric double layer transistor (EDLT)
employing an ionic liquid (IL) as the gate dielectric. Electron beam lithography can be used to
produce a mask that will leave a narrow line on the surface of a material such as SrTiO,, exposed
to the ionic liquid. If the line can be made the order or narrower than the Fermi wavelength,
which depends upon the charge density, then the resultant wires should exhibit TLL behavior
and their carrier concentrations should be tunable over a wide range. This configuration could
then be used to study spin and charge transport as well as the superconducting character of these
systems. (A similar approach can be used to tune the carrier concentration of superconducting
nanowires in the quasi-1D limit to explore the quasi-1D superconductor-insulator transition.) The
first step in such studies was to demonstrate that we are able to electrostatically dope single
crystals of insulating SrTiO; into a conductive state. We have characterized the results of such
doping over broad ranges of temperature and carrier concentration in work published in Physical
Review Letters. We propose to combine nanowire fabrication technology with the EDLT
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transistor technology used to induce charge in the surface of a single-crystal of an insulator such
SrTiO; (STO). We would cover the surface of a STO crystal, leaving exposed a line, equipped
with various electrodes, which would then be electrostatically gated using an EDLT
configuration. With the new EBL system at Minnesota, lines 5 to 8 nm wide may be possible.
Charge transport studies will be used to determine whether structures are 1D or quasi-1D. The
systematics of conductance variation with voltage and temperature as a function of wire carrier
concentration will be determined. Using magnetic and non-magnetic electrodes, we propose to
study the transport properties of quantum wires using spin-polarized or partially spin-polarized
carriers employing the four-terminal nonlocal spin valve geometry first employed by Johnson
and Silsbee, and used by Tombros, van der Molen and van Wees to study carbon nanotubes.

Publications

Phase Diagram of Electrostatically Doped SrTiO;
Yeonbae Lee; Clement, C.; Hellerstedt, |.; Kinney, ].; Kinnischtzke, L.; Xiang Leng; Snyder, S.D.;
Goldman, A.M. Physical Review Letters,v 106,n 13, p 136809 (4 pp.), 1 April 2011.

Stabilization of superconductivity by magnetic field in out-of-equilibrium nanowires
Yu Chen; Yen-Hsiang Lin; Snyder, S.D.; Goldman, A.M. Physical Review B (Condensed Matter and
Materials Physics), v 83,n 5, p 054505 (8 pp.), 1 Feb. 2011.

Indications of superconductivity at somewhat elevated temperatures in strontium
titanate subjected to high electric fields

Yen-Hsiang Lin; Yu Chen; Goldman, A.M. Physical Review B (Condensed Matter and Materials
Physics),v82,n17,p 172507 (4 pp-), 1 Nov. 2010.

Magnetic-field-induced superconducting state in Zn nanowires driven in the normal
state by an electric current

Yu Chen; Snyder, S.D.; Goldman, A.M., Physical Review Letters,v 103,n12,p 127002 (4 pp.), 18 Sept.
20009.

Transport properties of organic field effect transistors modified by quantum dots

Nishioka, M.; Yu Chen; Goldman, A.M., Applied Physics Letters, v 92, n 15, p 153308-1-3, 14 April
2008.

A simple approach to the formation of ultra-narrow metal wires
Yu Chen ; Goldman, A.M. Journal of Applied Physics,v 103,n 5, p 054312-1-4, 1 March 2008.
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Email: hla@ohio.edu
1. Program Scope

Charge transfer in donor and acceptor molecules alters the electronic states of the molecular complexes,
and thus it is useful to tailor novel materials having a wide range of properties. We explore structural and
electronic properties of molecular charge transfer complexes and molecular devices utilizing the unique
capabilities of scanning tunneling microscopy, atom/molecule manipulations, and tunneling spectroscopy.

2. Progress

We have made several advances in superconducting’, semiconducting? and magnetic® properties of charge
transfer base molecular materials for nanoelectronics, for charge and energy transfer applications.

2.1. Molecular Superconductor

A class of charge transfer based molecular superconductors known as the Bechgaard superconductors are
formed by donor and acceptor type molecules. They are non-BCS superconductors and STM studies of
Bechgaard superconductors have not been done extensively. One of the reasons is due to the difficulty of
getting atomically flat cleavage surfaces. Albeit scanning tunneling spectroscopy (STS) has been used to
probe bulk Bechgaard crystals, the lack of direct structural imaging makes the data interpretation
incomplete. Atomic and molecular level studies involving structural information are crucial to understand
the superconductivity in these materials. To overcome this barrier, we have developed a new technique of
preparing the samples; the epitaxial growth of A-(BETS),-GaCly film on metallic substrates such as
Ag(111). Our work demonstrated that a well ordered Bechgaard film could be grown on Ag(111) down to
just one sheet of molecular packing (Fig. 1). This opens up possibility of exploring Bechgaard
superconductors at atomic or molecular level in a clean UHV environment. The epitaxial growth of
(BETS),-GaCly on Ag(111) can also form 1-D molecular chains. This again opens more exciting
opportunities to probe nanoscale superconducting phenomena'.

« cunerit  (C) Fig. 1. (a), (b):
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Tunneling spectroscopy of (BETS),-GaCl, molecular layer having just a single constituent thickness
ubiquitously show a superconducting gap. (BETS),-GaCl, is a D,A type molecular charge transfer system
(D = donor, A = acceptor) and each BETS molecule transfers 0.45 electronic charge to GaCly. The charge
transfer results in half-filled molecular orbitals in BETS and thus it becomes metallic. Below a critical
temperature, the epitaxial film of (BETS),-GaCly exhibits superconductivity. Interestingly, the
superconducting gap can still be detected down to just four pairs of molecules in these materials.

Abstract: How small can a sample of

e

nanotechnology superconducting material be and still display
e b ki superconductivity? This question is relevant to
our fundamental understanding of

superconductivity, and also to applications in
nanoscale electronics because Joule heating of
interconnecting wires is a major problem in
nanoscale devices. It has been shown that
ultrathin layers of metal can display
superconductivity, but any limits on the size of
superconducting systems remain a mystery.

FE

(BETS),-GaCly, where BETS is bis (ethylenedithio) tetraselenafulvalene, is an organic superconductor,
and in the bulk it has a superconducting transition temperature T, of approximately 8 K and a two-
dimensional layered structure that is reminiscent of the high-T. cuprate superconductors. Here, we use
scanning tunneling spectroscopy to show that a single layer of (BETS),-GaCl, molecules on an Ag (111)
surface displays a superconducting gap that increases exponentially with the length of the molecular
chain. Moreover, we show that a superconducting gap can still be detected for just four pairs of (BETS),-
GaCl, molecules. Real-space spectroscopic images directly visualize the chains of BETS molecules as the
origin of the superconductivity.

2.2.Charge Transfer Induced Molecular Magnetism

Here we show that an interfacial charge transfer can alter properties of molecular spin. After adsorption
on a Cu(111), the spin of Co atom in a TBrPP-Co molecule is delocalized and redistribution of spin
density from the Co atom to the organic ligands of the molecule occurs due to an interfacial charge
transfer process. As a result, the entire molecule becomes magnetic. This effect is reflected in the Kondo
resonance, which is observed over the entire molecule.

