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Foreword

This volume comprises the scientific content of the 2014 Electron and Scanning Probe
Microscopies Principal Investigators’ Meeting sponsored by the Materials Sciences and
Engineering Division (MSED) in the Office of Basic Energy Sciences (BES) of the U. S.
Department of Energy (DOE). The meeting, held on October 20-22, 2014, in
Gaithersburg, Maryland, is the fifth biennial Principal Investigators’ Meeting in the
Electron and Scanning Probe Microscopies area and is one among a series of research
theme-based Principal Investigators’ meetings conducted by BES.

The purpose of the Principal Investigators’ Meeting is to bring together researchers
funded in the Electron and Scanning Probe Microscopies core research area to facilitate
the exchange of new results and research highlights, to foster new ideas and
collaborations among the participants, and to discuss how to advance electron and
scanning probe microscopy and spectroscopy, as well as the associated theoretical tools,
in order to address forefront scientific challenges. In addition, the meeting affords BES
program managers an opportunity to assess the state of the entire program collectively on
a periodic basis, in order to chart future directions and identify new programmatic needs.

The Electron and Scanning Probe Microscopies Core Research Activity supports basic
research in materials sciences using advanced electron and scanning probe microscopy
and spectroscopy techniques to understand the atomic, electronic, and magnetic structures
and properties of materials. This activity also supports the development of new
instrumentation and techniques to advance basic science and materials characterizations
for energy applications. Topical areas highlighted in this year’s meeting include two-
dimensional materials, magnetic hybrid structures, complex functional oxides &
ferroelectrics, electron/spin order & spintronics, materials for energy storage and
generation, strongly correlated materials, electron tomography, and novel microscopy
methods.

| thank all the meeting attendees for their active participation and sharing their ideas and
new research results. Special thanks are given to the Meeting Chairs, Hari Manoharan
and Yimei Zhu, for their dedicated efforts towards organizing this meeting. | would also
like to express my appreciation to Teresa Crockett in MSED, and to Tammy Click and
Verda Adkins-Ferber at the Oak Ridge Institute for Science and Education for their
assistance with the logistics of this meeting.

Jane G. Zhu

Program Manager, Electron and Scanning Probe Microscopies

Division of Materials Sciences and Engineering, Basic Energy Sciences
Office of Science

U. S. Department of Energy
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***\Working Lunch***
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Soft Matter Electron Microscopy

Principal Investigators: Nitash Balsara*, Kenneth Downing, Andrew Minor, Ronald
Zuckermann, Jeffrey Kortright, David Prendergast

*Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94709.
email: nbalsara@Ibl.gov

Program Scope

Soft polymer materials are an integral part of the emerging clean energy landscape. Our
current focus is on ion-containing polymers for clean energy applications. The integration of
state-of-the-art synthesis with electron-based imaging and spectroscopy enables understanding of
the underpinnings of macroscopic behavior of soft materials. The synthetic approaches include
recently developed methods for synthesizing polypeptoids using solid-phase synthesis. This
approach allows synthesis of sequence-
specific polymers that are inaccessible by
other means.  Complemented by X-ray
spectroscopy and microscopy, the focus of
this program is the development and use of
electron microscopy (EM) techniques for
characterizing soft matter. A combination of
quantum  mechanical calculations and
molecular dynamics will be used to interpret
data obtained from the electron- and X-ray-
based experiments.

Recent Progress
Morphology of Nanoscale Hydrated

Channels in Block Copolymer Electrolyte
Membranes

Fuel cells, which hold promise for
PSS + water

water %09 Bl tei0%0 providing energy without pollution, rely on
LSS atit proton transport through a polymer
PSS + water electrolyte membrane (PEM). It is widely

water
PSS + water

accepted that when PEMSs absorb water,
nanoscale water channels form inside the
membrane and proton conduction occurs.

Figure 1. S-SES membrane hydrated in liquid water. (a)
Cryo-STEM image of hydrated S-SES. The darkest
phase  represents  polyethylene  while hydrated
polystyrenesulfonate (PSS) phase is heterogeneous. Scale
bar represents 200 nm. (b) A zoomed-in view of a
showing the heterogeneous nature of the hydrated
channels: two bright stripes (PSS-rich) sandwiching a
gray stripe (water-rich). A schematic of the hydrated
channels is shown next to the image.

However, there is considerable debate
surrounding the structure of the hydrated
channels within PEMs.

Recentlyy, we have made a
breakthrough using cryogenic TEM to
discover the nanoscale morphology of the
hydrated channels in a model PEM.



Specifically, we studied the water uptake and proton conductivity of a model fuel cell membrane
comprising a triblock  copolymer, polystyrenesulfonate-block-polyethylene-block-
polystyrenesulfonate (S-SES), as a function of water activity in both humid air and liquid water.
We demonstrate that the water uptake and proton conductivity of S-SES membranes equilibrated
in liquid water are fundamentally different from values obtained when they were equilibrated in
humid air. We use humidity-controlled cryogenic scanning transmission electron microscopy
(STEM) to identify the morphological underpinnings of our observations. The STEM data
revealed that the discontinuous increase in conductivity when nearly saturated humid air is
replaced with liquid water coincides with the emergence of heterogeneity in the hydrated
channels: a water-rich layer is sandwiched between two polymer-rich brushes (Figure 1). While
the possibility of obtaining heterogeneous hydrated channels in polymer electrolyte membranes
has been discussed extensively, this is, to our knowledge, the first time that direct evidence for
the formation of water-rich subdomains is presented (ref. 1).

Sequence-Specified Polypeptoids for Proton Conduction

Polypeptoids are a family of comb-like polymers
based on an N-substituted glycine or polypeptoid backbone.
They offer tremendous advantages for material science in the
solid state. The iterative solid-phase submonomer synthesis N I’/p“
method allows for the efficient synthesis of polymers with %Lv“ 1]_

H, M

H[{\ _OH CH

L\/ CH,
J26

exact monomer sequence from an extremely diverse set of
side chain functionalities.  In combination with high-
resolution characterization techniques like TEM, we have
established a powerful feedback loop between synthesis and
characterization. In the process, we are developing a new
class of nanoscale phase-separated materials, and uncovering
new polymer physics rules that govern the fundamental
assembly behavior of block copolymers.

In the past two years we have successfully synthesized
EO-based peptoids to enable the transport of lithium ions (ref.
6-8). In recent months we synthesized polypeptoids with
strong anionic groups such as phosphonate groups to mediate
proton transfer (Figure 2). There are numerous choices of
readily available hydrophobic peptoid monomers to include in  Figure 2. A phosphonate-containing
the non-polar block. Based on our research of diblock peptoid diblock copolymer for
copolypeptoid electrolytes, the relatively short polymer chain  Proton conduction. The unstained
lengths and monodispersity will enable us to obtain small ~STEM image shows its lamellar
domain sized hydrophilic channels, which have been shown to morphology. B”_gm phase represents

: . e the phosphorous-rich phase.
help achieve high proton conductivity at elevated
temperatures. Furthermore, the fine tunability of the polypeptoids will establish a relationship
between the channel size and proton conductivity. Since materials comprising low molecular
weight polymers are mechanically weak, mechanically robust membranes will be obtained by
combining self-assembly with specific chemical crosslinking. We are making efforts to image
these polymers in dry and hydrated states.