Abstract: An extensive redistribution of spin density in TBrPP-Co molecules adsorbed on a Cu(111)
surface is investigated by monitoring Kondo resonances at different locations on single molecules.
Remarkably, Kondo resonance is found to be much larger on the organic ligands than on the central
cobalt atom reflecting enhanced spin-electron interactions on molecular orbitals. This unusual effect is
explained by means of first principles and numerical renormalization group calculations highlighting the
possibility to engineer spin polarization by exploiting interfacial charge transfer.
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Fig. 2. Kondo resonance of a TBrPP-Co layer on Cu(111) is determined in two paths; 1 and 2 (Left). The Kondo
temperature increases over the organic ligands (middle plots). The DFT calculation reveals the distribution of spin
density throughout the molecules due to an interfacial charge transfer process (right).

2.3. Madification of Interfacial Charge Transfer by Doping Single Molecules

The ability to modify the electronic properties of materials by the interaction between donor and acceptor
molecules plays a significant role in molecular electronics. Formation of molecular charge transfer
complexes have been observed for different donor acceptor system in a lateral configuration on surfaces.
Here, we studied the changes of interfacial electronic structure in TCNQ (7,7,8,8-
tetracyanoquinodimethane) on Au(111) surface caused by adsorption of single decamethyl-manganocene
(Mn(CsMes),) molecules using low temperature STM and STS. The molecular complexes were formed
by depositing manganocene onto pre-deposited TCNQ ordered layer on Au(l11). Perpendicular
interaction between the manganocene and TCNQ were determined by means of conductance tunneling
spectroscopy, which reveal formation of new hybrid molecular orbitals upon adsorption of manganocene
on TCNQ layer as well as the screening of the surface state electrons of Au(111). This work provides an
important step for manipulating and tuning charge state of molecules using donor-acceptor molecular
systems.

Fig. 3. A manganocene
molecule on top of a TCNQ
layer (left). Tunneling
spectroscopy data reveal the
charge transfer process at
TCNQ - Au(111) interface.
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3. Future Plan

Following the achievement of molecular superconductivity, we are investigating the proximity effect, and
the Cooper pair formation mechanism in this unconventional superconductor. We are also investigating
charge transfer processes in other molecular complexes involving various metallo organic molecules such
as porphyrin, and manganocene.
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1. Project Scope

Optical spectroscopy is a widely used technique for the study of the electronic properties of
solids, with the interesting photon energy range extending at least from the far-infrared/terahertz
range (sub-meV) to the ultraviolet (several eV). These experiments allow studies of physics as diverse
as the energy gaps of metallic superconductors, spin excitations in magnets, free-carrier dynamics
in metals and semiconductors, interband excitations, the vibrational modes of crystals, and spectral
weight transfers associated with metal-insulator or superconducting phase transitions. The great
majority of these studies, including some done as part of this project, are linear, equilibrium exper-
iments. The only deviations from the ground state are caused by thermal excitations. In contrast,
this project also studies a rather different situation: infrared studies of dynamics of systems away
from equilibrium, in some cases far from equilibrium. We investigate nonequilibrium states of matter
through pump-probe infrared and far-infrared spectroscopy. A wide range of materials can be studied
using this time-resolved facility, which makes use of a key feature of synchrotron infrared radiation:
the electrons in the synchrotron ring exist in tight bunches traveling around the ring, making the
synchrotron light occur as pulses, emitted each time a bunch passes the aperture of the beamline.
The length of the bunch sets the duration of the pulse, typically in the sub-nanosecond range. Al-
though perhaps the least exploited aspect of synchrotron radiation, this time structure makes the
synchrotron able to do a class of very important experiments that cannot be done in any other way:
broadband infrared time-resolved or pump-probe spectroscopy.’? Our experimental setup uses a
short-pulsed near-infrared laser as pump and the very broadband synchrotron infrared radiation as
probe. Synchronization between laser pulses and infrared pulses gives the ability to study transient
behavior on timescales from ~200 ps to ~100 ns. Spectrometers attached to the beamline permit
spectroscopy of these transient events in the far-infrared to near infrared ranges.

2. Recent Progress
2.1. Facilities

Ti:Sapphire
Synchro-lock 5.88 MHz

; 17.66 MHz
i52.88 MHz x 2 52.88 MHz

1

Synchrotron Interferometer
(probe)
Laser (pumnp) through
optical fiber

Fig. 1. Apparatus for time-resolved pump-probe measurements.
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Figure 1 shows a schematic diagram of the pump-probe facility.? The sample is first irradiated
with a short, relatively high-power, “pump” pulse, creating a nonequilibrium photoexcited state.
These excitations, their interactions, and their dynamics modify the frequency-dependent optical
properties of the material; these changes are detected using a “probe” pulse, which irradiates the
material with a known time delay after the pump pulse. The evolution of these photoinduced changes
in optical properties can be followed by varying the time delay. Beamlines U4IR and U12IR have
been used for pump-probe spectroscopy. The high brightness of synchrotron and the available magnet
makes them outstanding locations for linear spectroscopy as well. The following paragraphs describe
first linear and second pump-probe spectroscopy of superconducting thin fims in a magnetic field.

2.2. Magnetic field induced pair breaking in superconducting Nbg s Tig 5N thin films

We measured the complex optical conductivity of a superconducting thin-film of Nbg 5Tip 5N in
an external magnetic field. The field was applied parallel to the film surface and the conductivity
extracted from far-infrared transmission and reflection measurements. The real part shows the super-
conducting gap, which we observe to be suppressed by the applied magnetic field. We compare our
results with the pair-breaking theory of Abrikosov and Gor’kov® and confirm directly the theory’s
validity for the optical conductivity.

The normalized optical conductivities at 0, 5, and 10 T are shown in panels (a)—(c) of Fig. 2. A
weak interference fringe in both the transmission and reflection measurements results in the excess
oa/on over the 40 to 80 cm ™! range. The solid lines are fits to the data using the pair-breaking the-
ory as extended by Skalski et al.* to calculate oy /oy at 0 K. Panel (d) shows the fitted o /oy at six
different fields. Clearly, the absorption edge moves to lower energy as the field increases. The field-
induced pair breaking also smears out the gap-edge singularity in the quasiparticle density of states?,
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@" see gy /oy |(b)y see g /oy
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Fig. 2.(a)—(c): The real and imaginary parts of the T' = 3 K superconducting state optical conduc-
tivity (normalized to the normal state conductivity) at three different applied magnetic fields.
The solid lines are fits to o1/0n using the pair-breaking theory. The dashed lines show the
fitted oo /0N as determined by a Kramers-Kronig transform of the real part. (d): The fitted
o1/on at six fields.
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so that the initial rise of o1 becomes less abrupt for increasing fields, as can be seen by comparing
the 0 T and the 10 T results in Fig. 2. Our analysis® finds that the suppression of both the supercon-
ducting order parameter and the spectroscopic gap is in good accord with the pair-breaking theory.?

2.3. Quasiparticle dynamics tuned by external magnetic fields

We used pump-probe spectroscopy to measure quasiparticle recombination dynamics in metallic
superconductors (Nbg 5Tip5N and NbN thin films) in an external magnetic field. The field was ap-
plied parallel to the film surface, and found to break time-reversal symmetry of the electron pairing
and suppress the energy gap. This allows us to tune the quasiparticle recombination rate by an
external magnetic field. We compared our data with a model of recombination that considers both
quasiparticle paramagnetic spin polarization and finite pair-lifetime effects, with the latter appearing
to be more important.

Figure 3 shows a summary of our results. The measured quantity is the photoinduced signal,
which is proportional to the photoinduced excess quasiparticle density: S(t) o< N, (t). We define
—(dS/dt)/S(t) as an effective instantaneous relaxation rate, and observe that the effective rate is
linear in the photoinduced signal. This behavior is expected for bimolecular recombination. The
effect of field is to decrease the rate, an effect we can understand within the same pairbreaking
theory® used to explain the linear spectroscopy.

14
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Fig. 3. Effective instantaneous relaxation rate vs the photo-induced transmission at various fields.
(a) For NbTiN, data at each field include fluence ranging from 0.37 to 10.70 nJ/cm?. (b) For

NbN, data at each field are only at the fluence of 18.1 nJ/cm?. The straight lines are linear
fits to the data.

3. Future Plans

A unifying theme of our research, both over the past few years and in the future, is the relaxation
of electronic excitations in systems having an energy gap. A gap in the excitation spectrum for a solid
can have many origins, e. g., a periodic lattice (semiconductors and insulators), collective phenomena
(superconductivity), or low dimensionality (size effects). Much interesting and novel physics occurs at
the boundaries separating these behaviors and provides the motivation for much of our time-resolved
research program. Our time-resolved infrared spectroscopy facility provides unique opportunities to
explore the electronic spectrum of such systems, especially their dynamical processes. The availability
of high magnetic fields gives us sensitivity to the spin of excitations as well as to their charge.

Consequently, we plan to emphasize compound semiconductors, in particular magnetic semi-
conductors. We will study metallic superconductors in the other field orientation, where the vortex
lattice dominates the magnetic response. As part of the work, we will also make detailed theoretical
predictions for the time and photon energy dependence of the photoinduced signals.
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> Program Overview: New techniques based on heat capacity measurements and synchrotron
radiation photoemission, x-ray scattering and x-ray microscopy are developed and agglied toa varietg of
magnetic materials and nanostructures, synthesized in-house and by other groups.t##>¢789101L1213.14 o at

capacity measurements, using unique nanocalorimeters capable of measuring films of thickness a few nm, with
recently added capability for measurements of epitaxial thin films, provide information on the electron density of

states, as well as phonons and phase transitions'®. Soft X-ray resonant scattering provides information
concerning depth-dependent properties at surfaces and in nanolayer magnetic structures®. We also make use

of full-field zone-plate x-ray microscopy to image magnetic domains4, with time resolution into the ps range.
Newly-developed hard x-ray photoemission (HXPS or HAXPES) measurements using excitation in the 3-6 keV
regime permit determination of the bulk electronic properties of novel magnetic and semiconductor
materials™? , as well as the study of buried layers and interfaces® "8 Beyond this, nm-scale standing-wave
excitation in multilayer spintronic structures reveals depth- dependent composition, magnetization, and
densities-of-statesg’lo’ll’lz, and, in our most recent data, k-resolved electronic structure via angle-resolved
photoemission (ARPES)lO. Standing-wave excitation has also been shown to add the third dimension in
photoelectron microscopy™*2. Finally, anomalous Hall effect (AHE) and conversion electron Mossbauer
spectrometry (CEMS) are used as additional characterization techniques.

> Recent Research Highlights:

e Electronic and magnetic structures of epitaxial semiconducting Cry,Aly, Fe;,Siy, binary Heusler alloys,

and FeRh from hard x-ray photoemission, heat capacity, and Méssbauer spectroscopy: We have studied

the properties of several magnetic alloys: antiferromagnetic Cr,_,Al, (together with a pure Cr reference sample),

Fe,Siy near the Fe3Si Heusler composition, as well as the metamagnetic transition in FeRh, with bulk-sensitive

hard x-ray photoemission at 5956 eV and with nanocalorimetry and CEMS.

> Crl_xAlxl: Our HXPS data reveal among other things a semiconducting energy band gap of 9514 meV
in a Crg.goAlg.oo thin film (see Fig. 1). The valence-band measurements are compared to theoretical density-
of-states calculations, which agree in predicting the opening of a gap in the alloy. Core-level spectra are also
found to exhibit shifts and satellite effects, and these have been analyzed. Nonequilibrium thin film growth
and density functional theory have also been used to elucidate the cause of the semiconducting gap in Cry.
¥Aly near x=0.20: this is found to be a combination of chemical ordering and itinerant antiferromagnetism.
>Fel_XSiX2'14: We have investigated the electronic and magnetic properties of crystalline and amorphous

Fe1,Siy.x with x from 0.45 to 0.75. These alloys are considered to be binary Heusler alloys, with theory
predicting significant spin polarization at the Fermi energy, and they thus have possible spintronic
applications. The shapes and positions of Si 1s, 2s, & 2p and Fe 2p, 3s, & 3p core levels were investigated
for two compositions (x = 0.72 and 0.67) and for both crystalline and amorphous samples. In the amorphous
alloy, in spite of the disordered structure that could lead to a broad distribution of chemical environments,
core spectroscopy shows that the Si environment is relatively unique, consistent with recent DFT calculations.
Analysis of the valence spectra, dominated by Fe 4s, Si 3s and Fe 3d character, revealed significant
differences between the compounds of the two compositions and degrees of crystallinity. We find excellent
agreement with one-step photoemission calculations based on the coherent potential model and including
matrix-element effects. Additionally, we observe an anomalous Hall effect (AHE) in all samples in this
composition range, providing direct evidence of spin-polarized carriers. The amorphous samples, in
particular, exhibit a very large AHE. With this material system, it is possible to span multiple orders of
magnitude in longitudinal conductivity, thus leading to insight into the fundamental mechanisms of the AHE,
which still remain an open question. Remarkably, the amorphous films exhibit a very large magnetization in
comparison to crystalline films of the same composition, effects which agreeing extremely well with
theoretical DFT calculations (see Fig. 2). X-ray absorption fine structure (XAFS) measurements and
theoretical calculations show that this enhanced moment is due to a decreased coordination number in the
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amorphous alloys. We have also investigated the effect of chemical order on magnetization by conversion
electron Mossbauer spectrometry (CEMS), and as disorder increases the magnetic moment also increases™

» FeRh>: Stoichiometric FeRh undergoes a temperature-induced antiferromagnetic (AFM) to ferromagnetic
(FM) transition at ~350 K, making it of interest for thermally assisted magnetic writing. The cause of this
transition has been variously attributed to differences in electronic, magnetic, or lattice properties. We have
investigated changes in the bulk electronic structure of strained epitaxial FeRh thin films accompanying this
transition via core- and valence HXPS with a photon energy of 5.95 keV. Clear differences between the AFM
and FM states are observed across the entire valence-band spectrum and these are very well reproduced by
density functional theory (Fig. 3). Changes in the Fe 2p core-levels of Fe are also observed and interpreted
using Anderson impurity model calculations. These results suggest that significant electronic structure
changes are involved in this AFM-FM transition. Full-field magnetic microscopy experiments to image the
evolution of the morphology and size of the ferromagnetic domains through the AFM-FM phase transition are
in progress at the ALS (P. Fischer et al.), using a heater stage developed in the Hellman group.
Complementary more surface sensitive XMCD-XLD experiments in a PEEM are also being performed
(Fadley group) to get a better understanding of the influence of surfaces and interfaces in this first-order
phase transition. FeRh films grown on MgO and on MgO grown by ion-beam assisted deposition (IBAD)
have also been studied by CEMS (with J. Juraszek) to investigate the effect of strain on the Fe magnetic
moment in both phases. Also, magnetic thermal fluctuations have been identified as the dominant
contribution to the entropy of the metamagnetic transition by specific heat measurements from 2-380K on
epitaxial AFM and FM Fe-Rh alloy films grown on IBAD MgO.