Dendrite Growth in Block Copolymer Lithium Metal Batteries

There has been a renewed interest on electrochemical deposition of metals such as zinc
and lithium due to their relevance to rechargeable batteries. An overarching challenge in lithium
metal anodes in rechargeable batteries today is the formation of dendrites during
charge/discharge cycles. It is therefore critical to discover the underpinnings that govern
dendrite growth and design cells that can best prevent it. However, (1) imaging the dendrite that
spans the distance between the electrodes remains an unresolved challenge; (2) information
concerning the morphology of the nanostructured electrolyte at the electrode-electrolyte interface
is lacking.

We have made attempts to tackle both problems. It should be self-evident that high
resolution TEM is entirely unsuitable for identifying singular dendrites that are located on a
macroscopic electrode within a cell; the probability of choosing a section at random such that it
contains the dendrite is very low. We are faced with a "needle-in-a-haystack™ problem and all of
the high resolution approaches discussed thus far would result, in all probability, in high
resolution images of the "haystack". Instead, we imaged the "needle” in a two-pronged
approach: First we image the entire cell using (relatively) low resolution synchrotron X-ray
microtomography, and mark the location of the electrolyte-spanning dendrite. In the second
step, we use a focused ion beam mill to isolate that small portion of the cell, and then use high
resolution EM to resolve the fine-structure of the dendrite.

In preliminary work on the cells with cross-sectional area in the 1 cm? range, we have
cycled lithium-SEO-lithium cells and imaged entire cells using X-ray microtomography. The
unexpected finding thus far is that dendritic growth begins within the electrode, underneath the
electrode-electrolyte interface (ref. 9). All of the previous work on lithium dendrites had focused
on protrusions from the lithium surface. It is obvious however, the we only have a very coarse
view of the dendritic structure. In
Figure 3 we show a low-resolution
X-ray tomogram of a dendritic
structure in a cycled cell. The cell
was opened in a glovebox, the
lithium electrode was separated
from the electrolyte by dissolving

the electrolyte, and taken into a FIB ~ Figure 3. Low resolution X-ray tomography (a) and high resolution
instrument. Figures 3b and ¢ show  SEM (b) of the same dendrite. (c) Use of FIB to section the
our attempts to use FIB to section dendrite to obtain internal structure. Scale bar is 50 pm.

the dendrite to obtain a high
resolution image of the dendrite. Our ultimate goal is to quantify the 3D nature of dendritic
structures formed at the lithium/block copolymer interface as a function of charge passed.

Bt

Future Plans

Our work described above lays the groundwork for our future studies on nanostructured
ion-containing polymers. We will use the approaches established to image hydrated proton-
conducting channels to explore more PEM systems. We are particularly excited to characterize
the precise polypeptoids as the morphology in these systems should be better defined than that in
synthetic polymers (all of our imaging work thus far is restricted to synthetic polymers with
some polydispersity). The imaging of nanostructures near the lithium electrode and identifying
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dendrites in lithium batteries remains a challenge. Finally, we will the use of theory to
understand both structure-property relationships in our systems and interpret the microscopy and
spectroscopy experiments.

In summary, in the coming years we will:

e Image the proton-conducting domains in hydrated in fuel cell membranes.

e Characterize morphology and function of sequence-specified polypeptoids for proton
conduction.

e Image block copolymer electrolytes and the interface between them and lithium metal
electrodes.

e Image nanostructures including dendrites at the lithium-electrolyte interface.

e Utilize soft X-ray to study ionic species in polymer electrolytes.

e Use theory and modelling to interpret our experimental results.
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Program Scope

The focus of the program is on probing the mechanisms of reversible and irreversible bias-induced trans-
formations in solids at the atomic level of individual defects using a combination of scanning transmis-
sion electron microscopy (STEM) and local-field confinement in ex-situ and in-situ active device configu-
rations. We aim to unravel the complex interplay between order parameter dynamics, ionic flows, electro-
chemical reactions, and mechanical behavior by studying three classes of phenomena: (A) irreversible
electrochemical processes including oxygen vacancy injection and vacancy ordering (B) hysteretic pro-
cesses including electrostatically-driven structural changes and phase transitions in ferroelectrics and at
ferroelectric interfaces and ultimately (C) kinetics of reversible electronic transfer, ionic polarization and
interfacial reactions at oxide interfaces and oxide grain boundaries. We aim to uncover the mechanisms of
these transformations at the nanometer-scale, and ultimately, the single-atom and single electron level,
and link these to atomistic and mesoscopic models. The experimental and quantification approaches are
developed for ex situ experiments, in particular systems with built-in electric fields or compositional gra-
dients. They are subsequently used in in situ studies, where types of information inaccessible by other
techniques can be obtained, such as direct images of metastable states and real-time compositional snap-
shots. The transformation mechanisms uncovered in this project will help establish a sound scientific ba-
sis for optimization and engineering of materials for a broad range of energy and information technolo-
gies from solid oxide fuel cells to memristive data storage and logic devices, as well as elucidate the role
of vacancies in physical functionality of surfaces and interfaces.

Recent progress

1. Insitu studies of early stages of conductive filament formation in amorphous TiO, thin films

As a prototypical system to explore hysteretic and irreversible vacancy dynamics, we have studied bias-
induced electrochemical processes in TiO,, a key material for resistive switching memories (ReRAM),
and memristors. In a ReRAM, two different resistive states — high resistance state (HRS) and low re-
sistance state (LRS) — are controlled by voltage sweep.! Some in-situ observations of prototype ReRAM
devices indicate presence of conducting filaments (CFs) in otherwise insulating oxide matrix. It is there-
fore important to investigate how the oxide film is changed by external voltage in order to understand the
mechanism of CF formation in the oxide. Studying the initial electroforming is particularly important,
because the fila-
ment  structure
established in
this process is
modified  very
slightly  during
subsequent  cy-
cling.

Here, TiO,
thin  film was
deposited on Pt
as a bottom elec-

Fig.1. (a,b) TEM images and (c,d) diffractograms of the amorphous TiO, thin film at different t_rOde’ and STM
stages of the initial elecroforming. While (c) only shows stoichiometric TiO, reflections, higher P (Pt-Ir)  was
spacings are evident in (d) (red circle) indicating formation of reduced Magneli phases. (¢) Used as the top
Intermediate stage of reduction showing stacking faults in rutile. electrode within




STM-STEM setup inside the electron microscope. A sudden increase of current level was observed near +
4V applied to tip (top electrode), which was coincident with emergence of crystalline features in the ini-
tially amorphous TiO, film (Fig. 1a,c). The highest characteristic d-spacing of the initially forming c-TiO,
is about 0.24 nm, which could correspond to the (013) spacing of anatase or (212) spacing of rutile struc-
ture. As the voltage is increased, the area of the crystalline TiO, is gradually extended from the bottom
electrode to the top electrode. In addition to the voltage-dependent crystallization of TiO,, which starts
happening at very low voltages, higher voltages (~9V and up) induce stacking faults in grains near bottom
electrode (Fig. le), and eventually much higher lattice spacings characteristic of Magneli phases
(Fig.1b,d). The formation of these defects is caused by voltage-induced transport of oxygen ions. This
work follows our extensive studies of the effect of voltage cycling on memristive [4] and fuel cell materi-
als [5,7,9,10] and is currently submitted for publication.

2. Coupling of oxygen vacancies and polar behavior in oxide thin films and heterostructures.

Perovskite oxides offer a rich playground of varied physical properties, from polar to magnetlc to electri-
; : : e e cal transport behavior.? However,

— & autotpione it becomes evident that oxygen

0zl — dy. In-plane

sublattice is not a passive back-
e ground but rather an active con-
L tributor to behavior of oxide thin
LSMO BFO LSMO BFO " -
i s wwmamwn . uwwaaaw filMs. For example, changing the
Aromie row Atomie row octahedral tilt pattern by varying
interface termination can lead to
emergence of metastable antifer-
roelectric state in stoichiometric
BiFeO; [6]. While oxygen vacan-
cies were always a known possi-
bility for oxide thin films, now
there is an emerging consensus
that oxygen chemical potential

Fig.2. Lattice spacing and polarization changes at the interface of BFO- should be considered as another
LSMO: (a) ADF image of [110], oriented BFO /LSMO/STO thin film. (b) moveable variable, alongside elec-
Out-of-plane lattice spacing map showing local lattice expansion and (c) tric, magnetic, and strain fields,
polarization map and profiles of BFO film on LSMO showing antiparallel determining the properties of the
domain configuration. Scale bars are 2 nm.(from [13]). system [3].

As an example of a system with
built-in electric field, we studied a domain wall/interface junction in BiFeO3/(La,Sr)MnQO/SrTiO; hetero-
structure with two antiparallel domains (Fig. 2a). Lattice spacing map shows that there is a localized ex-
pansion at the interface with negative polarization charge, but not with positive (Fig.2b). Additionally, the
polarization at the interface shows a double-layer-like structure for negative polarization charge, while for
positive polarization charge it simply decreases to zero (Fig.2c). In combination with EELS data on oxy-
gen content and localized oxidation states of intermixed Mn ions inside BFO (not shown), as well as theo-
retical modeling, these results led us to conclude that while positive polarization charge is compensated
by electrons, negative polarization charge is compensated by oxygen vacancies, which are forming a dou-
ble layer at the interface. These results have major implications for switching domains of different orien-
tations. While dynamic switching studies have shown that, depending on polarization direction, some
domains can be impossible to switch completely®, our study is the first to directly demonstrate different
screening species for two polarization directions [13].

While the above example shows oxygen vacancy motion induced by polarization charge at ferroelectric
interface, we have also reported on electrical polarization induced at the interface between two metallic
oxides due to vacancy accumulation [2] and polar behavior in non-polar superlattice induced by oxygen




vacancy ordering [11], highlighting that coupling goes both ways and that controlling local oxygen chem-
ical potential can lead to better materials and possibly new device paradigms.

3. Insitu dynamics of oxygen vacancies

Unlike oxide electronics devices, where pivotal role of oxygen vacancies is only now becoming to be ful-
ly recognized, for materials such as solid oxide fuel cells, gas sensors and catalysts basic functionality is
dependent on the distribution and transport behavior of oxygen ions. We have recently demonstrated that,
for a static case, oxygen vacancy distribution and vacancy ordering can be characterized at an atomic
scale using quantitative aberration-corrected STEM. [1] In further work we used this approach to observe
the dynamics of
vacancy ordering
and vacancy in-
jection under the
electron beam in

LaCoO4/SrTiO;
(LCO/STO) su-
perlattices  and
LaCoO5,  thin
films.

1 LCO layer.
" 2LCO layer
V, ordering layer T
! 4LcO layer T
5 LCQ layer

R AL

=4
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g4 jd ay?%er %%M We found that
g0 we can observe
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: 2‘% WA BRI disordered state
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Fig.3. HAADF images and spacing maps for LCO/STO heterostructures (a) before and (b)  mjnutes, taking

after electron beam exposure for ~20 minutes. (c) Quantification schematic and (d) time evo-
lution of local spacings in the superlattice suggesting vacancy redistribution (e-g) HAADF
image, La spacing map, and Co shift map of a snapshot in LCO film time series showing
coexistense of multiple phases (white boxes) and a metastable confiauration (red box).

an image every
second. Quanti-
fying the results
for the superlat-
tice (Fig. 3c,d) led us to conclude that, rather than injecting vacancies, electron beam primarily orders
vacancies already present in the sample. In the case of 15 u.c. LCO film, beam exposure leads to a se-
guence of different phases, starting from disordered perovskite LaCoOs., to a brownmillerite polytype
La;Co30g« (2 perovskite layers), to eventually brownmillerite La,C020s., which is similar to the phase
evolution observed in the bulk.” In these series of images, we have detected localized intermediate stages
and phases, including metastable ones (Fig.3e-g). Theoretical analysis of relevant energy barriers is cur-
rently ongoing.

Future Plans

Utilizing the portfolio of imaging and analysis methods and hardware developed in the preceding periods,
we plan to further integrate these areas, bringing in situ biasing studies to atomic level. With this ap-
proach we can explore (a) electronic and vacancy mediated phenomena at moving ferroelectric domain
walls, (b) electromigration in the metal-mixed electronic/ionic conductors, and (c) static electrochemical
properties and bias controlled polarization at oxide-oxide interfaces. We will also continue to develop
new methods of structural characterization from STEM images, including 3D characterization. These
studies will reveal the interplay between polarization and structural order parameters, strain, and vacancy-
controlled electrochemistry in oxides, and will enable optimization of a broad range of energy and infor-
mation technologies from fuel cells to memristive data storage and logic devices.
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Lawrence Livermore National Laboratory, PO Box 808, Livermore, CA 94550, Email:
ghcampbell@lInl.gov

Program Scope

The thrust of this project is to measure rates of processes occurring during solid — solid
phase transformations in materials, explore the variability of these rates as they depend on
processing parameters of the materials, and compare with simulations of the phase
transformations to reveal and quantify the fundamental controlling mechanisms. To make
measurements of the dynamic event in situ, we use a time resolved transmission electron
microscope (DTEM) that is still unique in the world because of its single shot imaging capability
(as opposed to stroboscopic). Since it is a high-resolution real space imaging capability, it allows
us to identify and measure rates of individual processes, for example nucleation or growth, which
other methods cannot deconvolve.