e Development of nanocalorimetry and the ion-beam assisted growth (IBAD) technique for growing
epitaxial magnetic films on thin amorphous membrane with heaters and thermometers for temperature-
resolved phase transition studies®®: A silicon-nitride membrane-based nanocalorimeter has been developed
for measurin%he heat capacity of 30 nm films from 300 mK to 800 K and in high magnetic fields with absolute
accuracy 2% . IBAD growth has been used to provide a biaxially oriented MgO template on the membrane-
based calorimeter in order to measure the specific heat of epitaxial thin films. Synchrotron x-ray diffraction
showed the high epitaxial quality of FeRh and Fe/Cr multilayer films grown onto this MgO template. The
contribution of the MgO layer to the total heat capacity was measured to be just 6.5%. Nanocalorimetry of FeRh
films and Fe/Cr multilayers showed differences in the electronic density of states for each system that elucidate
the AFM/FM phase transition and GMR respectively. Thermal simulations including radiation and convection
effects have demonstrated that these devices can be used for temperature and time resolved spectroscopy and
microscopy techniques, with such techniques now being used to measure magnetic domains in the ALS full-field
microscope at high temperature in FeRh.

e Development of hard x-ray photoemission: bulk electronic structure from hard x-ray angle-resolved
photoemission: W(110) and a (Ga,Mn)As ferromagnetic semiconductor®; We have demonstrated hard
angle-resolved x-ray photoemission spectroscopy (HARPES) in the multi-keV regime and used it to investigate
the electronic structure of W(110) as a first proof-of-principle test case and of ferromagnetic Ga;-,Mn,As (001) (x
~ 0.05) compared to pure GaAs as a system of interest in spintronics, measuring in detail both core-level
spectra and angle-resolved valence-band spectra. Data were obtained with photon energies of 3.2 keV and 6.0
keV. The Ga;_yMn,As samples were synthesized by ion implantation and pulsed-laser melting. Measuring at
these energies should yield about 10-20 times more bulk-sensitivity than traditional ARPES in the 20-130 eV
regime. Dispersive bands are clearly seen in the data for W, GaAs, and Ga_,Mn,As, particularly after correction
for density of states (DOS)-like intensity due to phonon effects and associated x-ray photoelectron diffraction
(XPD) effects (see Fig. 4).. Core-level photoelectron diffraction, multiplet splittings and screening satellites also
permit better defining the bulk electronic structure. The valence-level data are compared with one-step
photoemission calculations, and found to be in excellent agreement (again Fig. 4). This includes differences
between GaAs and Ga;-yMn,As.

e Depth resolved electronic structure of an LSMO/STO superlattice via standing-wave excited angle-
resolved photoemissionlo. We have determined the depth-resolved composition profiles and electronic
structure of a SrTiOz/Lag ¢7Srg.33MnO3 superlattice via standing-wave (SW) excited angle-resolved soft and hard
x-ray photoemission. The epitaxial superlattice samples consisted of 48 and 120 bilayers of STO (15.6 A-4 unit
cells) and LSMO (15.5 A-4 unit cells). These were studied using excitation energies of 833.2 eV near the La
3ds, resonance at the ALS, and at 5,946 eV at SPring-8. Analyzing rocking curves at both energies permits
determining the precise profiles of the bilayers in the superlattice, which varies slightly in thickness from top to
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bottom, as well as depth-resolved composition profiles and optical constants through the STO/LSMO interface.
Measurements of core-level binding energies through the soft x-ray rocking curve also reveal a shift of the Mn
3p photoemission peak near the interface which is not found for the peaks in any other element (see Fig. 4); this
suggests a change in the Mn bonding near the STO/LSMO interface, and is consistent with Anderson-impurity-
model (AIM) calculations incorporating a crystal-field distortion effect. The valence-band density of states also
reveals signatures of Mn 3d ey and t,4 and Ti-derived states in the rocking curves, together with their localization
character. Finally, some first SW-excited soft x-ray ARPES data shows distinctly different k-space maps of the
Mn 3d e4 and t4 States, together with changes near the STO/LSMO interface™®.” These last data represent a
first step towards depth-resolved ARPES.

e Depth-resolved photoelectron microscopy of nanostructures via soft x-ray standing wave
excitation™? We have demonstrated the addition of depth resolution to the usual two-dimensional images in
photoelectron emission microscopy (PEEM), with application to a wedge-profile sample and a square array of
circular magnetic microdots. The method is based on excitation with a soft x-ray standing-wave (SW) generated
by Bragg reflection from a multilayer-mirror substrate on which the sample is grown. The standing wave is
moved vertically through the sample by imaging the wedge with several SW cycles along it, or by varying the
photon energy around the Bragg condition. Depth-resolved PEEM images were obtained for all of the observed
elements. Photoemission intensities based on different core peak intensities as functions of photon energy were
compared to x-ray optical theoretical calculations in order to quantitatively derive the depth-resolved film
structure of the samples. This SW approach thus provides complementary information to the usual lateral
information provided by PEEM, and should have wide applicability to studies of magnetic and other
nanostructures in the future, particularly with the new reflection geometry beamline and microscope described
below.

> Future Plans: We will continue with the development, refinement, and application of
nanocalorimetry, the hard x-ray and nm-scale standing wave photoemission techniques, soft x-ray microscopy
and resonant scattering, with specific systems of interest being magnetic oxide multilayer structures, metallic
compounds and alloys such as FeRh and NiMnGa and Heusler alloy thin films of interest for spintronic and
magnetocaloric applications. We will also establish a facility at the ALS for carrying out HXPS measurements,
as well as a next-generation beamline for resonant soft x-ray scattering measurements. We will continue to
develop measurement and especially analytical capabilities for resonant x-ray scattering with emphasis on
allowing modeling in which resonant optical properties as well as structure are varied in fitting experimental
data. We will further develop the capability of growing epitaxial films on thin amorphous membranes with built in
heaters and thermometers suitable for nanocalorimetry, spectroscopy and microscopy by developing IBAD
techniques for SrTiO3, SfRUO, etc. A next generation full field soft x-ray microscope at an elliptically polarized
undulator (EPU) will enable us to provide microspectroscopic information down to <10nm spatial resolution in
various sample environments (low temperatures, high magnetic fields). Depth resolution can also be obtained
through microscopy in a reflection geometry with standing-wave excitation and full polarization control also
opens this technique to AF systems (e.g. FeRh) as well.
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Figure 1: Hard x-ray photoemission valence-band spectra from (a) Cr
and Cr 3,Al, ,, and (b) blowup near E,, with Au reference shown.
[PRL 105, 236404 (2010)]
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Figure 4: Hard x-ray angle-
resolved photoemission from
GaAs (001): (a) Room temp., (b)
20K, (c) 20K, corrected for XPD
and DOS, plus free-electron
theory, (d) One-step
photoemission theory [Ref. 8]
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Digital Synthesis: A Pathway to New Materials at Interfaces of Complex Oxides

Anand Bhattacharya
anand@anl.gov
Materials Science Division & Center for Nanoscale Materials
Argonne National Laboratory, Argonne, IL 60439