Recent Progress

One type of initial phase transformation
we are studying is crystallization of an
amorphous phase. We have chosen to initially
study crystallization of amorphous films of Ge. It
has been known for some time that amorphous
Ge films, when heated rapidly by a laser pulse [1]
or an electron pulse [2], will generate a complex
crystallization pattern. A similar pattern has also
been observed in Si [3]. A low magnification
image of such a pattern in Ge is shown in Figure
1. It consists of three concentric zones, with
zones | and Il roughly corresponding to the size A :
of the laser spot on the film at FWHM. The I Il | Zone
morphologies of the microstructure in the zones Figure 1 — Conventional bright-field TEM image
are distinctly different. Zone | has a of a laser crystallized area in 110 nm thick

. . amorphous Ge. The three distinct microstructural
nanocrystalline, equiaxed structure. Zone Il has zones are labeled. False color added for clarity.
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much larger grains that are
elongated along the radial
direction. Zone I1l also consists of
large, elongated grains, but they
are oriented in the tangential
direction and are layered with fine
grain regions in between.

A time resolved sequence
of images acquired in the movie
mode operation of the DTEM is
shown in Figure 2. A spot on the
film is irradiated with a pulse of
532 nm light with a duration of 12
nsatt=0. Thetime aftert=01is
shown in the upper right hand
corner of each frame, so the
irradiation has ended long before
the sequence begins. Zone | is

formed by th_e first frame at 100 Figure 2 — Time resolved movie mode DTEM sequence of images
ns. In fact this zone may be showing the crystallization evolution of amorphous Ge when
completely formed within 55 ns subjected to rapid heating by a 12 ns laser pulse.

[4]. Zone | has a distinct boundary
from which Zone 11 starts to grow. The
shape of the laser irradiation on the
specimen is gaussian and the distinct
boundary suggests a critical temperature
threshold, above which the equiaxed
nanoscale grains can form. Zone Il is seen
to grow outwards from this boundary over
the nine frames of the movie. The speed of
this zone as it grows into the amorphous
matrix is constant at 11.0 m/s. In multiple
instantiations of this same experiment the
speed of growth of the Zone Il varies from
about 7 to 12 m/s, but in each case the
speed is constant over the interval
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measured. We would expect that neither Figure 3 — Plot of the measured size of the ellipse
the temperature nor the temperature formed by Zone Il growth in Figure 2 as a function of

. . time. The constant slope shows constant growth front
gradient would necessarily be constant

. . velocity.
over the width of the zone, therefore this
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result appears somewhat surprising and will require further investigation. After approximately
1.5 - 2.0 ps, the growth of Zone Il stops and the much slower growth of Zone 111 proceeds for
several 10s of us [5].

Future Plans

We will be making thin films of Ge under differing deposition conditions, for example by
changing the substrate temperature during deposition, in order to change the structure of the
amorphous phase. The amorphous structure will be characterized and quantified with fluctuation
electron microscopy (FEM) and then their crystallization kinetics measured in the DTEM. The
differing structures of the amorphous phase should change the available free energy change upon
transformation and thus should have an affect on the kinetics. We will use atomistic simulations
to create model amorphous structures and simulate FEM data based on these structures to
quantitatively compare to the experimental results. With these representative structures as initial
conditions we will simulate crystallization and compare differences we observe in the kinetics
with the experimental results.
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Spectroscopic Imaging STM and Complex Electronic Matter

J. C. Séamus Davis

CMP&MS Department, Brookhaven National Laboratory, Upton, NY 11973, USA

LASSP, Physics Department, Cornell University, Ithaca, NY 14853, USA.

Office: 607-254-8965 / Mobile: 607-220-8685 / Email: jcdavis@ccmr.cornell.edu

Research Objectives
Our long-term research objectives are focused on the DoE Grand Challenge for Science
and the Imagination: “How do remarkable properties of matter emerge from complex
correlations of atomic or electronic constituents and how can we control these properties”.
Recently our focus has been on understanding heavy fermion and topological superconductors.

Program Scope

We address these issues by direct atomic scale visualization of electronic structure in a
variety of materials using our suite of specialized SI-STM systems.

Recent Progress

e First Visualization of Heavy Fermions
We originated dilution-refrigerator-based millikelvin SI-STM for mapping simultaneously

the r-space and k-space electronic structure of heavy fermion systems at temperatures down to 50
mK. This approach was expected to be powerful because it is hybridization between f-electrons

=~

e’-;. localized in r-space and free electrons e% in k-space that generates the heavy fermion state.
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using QPI (Nature 465,570(2010)).

We carried out the first imaging of heavy-fermion scattering interference patterns in the heavy
fermion compound URu,Si, and thereby achieved the direct observation of splitting of the light k-

space band into two heavy-fermion bands Eli:'ﬁ

M

By demonstrating feasibility of millikelvin QPI for determining heavy band-structures with
dE<100meV, this result launched the field of STM studies of heavy fermions[1]; Nature 465, 570

(2010).
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Visualizing a ‘Kondo Hole’

Replacing a magnetic atom by a spinless atom in a heavy fermion compound generates a
special many-body quantum state referred to as a ‘Kondo-hole’. We visualized a Kondo-hole [2]
by imaging the electronic structure at a spinless Thorium atom substituted for magnetic Uranium
atom in the heavy fermion compound URu,Si;. Surrounding each Thorium atom the heavy-
fermion hybridization modulations predicted to occur at Kondo-holes were observed. We also
discovered nanoscale hybridization heterogeneity due to the randomness of Kondo-hole doping
and these long-range hybridization oscillations; PNAS 108, 18233 (2011).

First k-Space Visualization of Heavy Fermion Cooper Pairing

The Cooper pairing mechanism of heavy-fermion superconductors [3-4,5,], while long
hypothesized as due to spin fluctuation exchange [6,7], had proved impossible to determine in the
decades since the discovery of such materials. It is the k-space structure of the two
superconducting energy gaps Aab(k) on the heavy bands a,b that encodes specifics of this Cooper
pairing mechanism. However, because the energy scales are so low, it was impossible to directly
measure A(k) for any heavy-fermion superconductor.
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Figure 2. a) Measured superconducting energy gap magnitude on the a-band of CeColns;
b) the overall determination of A(k) for CeColns. (Nat. Phys. 9, 458 (2013)).

The technique of Bogoliubov quasiparticle interference (QPI) imaging was recently proposed [8]
as a new method to measure A(K) in heavy-fermion superconductors - specifically CeColns . By
implementing this method in CeColns, we discovered the complex band structure and Fermi
surface of its heavy-fermion bands Eg’ﬁ , that the primary A(k) with maximum 600ueV and nodal
structure opens on a complex a-band surrounding the p,p point, and that the quasiparticle
interference patterns are most consistent with dxz-y2 symmetry. This innovative technique for
heavy band-structure Eg’ﬁand Aab(k) determination reveals an exciting new approach to
identifying the mechanism of heavy fermion superconductivity; Nature Physics 9, 458 (2013).