(i) Program Scope

The complex oxides host many fascinating and diverse collective states of condensed matter,
with spin, charge and lattice degrees of freedom all playing their part. In our program, we seek to
create, characterize, understand and manipulate novel states of condensed matter at interfaces of
complex oxides using digital synthesis. Digital synthesis is a technique where ordered, undoped
layers are stacked in integer sequences, and all charge transfer or doping takes place at
atomically sharp interfaces, without the disorder that is associated with the usual chemical
doping strategies. The richness of observed phenomena in the complex oxides, which have also
presented some of the greatest challenges to our understanding, are due to the strongly
interacting degrees of freedom in the materials. Surfaces and interfaces between complex oxides
provide a unique environment for these degrees of freedom to ‘reconstruct’ and create new
systems with properties that are qualitatively different from their bulk constituents. In this sense,
they provide a pathway for discovering new materials. More specifically, we seek to discover
and explore novel states of condensed matter with attributes such as tunability of collective states
with external electric fields and electric currents. These include multiferroic single-phase
materials and heterostructures, superconductivity at interfaces between materials that may not be
superconducting themselves, spin-polarized two-dimensional electron gases, and materials where
strong spin-orbit coupling is the determinant property of the material. We seek to explore
properties of materials that are known to have interesting phases, such as the manganites and
cuprates, where the effects of disorder have been engineered away by digital synthesis. We
create these materials systems using state-of-the-art, ozone-assisted oxide Molecular Beam
Epitaxy (MBE) at the Center for Nanoscale Materials (CNM) at Argonne, and characterize them
using the major DOE facilities for neutron and photon scattering, and at the new DOE Nanoscale
Science Research Centers.

(ii) Recent Progress (since 2009):

Since 2009, we have published on a number of topics. We list some of these developments
below:

* Enhanced Neel Temperatures in Digital LSMO: We studied superlattices of
(LaMnO:3),,/(StMnOs);,, for m = 1 and 2 and also random alloys of the same composition.
These superlattices are ordered analogues of the composition La;;sSrsMnOs, an
antiferromagnetic insulator. We show that chemical ordering creates an enhancement of the
Neel temperature by >70 K. Our initial work showed signatures in transport of enhanced
ordering temperatures (published in Applied Physics Letters in 2007.) Our recent work
(published in Nature Materials 8, 892 (2009)) includes measurements of the temperature
dependence of the antiferromagnetic order, and corresponding changes in the c-axis lattice
parameters, via neutron (HFIR) and x-ray (APS) scattering. The work establishes a definitive
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link between these two, and also demonstrates that there is a strong in-plane modulation in the
lattice for the random alloy that is far less pronounced in the superlattice.

* Disentangling effects of dimensionality and disorder in manganites: We studied cation ordered
analogs of La,SryMnQ,. This has a spin glass phase at low T instead of being a usual
ferromagnet as in the 3D perovskite analogs, and we wanted to see if ordering the cations
would create a 2-D ferromagnet. With postdoc Brittany Nelson-Cheeseman, we have
synthesized and characterized ordered analogs of this material. We discovered that cation
ordering created a novel magnetic anisotropy and reduced the resistivity by over an order of
magnitude at T< 100K. However, we did not observe any long range ferromagnetic order.
(Applied Physics Letters, 2011)

* Correlating structure and electronic properties at (LaMnQOj3)/(SrMnQ3) interfaces: LaMnO;
(Mn") is a Jahn-Tellet/Mott Hubbard insulator with an A-type (layered) antiferromagnetic
(AF) ground state, while StMnOs (Mn*") is a correlated insulator and a G-type (cubic) AF. The
interfaces between these materials show properties related to mixed 3'/4" valence. Using
STEM (scanning transmission electron microscopy) and EELS (electron energy loss
spectroscopy) (with Amish Shah and Jim Zuo, UIUC) we studied the correlation between
structure and electronic properties with atomic resolution in (LaMnQO3)/(StMnOs3) superlattices.
(Phys. Rev. B 2010).

* Using high resolution x-ray diffraction at the Advanced Photon Source, we quantified the
dependence of octahedral tilts on epitaxial strain in LaNiOs; thin films grown with oxide MBE
at Argonne. We followed this with a study of how these tilts in LaNiOs are affected when they
are incorporated into superlattices with SrMnQO;. This work demonstrates a pathway to tune
octahedral tilts with a control parameter other than epitaxial strain. (Phys. Rev. B 2010; Phys.
Rev B. 2011).

* There were two papers published on aspects of scanning transmission electron microscopy of
different materials by Jian-Min Zuo and Amish Shah (supported by this FWP) with other
collaborators, which have appeared in Advanced Functional Materials (2010) and in Surface
Science Reports (2010).

(iii) Future Plans

(a) Using our digital synthesis technique, we can create materials where the cation disorder
associated with usual chemical doping strategies is nearly absent. As we have observed in our
recent work with the manganites, this may have profound effects on long-range magnetic order.
In our proposed research, we plan to extend these ideas to superconducting perovskites to better
understand the role of cation disorder in their properties, particularly how this relates to
competing order parameters, and how it might impact transition temperatures. (b) Interfaces may
also allow the control of collective states. In this regard, we will explore how collective states
such as superconductivity and magnetism, and phase transitions such as metal-insulator
transitions may be controlled with electric fields and electric currents, an area of research we
refer to as ‘Mottronics’. (¢) Lastly, we propose to create and study a new class of oxides where
spin-orbit interactions coupled with Mott correlations and frustrated spin degrees of freedom
may lead to novel states, including superconductivity, and exotic conducting states that may
appear at surfaces or in the bulk. In these materials, there may be strong coupling of the
momentum and spin of charge carriers leading to new phenomena, which may have relevance for
spintronics. An understanding of these materials and their underlying physics may lead to
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entirely new concepts where the interface or surface ‘is the material’’ and provides the desired
functionalities.

Synthesis Cluster: Synthesis of novel materials with single atomic layer control forms the basis
for our research program. We are planning to create an oxide ‘synthesis cluster’ at the Material
Science Division at Argonne for oxide thin films and heterostructures, with capabilities that will
be in some ways complementary to those we currently use at the Center for Nanoscale Materials.
The complex oxides are diverse in their chemical makeup, and not all can be created with the
same techniques. For example, thin dielectrics grown with MBE can sometimes be leaky, and
refractory elements such as Ru and Ir cannot be evaporated easily from Knudsen cells in an MBE
system. Volatile elements such as Bi and K are probably not very compatible with elements that
evaporate at much higher temperature, as they may vaporize from the walls and contaminate
films of the more refractory metals. To address these issues, we seek to create a cluster of
compact deposition tools that will each have a unique capability (volatiles, reactive sputtering,
pulsed laser deposition etc.), where samples can be readily transferred between them under ultra—
high vacuum conditions. This will enable us to create a broader range of heterostructures where
the constituent materials are grown using techniques optimal to each material, while preventing
interfacial contamination. At the first stage of this cluster, we are in the process of acquiring a
compact state of the art oxide-MBE system, which we shall interface with a reactive oxide
sputtering system. We anticipate that this stage will be operational by end of 2011/ early 2012.

(iv) Publications resulting from work supported by DOE BES from 2008-2011:

1. “Control of octahedral rotations in LaNiO3/SrMnOs superlattices”, S. J. May, C. R. Smith, J.
—W. Kim, E. Karapetrova, A. Bhattacharya, P. J. Ryan, Phys. Rev. B 83, 153411 (2011).

2. “Cation-ordering Effects in the Single layered Manganite Lay;3SrysMnO4”, B. B. Nelson-
Cheeseman, A. B. Shah, T. S. Santos, S. D. Bader., J.-M. Zuo and A. Bhattacharya, Appl.
Phys. Lett. 98, 072505 (2011).

3. “Practical Spatial Resolution of Electron Energy Loss Spectroscopy in Aberration Corrected
Scanning Transmission Electron Microscopy”, A.B. Shah, Q.M. Ramasse, J.G. Wen, A.
Bhattacharya and J.M. Zuo, Micron, (2011) (in press) doi:10.1016/j.micron.2010.12.008

4. “Presence and spatial distribution of interfacial electronic states in LaMnO;-SrMnOs;
superlattices”, A. B. Shah, Q. M. Ramasse, S. J. May, J. Kavich, J. G. Wen, X. Zhai, J. N.
Eckstein, J. Freeland, A. Bhattacharya and J. M. Zuo, Phys. Rev. B 82, 115112 (2010).

5. “Quantifying octahedral rotations in strained perovskite oxide films”, S. J. May, J.-W. Kim,
J. M. Rondinelli, E. Karapetrova, N. A. Spaldin, A. Bhattacharya and P.J. Ryan, Phys. Rev. B
82, 014110 (2010).

6. "DNA Sensing Using Nanocrystalline Surface-Enhanced Al,O; Nanopore Sensors", B. M.
Venkatesan, A. B. Shah, J. M. Zuo, and R. Bashir, Advanced Functional Materials 20, 1266
(2010).

7. “Probing Interfacial Electronic Structures in Atomic Layer LaMnO3 and SrTiO3
Superlattices”, Amish B. Shah, Quentin M. Ramasse, Xiaofang Zhai, Jian Guo Wen, Steve J.
May, Ivan Petrov, Anand Bhattacharya, Peter Abbamonte, James N. Eckstein, Jian-Min Zuo,
Advanced Materials 22, 1156 (2010).
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11.
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13.

14.

15.

16.

"Instability, intermixing and electronic structure at the epitaxial LaAlOs/SrTiO3(001)
heterojunction," S. A. Chambers, M. H. Engelhard, V. Shutthanandan, Z. Zhu, T. C.
Droubay, L. Qiao, P. V. Sushko, T. Feng, H. D. Lee, T. Gustafsson, E. Garfunkel, A. B.
Shah, J. M. Zuo, and Q. M. Ramasse, Surface Science Reports 65, 317-352 (2010).

“New Optical Absorption bands in Atomic Layer Superlatices” X. Zhai, C. S. Mohapatra, A.
B. Shah, J.-M. Zuo and J. N. Eckstein, Advanced Materials 22, 1136 (2010).

"Enhanced ordering temperatures in antiferromagnetic manganite superlattices", S. J. May, P.
J. Ryan, J. L. Robertson, J.-W. Kim, T. S. Santos, S. G. E. te Velthuis, E. Karapetrova, J. L.
Zarestky, J. N. Eckstein, S. D. Bader, and A. Bhattacharya, Nature Materials 8, 892 (2009).

“Tuning between the metallic antiferromagnetic and ferromagnetic phases of La;SrxMnO;
near x=0.5 by digital synthesis”, T. S. Santos, S. J. May, J. L. Robertson and A.
Bhattacharya, Phys. Rev. B 80, 155114 (2009).

“Onset of metallic behavior in strained (LaNiOs3),/(StMnQOs), superlattices”, S. J. May, T. S.
Santos and A. Bhattacharya, Phys. Rev. B 79, 115127 (2009).

“Substrate orientation dependence of ferromagnetism in (Ga,Mn)As”, M. J. Wilson, G.
Xiang, B. L. Sheu, P. Schiffer, N. Samarth, S. J. May, and A. Bhattacharya Applied Physics
Letters 93, 262502 (2008).

“The metal-insulator transition and its relation to magnetic structure in
(LaMnO3),,/(StMnO3), superlattices”. A. Bhattacharya, S. J. May, S. G. E. te Velthuis, M.
Warusawithana, X. Zhai, A. B. Shah, J.-M. Zuo, M. R. Fitzsimmons, S. D. Bader, J. N.
Eckstein, Phys. Rev. Lett. 100, 257203 (2008).

"Magnetically asymmetric interfaces in a LaMnOs3;/SrMnO; superlattice due to structural
asymmetries," S. J. May, A. B. Shah, S. G. E. te Velthuis, M. R. Fitzsimmons, J.-M. Zuo, X.
Zhai, J. N. Eckstein, S. D. Bader and A. Bhattacharya, Physical Review B 77, 174409
(2008).

“Viscous spin exchange torque on precessional magnetization in (LaMnO3),,/(StMnO3),
superlattices” H. B. Zhao, K. J. Smith, Y. Fan, G. Liipke, A. Bhattacharya, S. D. Bader, M.
Warusawithana, X. Zhai, J. N. Eckstein, Phys. Rev. Lett. 100, 117208 (2008).
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Time-Resolved Spectroscopy of Insulator-Metal Transitions: Exploring
Low-Energy Dynamics in Strongly Correlated Systems
(Grant No. DE-FG02-04ER46127)

Gunter Luepke

Department of Applied Science, College of William & Mary,
Williamsburg, VA 23187, email: Luepke @ wm.edu

1) Project Scope

Our research program focuses on the study of the low-energy dynamics in complex
transition metal oxide thin films and heterostructures using time-resolved optical
techniques. Our program concentrates on two major themes: (i) to determine the
interface magnetism and coherent spin dynamics in various manganite thin-film
superlattices using the interface-specific magnetization-induced second-harmonic
generation technique, and (ii) to elucidate and reveal the important underlying physics
behind the coupled ferromagnetic and ferroelectric order at the heterointerfaces of
multiferroic heterostructures, which plays a crucial role in determining their
multifunctional behavior. The science addresses issues of energy dissipation and the
coupling between electronic and magnetic order in such materials, of fundamental
importance to our understanding of solid-state properties and has numerous
applications.

2) Recent Progress

Recently, we investigated photoinduced spin precessions for geometry with negligible
canting of the magnetization in ferromagnetic perovskite Laj¢;Cap33MnO; (LCMO)
thin films by the time-resolved magneto-optical Kerr effect. We observe weak
demagnetization but strong spin precessions over a wide range of fields (0-2.5 T)
applied along the in-plane easy axis. The precession amplitude monotonically
decreases with increasing field, in contrast to the precession induced by transient
anisotropy field in the state of canted magnetization. These observations indicate that
the coherent spin rotation may be triggered by a transient exchange field other than by
demagnetization and/or anisotropy modulation. We attribute the emergence of the
exchange field to antiferromagnetic interaction caused by charge transfer and
alteration of kinetic energy of e, electrons in LCMO under optical excitation.

We have measured the magnetization precession dynamics for LCMO films
over a wide range of temperatures. Figure 1 shows that spin precessions are excited at
T<T, (~270K) and only a negligible Kerr signal is observed for T>T.. The precession
frequency, shown in the inset, exhibits no significant variance between 20 and 150K.
Since the frequency is strongly dependent on the anisotropy fields, we conclude that
the thermal modification of the anisotropy is less than 10% at T=20 K by considering
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that the rise of the
temperature is less than T=150K T=230K
30 K after laser
interaction.