Demonstrated Magnetic f-Electron Mediated Cooper Pairing Mechanism in CeColns
Magnetically mediated Cooper pairing has been the conjectured basis of heavy-fermion
superconductivity but no direct verification of this mechanism existed. To explore this issue, we
used our newly developed capability to measure the hybridized heavy-fermion band structure
using quasiparticle interference (QPI) imaging, to determine the k-space structure of the f-electron
magnetic interactions of CeColns. Then, by solving the superconducting gap equations on its two

heavy-fermion bands Eg’ﬁ with the hypothesis that these interactions mediate the Cooper pairing,
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we generated a series of quantitative predictions about the superconductive state. We then showed
them in excellent agreement with numerous experiments; (PNAS 111, 11663 (2014)).
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Figure 3. a) Magnetic-field induced alterations predicted in CeColns, b) predicted T,(T) with f-electron
magnetism as pairing mechanism c) predicted spin-resonance; d) magnetic-field induced changes in

CeColns QPI; e) measured T(T) of CeColns; f) measured spin resonance of CeColns.
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This provides strong and direct evidence that heavy fermion Cooper pairing is mediated by the f-
electron magnetism; PNAS 111, 11663 (2014).

e Visualizing Electronic Structure of a Topological Superconductor
Sr,RuO, has long been the leading candidate to exhibit phenomena expected of
topological superconductivity. To establish the mechanism and topology of order-parameter of
superconductivity in Sr,RuQ,, a prerequisite is direct information concerning the energy gaps
Ai(k), and whether the pairing is stronger on the quasi-1D or on the quasi-2D Fermi surfaces.
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Figure44 a) Topographic image of RuO, layer b) T dependence of DOS(E) spectrum of Sr,RuQy; c)
Theoretically predicted contours of constant energy of Bogoliubov quasiparticles for the D()
predicted within one-dimensional pairing mechanism (PRB 88, 134521 (2013)).

T Ed

We achieved the first STM measurements of the density-of-states spectra in superconducting
Sr,RuQ, for 0.1Tc < T < Tc (Fig. 4b). Analysis shows that the gap scale with maximum value
2A=5 Tc along with a spectral shape indicative of line nodes (Fig. 4b) is consistent with
magnetically mediated odd-parity superconductivity (topological) superconductivity.

¢ Unifying magnetic interactions, coincident electronic orders and correlated superconductivity

We introduced a simple conceptual framework providing a unified explanation of the
relationship between antiferromagnetic electron-electron interactions, coincident broken-
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symmetry phases, and the correlated superconductivity. We demonstrated that this approach is
equally successful in explaining the cases of copper-based, iron-based and heavy-fermion
superconductors; Proc. Nat. Acad. Sci. 110, 17623 (2013).

Future Plans
e Visualizing CDW/SC Quantum Critical Point

We plan to study the interplay of a CDW critical point under a superconducting “dome”
with the superconductivity itself. In 2H-type CuxTaS2, for 0 < x < 0.12, the charge density-wave
(CDW) is destabilized with Cu doping while the superconducting Tc, increases to 4.5 K at the
optimal composition Cugo4TaS,, and then decreases at higher x. We plan a doping dependence
study of the electronic structure of Cu-TaS; as it is evolved through the critical point.

e Bogoliubov QPI and A(k) of Topological Superconductor in Sr,RuQ4

We plan to apply our experience of this compound in combination with our new
dE~75meV resolution Bogoliubov QPI techniques to the superconductive state at T~250mK in
Sr,RuQ,4, Figure 4c¢ shows the approximate predicted Bogoliubov contours of constant energy of
this compound. Since there are four nodes in a tetragonal arrangement, we expect a QPI signature
in the form of a classic ‘octet’ of dispersive scattering interference wavevectors.
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Cryogenic Nano-Scale Optical Spectroscopy in Correlated Systems

Pl: Adrian Gozar (the only person working on the project)
Brookhaven National Laboratory, Upton, NY

Program Scope:

The purpose of this project is twofold. First, to develop new instrumentation which enables
performing infrared optical spectroscopy measurements with nano-scale spatial resolution within
a variable temperature environment. Second, to use this tool in order to address physics problems
which are either difficult/impossible by other techniques or to bring complementary information
from a new perspective. The key features of the Scanning Near Field Optical Microscopy
(SNOM) were aimed at studying competing phases in correlated systems (e.g. phase transitions,
the role of intrinsic/extrinsic inhomogeneities) and emergent phenomena associated with surfaces
or buried interfaces in artificial structures. Our current work is focused on three projects:

1) Electronic properties of graphene. Here we are interested in the origin of damping in a quasi-
2D electronic gas with relevance for graphene-based electronics. We use near-field plasmon
interferometry which allows us to extract temperature dependent energy-momentum information
about collective electronic excitations [1]. We obtain this information from real-space mapping
of plasmonic scattering around defects and sample edges (see Fig.1).

2) Metal-Insulator (M-1) transition and ferromagnetism in thin sub-surface EuO films. This
project serves as a starting point for our studies of properties of surfaces and buried interfaces.
We want to address the following questions. Can the M-I transition in EuO be detected optically
by a non-invasive probe like SNOM? What is the relation between metallic and ferromagnetic
orders? Does the giant magneto-resistance exhibited by EuO [2] belong to the paradigm of
manganites (i.e. related to inhomogeneous behavior) ? Given the almost full spin polarization of
the electronic bands, can we offer insights for a roadmap to spintronics application? (see Fig.2).

3) Enhanced high-temperature interface superconductivity: Previous work of the PI reported
25% enhancement of the maximum bulk Tc for ultra-thin interfacial superconducting layers in
LaSrCuO based heterostructures [3]. Here we exploit the capability of SNOM to image
superfluid-polaritons in the superconducting states in order to answer the following questions.
What is the cause of the enhanced critical superconducting temperature? What is the true
maximum critical superconducting temperature for copper-oxide based materials and can one use
interface physics to further increase the maximum Tc? (see Fig.3).

Recent Progress

All data reported here are the result of work performed only during the past 7-8 months, after the
PI moved his lab to a new location. Our Early Career project was delayed by almost two years
due to inadequate mechanical and electrical conditions in a previous laboratory space. A telling
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example in this respect are the data in Fig.1, acquired in March 2014: back in November 2012
we used the same system to measure the same sample but the signal was buried in noise.

1) Electronic properties of graphene. Panels (a) and (b) of Fig.1 show AFM and SNOM data
taken in ambient conditions single layer graphene (SLG) sample. The near field scan reveals
information beyond the usual optical contrast between the SLG/SiO, and other topographic
AFM features. We observe 'halos' and 'highways' which surround and connect these features and
we associate them with heavily damped standing waves due to plasmon scattering [1]. The
efficiency by which folds or sub-nanometer cracks in SLG scatter the plasmons is remarkable.

Our aim is to discriminate between intrinsic and extrinsic electronic scattering by monitoring the
temperature dependent complex conductivity as inferred from near-field plasmon interferometry.
Performing this experiment with the sample in Fig. 1a,b “as is” was not possible: the Fermi level
changed with desorption of particles once the sample was placed in vacuum and the plasmon
interference pattern disappeared. Accordingly, our future low temperature experiments will be
performed on very high mobility samples, Fig.1c, which will be patterned to allow in-situ gating
for Fermi level control during measurements.

2) Metal-Insulator (M-1) transition in thin sub-surface EuO films.Fig.2 shows typical low
temperature data obtained in EuO. The 20 nm thick film is protected by a layer of amorphous Si
in order to preserve stoichiometry. The data so far allow for two observations: the signal
measured at T > Tc =69 K is about 50% lower in intensity and an optically homogeneous
sample is observed at all measured temperatures. These preliminary results indicate that SNOM
can probe the subsurface M-I transition in EuO and that the paradigm of manganites may not be
applicable to EuO, i.e. the giant magneto-resistance is not related to inhomogeneous behavior.

The data in Fig.2 were obtained on the sample “as grown”. In order to make our previous
observations quantitative, i.e. extract the complex dielectric function of the film, one needs a
reference material. For this purpose we recently deposited 20 nm strips of Au, see Fig.2a. Our
next set of measurements will consist of SNOM data of EuO with in-situ reference to Au as well
as MFM measurements to correlate the metallic and ferromagnetic orders.

3) High-temperature superconductivity. We are about to demonstrate low-temperature SNOM
operation in the 0.1 — 1 THz range, which was one of our main project goals. We report progress
in two areas. First, all equipment needed for the THz setup is already in place. The remaining
effort is to replicate the currently working mid-infrared setup with the THz one. Second, in order
for AFM tips to perform as good “antennas” in the sub-1 THz region they need to have shaft
lengths comparable to the wavelength of radiation (A ~ 0.3 — 3 mm). We had to replace the
currently used Akiyama probes (shaft length < 30 um) with etched wires attached directly to
quartz tuning forks, see Fig.3a. We established procedures to obtain sharp tips by etching W and
Au-wires, see Fig.3. Room temperature tests show excellent behavior of these probes, low-
temperature tests are currently underway.
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Fig. 1: Panels (a) and (b) show 4x5 um? AFM and SNOM scans respectively in a commercially available single
layer graphene (SLG) sample, Graphene Supermarket. The data were taken at T = 300 K in air with a laser
excitation light A = 10.6 um. The SNOM data display near-field plasmonic interference effects around the defects
seen in AFM [1]. For a temperature dependent study in-situ gating for Fermi level control is necessary (see text):
panel (c) shows the high mobility SLG sample sandwiched between two boron nitride (BN) layers which will be
used for the low-temperature experiments once the contact pads are defined by lithography (work in progress,
collaboration with Philip Kim’s group, Columbia/Harvard University).
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Fig. 2: a) The EuO sample onto which reference Au-strips were deposited (see text). The film is covered by a
protective layer of a-Si, inset of panel (a). Panels (b) and (c) show data taken at T = 58 K. SNOM approach curves
at the 3" and 4™ harmonic of the tapping frequency are shown in (b) and 5x3 um? AFM and SNOM scans along
with a AFM profile are shown in panel (c). These data are representative for measurements taken at all
temperatures, i.e. an optically homogeneous sample is observed both above and below Tc = 69K (work in progress,
collaboration with Darrell Schlom’s group, Cornell University).

Fig. 3: Panel (a) is a close-up view of the AFM/SNOM head showing the quartz tuning fork (TF) based AFM probes
to be used for measurements in the far-infrared (0.1 — 1 THz) range. Typical SEM pictures of the AFM tips obtained
so far are shown in the middle, W tips panel (b), and on the right, Au tips, panel (c).
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Future Plans

Our near-future plan is to complete the three projects described above: 1) Graphene: perform
low-temperature surface plasmon interferometry measurements in high mobility samples with in-
situ gating; 2) EuO: quantitatively characterize the M-I transition; 3) demonstrate SNOM
operation in the sub-1 THz range and understand enhanced superconductivity in La;CuQ s /
Lai55Srg45CuOy bilayers.

Longer term plans depend substantially on the size of the group possibly working on this project
in the future. The projects we want to pursue include the following topics: 1) Probing the locally
inhomogeneous behavior in the pseudo-gap phases of correlated electron materials. 2)
Superconductivity and symmetry breaking at the meso- and nano-scales: high-Tc cuprates and
Fe-based materials. 3) emergent phenomena associated with surface and/or interface layers;
critical length-scales.
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Electric Field Effects in Complex Functional Oxides
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Program Scope

The focus of this research task under the FWP Number MA-015-MACA is to study charge-
lattice-spin interplays and dynamics in complex oxides under external stimuli to unveil the underpinning
physical principles that control emergent macroscopic functionalities. The research areas include (i)
cross-coupled domains and domain walls in novel ferroelectrics and multiferroics, (ii) emergent electronic
or magnetic phenomena at surfaces or interfaces in heterostructures, and (iii) dynamics of conventional
and unconventional spin/charge density waves. Our approach is to integrate electron microscopy
characterization with macroscopic property measurements inside a transmission electron microscope
(TEM) to uncover property-dictating structural entities and elucidate the atomistic origins of emergent
physical properties in complex functional materials. Various advanced electron microscopy techniques
including holography, electron-beam-induced-current (EBIC), and aberration-corrected imaging under
external stimuli such as electromagnetic fields, cooling/heating, optical excitations, strain, etc. are
developed and extensively utilized to study dynamic responses of complex oxides.

Recent Progress

Multiferroic hexagonal manganites have been a current focus in studies of multiferroics since the
seminal report on interlocking between structural boundaries and ferroelectric domain walls in topological
vortex domains'. Although topological defects in hexagonal manganites, such as vortices and domain
walls, attracted much attention, their exact roles on the dynamic switching process were not clearly
understood. Recently, we have studied ErMnOj; crystals and directly observed unique dynamics of
domain switching around a vortex core that we termed “topologically guided partner changing™?, as
shown in Fig. 1.

One-unit-cell domain

Type
(APBIT)

W 1 BB R
B R L5 S S

Fig. 1. False-colored dark-field TEM image (a) showing a vortex domain. Dark-field TEM images after
electric poling with -150 kV/cm electric field (b) and 150 kV/cm (c) along the c axis. Note that the vortex core,
marked with green arrow, is immobile and domain walls are paired but not annihilated in each poled states.
HAADF STEM images showing two configurations of paired domain walls: neutral pair (d) and oppositely
charged pair (). Note that two types of domain walls are distinguishable with different separations of unit cells
across domain walls.