In the state of
canted magnetization, ’; I
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precession. This transient 0 100 200 300
anisotropy field increases . T=260 K T=290 ; )
with increasing field and wa

the resulting precession
amplitude  reaches a
maximum at the field
approximately equal to
the static anisotropy field.
Correspondingly, we
expect the precession
amplitude to show the same tendency. Figure 2(a) shows the field dependence of the
precession amplitude obtained when H is applied at an angle of 45° to the easy axis, a
state with canted magnetization. We note that the amplitude is sharply enhanced with
increasing field and then slowly decreases at fields larger than ~0.3 T, consistent with
our expectation. Similar results are obtained from the other LCMO samples, as well
as a Fe film with the field applied along the hard axis and at an angle of ~10° to the
easiest axis (Fig. 2(c)-(d)).

In contrast, the precession for easy axis of LCMO shows the opposite
dependence, i.e., the amplitude decreases with increasing field for all three LCMO
samples, as shown in Fig 2(b). This result strongly speaks against the canted
magnetization, and therefore it confirms our previous conclusion that the transient
anisotropy field, either due to demagnetization or modification of anisotropy constant,
is not the major contributor to launch the spin precessions when H is applied parallel
to the easy axis.

We propose that the transient field results from modification of the exchange
coupling between the ferromagnetic metallic (FM) and antiferromagnetic insulating
(AF]D) states in the film caused by the optical excitation. The coexistence of distinct
FM and AFI phases in doped manganites has long been established, and the AFI
domain may be melted in the presence of an external field. In the case of LCMO,
several reports indicated the presence of the AFI phase down to the lowest
temperatures. Very slow photoinduced drops in conductivity and demagnetization
have been observed in LCMO and interpreted as a photoinduced shift in the FM/AFI
phase balance triggered by the photoexcited carriers that promote the cooperative
Jahn-Teller distortions and formation of AFI clusters.

0 250 5000 250 500
Time (ps)
Fig. 1. Transient Kerr rotations of the LCMO film at various

temperatures. The inset shows the precession frequency as a

function of temperature.

169
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Fig. 2. Amplitude of the precession of (a) 60nm and 100-nm

LCMO films with field applied at 45° to easy axis and along easy

axis at 20K, and (b) Fe film with field applied at 55° to easy axis

and of 10° to easv axis at RT.

of the demagnetization caused by real formation of AFI cluster.
This hypothesis is supported by the temperature dependence of the
magnetization dynamics shown in Fig. 1. At temperature below 150 K, the

magnetization dynamics

show negligible

demagnetization.

With increasing

temperature, a slow demagnetization (>500 ps) is clearly identified. Despite the
dramatic difference of the demagnetization strength and time, the spin precession is
launched nearly at the same time at all temperatures lower than T.. Here, the reduction
of the precession amplitude at higher temperature is mainly caused by the decrease of
the saturated magnetization. This result therefore supports our model that the
precession is triggered by the transient exchange field in the absence of spin lattice

thermalization.
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3) Future Plans

Multiferroic, magnetoelectric heterostructure systems have recently attracted great
research interest, due to their potential application in multifunctional devices, such as
magnetic memories, sensors and spintronics. Indeed, impressive progress has been
made, such as the fabrication of room-temperature multiferroic heterostructures, and
the observation of a four-state resistance state in a multiferroic tunneling junction.
However, most of these studies cannot reveal the important underlying physics behind
the coupled ferromagnetic and ferroelectric order at the heterointerfaces, which plays
a crucial role in determining multifunctional behavior. Our experimental techniques,
Magnetic Second Harmonic Generation (MSHG) and Time Resolved Magneto-Optic
Kerr Effect (TRMOKE), can provide a direct probe of the magnetic state and spin
dynamics at the heterointerface, and hence turn out to be effective tools to investigate
this magnetoelectric coupling. We plan to measure with MSHG the variance of
hysteresis loop and magnetic anisotropy at the interface of multiferroic
heterostructures under different applied electric fields. Electric field-modulated spin
dynamic behavior of such system will be probed by TRMOKE which will provide
information on spin pinning centers at the interface. We expect to see variances of the
pinning state and the distribution of spin population at the interface by applying
different electric fields.
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Project Scope

One class of next-generation spintronic devices is based upon the injection of spin-polarized electrons
into commercial semiconductors such as doped Si or GaAs, which requires a highly transmissive interface
with a room-temperature, ferromagnetic (FM) semiconductor. However, the rarity of suitable narrow-
gap semiconductors that are also FM above room temperature remains an obstacle to the development of
semiconductor devices for spintronics. We are investigating perovskite variants ABO;.s (A=Ca,Sr,Ba;
B=Mn,Fe,Ru) and R-type ferrites (Ba,Sr)M,«Ru;x01; (M=Fe,Co,Mn,Ti) that exhibit electric and
magnetic properties suitable for spin injection. In particular, Fe-bearing R-type ferrites exhibit a rare
coexistence of long-range FM order accompanied by narrow-gap semiconducting properties at
temperatures above 400 K.

Our current research addresses the following questions and phenomena:

1) We are identifying fundamental physical and chemical factors that govern the occurrence of FM
order above room temperature in both ferrite and perovskite phases that are narrow-gap semiconductors.
2) We are expanding on a preliminary study of certain perovskite materials ABO; that appear to exhibit a
rare coexistence of magnetic and electric polarizations on the same B lattice sites, and various R-type
ferrites that show evidence for coexisting magnetic and electric polarizations, whose interplay can be
controlled by modest applied fields or electric currents. These materials may have promise for
magnetoelectric applications.

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

Recent Progress

We have conducted X-ray and neutron diffraction, magnetotransport, magnetic moment, and soft X-
ray scattering measurements on single crystals of hexagonal R-type ferrites (Ba,Sr)M,+RuyeO1;.
Alterations of the 3d-element (M = Fe,Co,Mn,Ti) composition yield a wide range of physical properties
desired in practical epitaxial heterostructures. For example, these materials exhibit long-range FM order
at temperatures as high as 490 K, accompanied by practical narrow-gap semiconducting properties that
include a large anomalous Hall conductance, low resistivity, high carrier concentration and low coercive
field. The hexagonal R-type ferrites also exhibit fundamentally interesting phenomena driven by
magnetic frustration of antiferromagnetic (AFM) interactions on a disordered Kagomé lattice.
Remarkably, simple substitution of M = Fe for Co or Mn results in an evolution from metallic to
semiconducting behavior, and a shift from frustrated “all-in/all-out” AFM order that sets in well below
200 K, to collinear FM states ordering well above room temperature. This evolution is accompanied by
giant “topological” Hall effect anomalies that are driven by complex changes of spin chirality and Berry
phase with only modest applied magnetic fields.

172



Future Plans

1. We intend to expand our investigation of competing interactions in R-type ferrites by undertaking
specific heat experiments covering a wide range of temperatures 4 K < T <300 K and magnetic fields up
to 14 T. We expect to find multiple phase transitions, some of which have not been obvious in previous
magnetic moment or electrical resistivity experiments.

2. We intend to continue XAS and XMCD experiments at Argonne’s APS to accurately measure the
oxidation state and magnetic moments residing on Ru, Fe, Co and Mn sites in several R-type ferrite
compositions. These data should provide information regarding the electronic structure, anisotropy and
bonding that underpin the high-T¢ ferromagnetism and other unusual properties of these materials.