Six domain walls emerging from a topologically protected and immobile vortex core are paired in
a poled state, and each of the three pairs changes partners (i.e., heighboring domain walls) in the process
of switching to the oppositely poled state. Atomic resolution high-angle annular dark-field (HAADF)
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scanning transmission electron microscopy (STEM) imaging further revealed the unique topological Z, x
Z3 symmetry (two additive cyclic groups of order 2 and 3, respectively) originated from the ferroelectric
domain walls interlocked with antiphase boundary near a vortex core, as shown in Fig. 1d-e. In addition,
employing shear strain with a large gradient, we demonstrated transformations of vortices and antivortices
into stripes®. The stripe domain structure was monochiral and showed the alternations domain walls with
distorted and undistorted rare-earth ions. Our findings reveal unusual behaviors of topological defects
under an electric field and unexpected relation between vortex and stripe domains in hexagonal
manganites, providing a novel way of controlling topological defects.

We also studied interface-induced nonswitchable domains in ferroelectric thin films. Engineering
domains in ferroelectric thin films is crucial for realizing technological applications including non-volatile
data storage and solar energy harvesting. Interfacial band bending and mobile charge effects have been
speculated to play important roles in domain structures and switching behavior. By mapping electrostatic
potentials and electric fields using off-axis electron holography and electron-beam-induced-current with
in situ electrical biasing in TEM, we show that electronic band bending across the film/substrate
interfaces locks local polarization direction and further produces unidirectional biasing fields, inducing
nonswitchable domains near the interface®. Presence of oxygen vacancies near the film surface, as
revealed by electron-energy loss spectroscopy, stabilizes the charged domain walls. The observations
advanced our understanding on ground-state domain structures and switching behaviors in ferroelectrics.
The formation of charged domain walls and nonswitchable domains reported in this study can be an
origin for imprint and retention loss in ferroelectric thin films, major obstacles for commercialization.

Fig. 2. Dark-field TEM
images showing ferroelectric
domains tructures of
epitaxial PbZr,,TiggO3 thin
films grown on Nb-doped
SrTiO; substrate: as grown
(a), after 10 V (b), and after -
10 V (c), respectively.
Electrostatic potential line
profiles (d) and electric fields
(e) along the c axis, obtained
by electron holography.
Schematics of band diagram
without (f) and with (g)
negative polarization charge

f No polarization
E
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Future Plan

Knowledge of dynamic responses to external stimuli can reveal the atomistic mechanisms of a
material with exotic properties. In this task, we will continue to combine advanced electron microscopy
techniques with simultaneous macroscopic property measurements to establish structure-property
correlations. Various external stimuli including cooling/heating, strain, electromagnetic fields, optical
pumping, etc. will be utilized to give further insights towards understanding of emergent phenomena in
complex materials. Specifically, we will exploit reconstruction of spin, lattice, and charge states in
heterostructure-based complex materials for understanding and discovery of technologically important
functionalities. Examples include (i) emergent electronic or magnetic phenomena at/across interfaces and
(ii) development of an experimental framework to study previously inaccessible dynamics of charge
density waves using in situ electrical biasing at low temperatures.

Emergent electronic or magnetic phenomena at/across interfaces We will investigate reversible
reconstructions of electronic states by ferroelectric control and octahedral engineering at oxide
heterointerfaces where two dissimilar tilting patterns are coupled to trigger charge transfers for depletion
or accumulation of atomically confined charges. Direct imaging of octahedral tilting patterns by annular
bright-field (ABF) STEM and mapping of charge distributions by electron holography will be directly
complemented with in situ electronic transport measurements for bistable states. As an example, we will
study PbZr,,TiggO03 (PZT)/LaNiO3 (LNO) grown on LaAlO; substrate, as shown in Fig. 3. DFT
calculations predict reversible oxygen octahedral tilting patterns and large charge depletion/accumulation
to give rise to a significant modulation in in-plane electronic conduction. Further investigation will be
made to confirm DFT results with ABF STEM and electron holography.

Accumulation Depletion

< sk 8 b " al Fig. 3. HAADF STEM (a) and ABF STEM (b)
g 4 A images of PbZry ,TiggO3/LaNiO; film grown on
‘g » S — R LaAlOj; substrate. Polarization direction is
= . 10,8 4% ; - -ta-o indicated with an arrow. Charge density maps
A ]} bk ., o0 ™  above Fermi level for accumulation and
PbO® .. ® L] L] Ni
S : 1 : : I nio, s @ 2| il Y6 depletion, calculated by DFT. Note there is
e & & = + La0 o «s b additional charge densities in PbO and TiO,
e no, HEDE| il P @¢ layers adjacent to the interface, giving higher in-
| FOg . ‘ Laoje @ . plane electronic conductance. Oxygen columns
lssssesh "";" = X are visible in the ABF-STEM image showing a
£ Lal . L . . . -
ESE TS ol @ oo @ @ longer O-Ni bond, in agreement with depletion
K I s 5 states in DFT results.

Dynamics of charge density waves As noted by Frohlich in 1954, charge density wave can carry
superconducting current in the absence of pinning and damping®, which are very important to
understanding superconductivity. Although, in reality, it has been predicted that the charge condensate
moves in the field of randomly distributed pinning potentials due to chemical disorder or defects, no
experimental observation has been made up to date and thus its dynamics remains elusive. We will
directly observe dynamics of charge density waves in complex materials with highly anisotropic band
structures such as IrTe and TasS,, using in situ electrical biasing at low temperatures (down to 6 K). Our
study will generate a broad impact on understanding the competing degrees of freedom in condensed
matter, especially between the charge-order state and superconductivity, as it manifests as the key to
superconductivity in iron-based superconductors.
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Probing Coupled Metal-Insulator and Ferroic Transitions from the
Atomistic to Mesoscopic Scales
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Postdocs: R. Vasudevan, A. Tselev (Res. Prof.), A. Gianfrancesco (student), W. Lin (now at LANL)
Oak Ridge National Laboratory, Oak Ridge, TN 37831

Research scope

The coupling between electronic and ferroic behaviors has emerged as one of the most intriguing
aspects of condensed matter physics, with examples including phase separation in complex oxides,
metal-insulator transitions in ferroelastic oxides, and complex electronic ordering patterns in
superconducting and charge-density wave materials. Both structural and electronic aspects of these
behaviors are currently of interest for energy generation and storage and information technology
applications, and are uniquely accessible through high-resolution probe-based studies. The goal of this
project is to reveal the mechanisms of coupled electronic (metal-insulator) and ferroic (ferro- and
antiferroelastic, ferro and antiferroelectric) transitions on the atomic level by exploring coupled
structural and electronic phenomena on the surfaces of in-situ grown oxides. The research will develop
and exploit the synergy between advanced scanning probe microscopy, artificial-intelligence and
multivariate methods for theory-experiment matching, and established methodologies of surface
science and oxide growth. This will provide a fundamental scientific basis for optimization and
engineering of energy-related materials, with enormous potential benefits to fuel cells, batteries, solar
energy, data storage, energy transport, and other vital energy technologies.