3. We will attempt to grow thin films of several R-type ferrite compositions via pulsed laser
deposition and related techniques. Thin-fim samples would make possible improved ferromagnetic
resonance, as well as XAS and optical studies of the semiconducting gap and electronic structure. If this
effort is successful, we will also explore fabrication of simple heterostructures of R-type ferrites having a
range of properties that are required for spin injection studies and magnetotransport experiments.

Our current and future research is motivated by a broad view of the “heavy” 4d and 5d transition
elements (HTE). First, the heavy d-elements have more extended d-orbitals compared to lighter 3d
electron materials. Stronger p-d hybridization, spin-orbit (SO) and electron-lattice couplings, and reduced
intra-atomic Coulomb U and crystalline electric field (CEF) interactions generate competitions between
metallic and insulating states or paramagnetic and magnetic order. Small variations of composition,
pressure or applied fields can induce drastic changes in the varied ground states exhibited by HTE oxides
(ferroelectric, orbital or magnetic order, superconductivity, density waves), as well as control
technologically important phenomena such as colossal magnetoresistance (CMR) and giant
magnetoelectric effects (GME). We intend to explore materials in which HTE such as Ir, Pt and Rh play
key roles in unusual physical properties.

We intend to take an integrated, interdisciplinary approach to the discovery and characterization of
novel HTE oxides whose physical properties reflect competing interactions: We synthesize and identify
novel materials, grow bulk single crystals to comprehensively study physical properties relevant to
fundamental theories, as well as fabricate and study thin films and heterostructures relevant to device
applications.

Our broad expertise and technical assets permit comprehensive investigations of electrical
transport, magnetic, dielectric and thermodynamic properties over a wide range of temperatures 0.05 < T
< 1000 K and magnetic fields 0 < p,H < 14 T, and high-pressure electrical resistivity and magnetic
moment measurements to 10 GPa. We are using National Laboratory facilities and/or external
collaborators to conduct EXAFS, and magnetic soft X-ray and neutron scattering experiments to
characterize small single crystals and thin films that are not easily studied via conventional electrical
transport, magnetic or optical techniques.
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Exploration of Artificial Frustrated Magnets

Principal Investigators: Peter Schiffer (pesl2@psu.edu), Vincent Crespi
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Institution: Pennsylvania State University, University Park, PA

Project Scope

This program encompasses experimental and theoretical studies of
lithographically fabricated arrays of nanometer-scale single-domain ferromagnetic
islands in which the array geometry results in frustration of the magnetostatic
interactions between the islands. Such geometrical frustration can lead to multiple
energetically equivalent configurations for the magnetic moments of the islands and a
variety of associated novel collective behavior. These systems are analogs to a class of
magnetic materials in which the lattice geometry frustrates interactions between
individual atomic moments, and in which a wide range of novel physical phenomena
have been recently observed. The advantage to studying lithographically fabricated
samples is that they are both designable and resolvable: i.e., we can control all aspects
of the array geometry, and we can also observe how individual elements of the arrays
behave. In previous work, we have demonstrated that we can fabricate and probe
frustrated magnet arrays, including some geometries that are directly analogous to the
“spin ice” materials. We have designed frustrated lattices, controlled the strength of
interactions by changing the spacing of the islands, and demonstrated that the island
magnetic moment orientation is controlled by the inter-island interactions. We are
investigating a range of frustrated lattice geometries in both small clusters and
extensive arrays of islands, thus accessing a range of different types of frustration. We
are also examining how these systems respond to disorder and the effects of both static
and dynamic external magnetic fields. In related efforts, we will model the interplay of
kinetics and effective thermodynamics in the manifolds of degenerate states of the
island moment configurations.

Recent Progress

The first year of this grant has included the continuation and completion of some
projects that had been initiated before the DOE support began, as well as the initiation
of new projects. Each of these projects is described below.

The role of collective interactions in nanomagnet assemblies: We have studied the
moment correlations within triangular lattice arrays of single-domain co-aligned
nanoscale ferromagnetic islands. Independent variation of lattice spacing along and
perpendicular to the island axis tunes the magnetostatic interactions between islands
through a broad range of relative strengths. For certain lattice parameters, the sign of
the correlations between near-neighbor island moments is opposite to that favored by
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the pair-wise interaction. This finding, supported by analysis of the total correlation in
terms of direct and convoluted indirect contributions (a modified Ornstein-Zernike
equations), indicates that indirect interactions and/or those mediated by further
neighbors can be dominant, with implications for the wide range of systems composed
of interacting nanomagnets.

(a) (b)

2d

X 1um

Figure 1 (a) Schematic of triangular lattice arrays of single domain nanomagnets with
frustrated magnetostatic interactions. The near-neighbor pair types are labeled C1, C2,
C3, and C4, and the convolution of all four pairs can affect moment correlations. (b)
MFM image of a section of one triangular lattice array (x = 680 nm, d/x = 0.4). Black and
white halves represent the north and south poles of each ferromagnetic island. [S.
Zhang et al., preprint]

Magneto-optical Kerr effect studies of square artificial spin ice: We have performed a
magneto-optical Kerr effect study of the collective magnetic response of artificial square
spin ice. We find that the anisotropic inter-island interactions lead to a non-monotonic
angular dependence of the array coercive field, and comparisons with micromagnetic
simulations indicate that the two perpendicular sublattices exhibit distinct responses to
changing magnetic field that drive the magnetization reversal process. Furthermore,
such comparisons demonstrate that island shape disorder plays a hitherto unrecognized
but essential role in the collective behavior of these systems. This technique holds
promise for a range of extended studies of artificial frustrated magnets, including
frequency-dependent ac measurements.
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Figure 2 (left frame) An SEM image of a square array with 320 nm lattice spacing and an
equivalent array of 24 ideal stadium-shaped islands. (right frame) Coercivity as a function of
angle for a square array with 320 nm lattice spacing. Simulations were run on a 24-

island cluster similar to that of Fig. 1 for both ideal (green) and SEM-derived (blue, purple)
island shapes [K. Kohli et al., preprint].

Magnetization states and switching in gapped ferromagnetic nanorings: We had
previously examined small clusters of ferromagnetic islands with arrangements
mimicking those of artificial square ice. As an extension of those studies, we also
examined permalloy nanorings that are lithographically fabricated with gaps that break
the symmetry of the ring while retaining the vortex ground state. We investigated the
magnetic properties of these gapped nanorings with both micromagnetic simulations
and magnetic force microscopy (MFM), and we find that the ring edge characteristics
(i.e., edge profile and gap shape) are critical in determining the magnetization switching
field. We demonstrate that the vortex chirality can be set in these structures with an in-
plane magnetic field, and easily probed by MFM due to the field within the gap,
suggesting such rings for possible applications in storage technologies.

Future Plans:

Future plans for this research program include a number of different thrusts, in particular
the development of MOKE microscopy for close imaging of the arrays with better time
resolution than MFM allows. We also plan to study a range of artificial frustrated
magnets formed from different materials. For example, we will explore perpendicular
anisotropy materials: while artificial frustrated magnets have previously been formed
from materials with in-plane moments, we plan studies of systems composed of circular
islands of perpendicular anisotropy materials. These systems will have the advantage
that the inter-island interactions are isotropic, and that they thus are more amendable to
simple theoretical models. We also plan studies of arrays that have intentionally
introduced disorder, including disorder in the location of the islands and structural
disorder in the islands themselves.
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