Recent Progress

In the concurrence period, the research was focused on exploring the coupling between ferroic
behavior, chemical degrees of freedom, and electronic phenomena on atomic and mesoscopic level.
Specifically, effort has been focused on the atomic-level studies of the surface functionalities of the in-
situ grown oxide films, as well as development of big- and deep- data analysis tools for multivariate
imaging data sets in real space (local crystallography), k-space (RHEED), and spectral domains
(tunneling spectroscopy). The enabling step was the introduction of the laser heating system that
enabled high-quality film growth. The progress on atomic level studies summarized below.

Structure-order parameter coupling on the atomic level in model systems. To develop the
necessary know-how for probing the coupling between electronic properties and structural order
parameters, we explore superconducting Fe(Te,Se1x) system. These materials offer the advantage of
atomically flat defect-free surfaces that can be prepared by cleaving and readily identifiable from dI-
dV curves electronic structure and superconductive order parameter. Spatial variability of electronic
structure in Fe-based superconductor FeTegssSep 45 is explored on the atomic level using continuous
imaging tunneling spectroscopy (CITS). Multivariate statistical analysis of the data differentiates
regions of dissimilar electronic behavior that can be identified with the segregation of chalcogen
atoms, as well as boundaries between terminations and near neighbor interactions. Subsequent
clustering analysis allows identification of the spatial localization of these dissimilar regions.
Statistical analysis of calculated density of states of chemically inhomogeneous structures further
confirms that the two types of chalcogens — (Te,Se), can be identified by their electronic signature and
further differentiated by their local chemical environment. This approach allows detailed chemical
discrimination of the STM data including separation of atomic identities, proximity and local
configuration effects, and can be universally applicable to chemically- and electronically
inhomogeneous surfaces.
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In-situ oxide growth: SrRuO;. We further aim
to extend the mesoscopic studies of order
parameter-electronic property couplings and
atomic level studies to realistic oxide surfaces.
Yet, the study of the reactive surface on length
scales over which reaction occur has not been
forthcoming, due to difficulties in surface
preparation, necessitating an in-situ approach.
Via a user project, the CNMS NanoTransport
system combining PLD growth and surface
characterization, was used to grow and
characterize by atomically resolved STM
surfaces of SrRuO;. We have grown SrRuQO;
films on etched SrTiO; substrates by pulsed laser
deposition, and studied them with Scanning
Tunneling Microscopy (STM) and X-Ray
Photoelectron  Spectroscopy (XPS), without
exposure of the sample surface to air. An AFM
topography of this film is shown in Fig. 1(a)
below. STM topography image of the surface
shown in Fig. 1(b), and much smaller views are
shown in Fig. 1(c,d). Fig. 1(c) indicates that the
surface is covered by an adatom layer of oxygen
arranged in a zigzag-type pattern. However, on
the surface of this sample, rectangular packing
could also be observed (Fig.
1(d)). DFT modeling for this
system indicates a surprising
pseudo-gap in the density of
states in the majority spin state of
the surface SrO layer just above
the Fermi level, paving the way
towards half-metallicity in SRO.
These studies reveal the key role
of surface oxygen in affecting the
properties of complex oxides,
and highlight the utility and
necessity of in-situ approaches in
unravelling their physics and
local behaviors.

Figure’ 1: Multivariate Results of CITS Data. (a)
Topographical STM of FeTegssSepqss, T = 82K
18x18nm?, 50mV, 100pA, white rectangle represents
area where CITS was performed. (b) Loading map
for the first eigenvector. (c) Loading map for the
fourth eigenvector. (d) Calculated FeSeqsTegs model
of the Se cluster - green are Se atoms, gray are Te
atoms. (e) K-means clustering result for a Se cluster,
DOS trimmed to -2 eV to 1.82 eV, yellow and red
atoms correspond to Te atoms, two types of blue are
the Se atoms

STM image (V= 2V, |, = 15pA) of SRO/STO. (c,d) STM Image of
surface reconstructions on SRO. Images are from Tselev et al. [4].

Atomic level physics and electrochemistry of La,Ca; xMnO; Surfaces

The manganese oxides (manganites) display properties ranging from charge and orbital ordering, to
colossal magnetoresistance, and tunable, spatially inhomogeneous metal-insulator transitions. We
explored in detail thickness, laser fluency, and substrate effects on surface structure of LCMO films.
XPS confirms that the surface is primarily MnO, terminated. Surface diffraction data indicates films
shows layer by layer growth for all films. The general trends from the growth experiments are
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summarized in STM topography images in Fig.
3(a,b). Initially, there are a large number of layers
exposed to the surface, but as the growth proceeds
the mode of growth changes, and indeed at the
thickest film, it is extremely flat. Films begin with
mostly MnO,-terminated, but with small islands of
(La,Ca)O, but at large thicknesses the fraction of
(La,Ca)0 islands is reduced until the film becomes
uniformly MnO,-terminated.

Single atom electrochemistry experiments
were also performed on the surface (Fig. 3(c,d)),
and suggest that oxygen atoms can be extracted
from the (La,Ca)O termination at ~+2.2V. These
experiments show that tip-induced electrochemistry
can provide a template for studying physical and
electrochemical processes at the single atom scale,
and paves the way for better understanding of
surface oxygen reactions in the manganites. In
forthcoming studies, we will attempt to quantify
threshold potentials required to control oxygen
atoms on the surfaces with the aim of
differentiating between electron-induced and field-
induced mechanisms, identifying the dominant
mechanism for atom motion in mesoscale
experiments and directly measuring the electronic
phase changes caused by local redox reactions from
tunneling spectroscopy experiments

Figure 3. Growth and STM Topography images of
LCMO films for two different thicknesses, (a) 16
u.c. and (b) 250 u.c. The film morphology changes
from being mixed-terminated and having many
layers exposed to being completely flat and single
terminated at 250 unit cells. Single atom
electrochemistry (c) on the a 25 unit cell sample of
LCMO shows that oxygen vacancies can be created
by applying positive voltage to the tip (image
before STM tip bias application inset). (d) The
formation of the two vacancies (circled) is
correlated with spikes in the current trace.

Future plans:

Understanding of the fundamental physics of coupling between electronic properties and ferroic
behaviors on strongly correlated oxide surfaces necessitates a synergistic view of (a) local in-situ
studies of surfaces via high-resolution imaging, (b) development of data analytics tools that allow
extraction of chemical, physical, and structural information from multidimensional data sets, and (c)
theoretical framework that allows describing the coupling between structural degrees of freedom, at
mesoscopic and atomic levels. Our research will pursue these directions, aimed at the following
fundamental issues:

° Atomic phenomena during oxide growth: We will utilize multivariate statistical methods to
analyze in-situ surface diffraction data captured by reflection high energy electron diffraction
(RHEED) apparatus during deposition of films, to determine growth modes, onset of 2D-3D growth
transitions, and types and degrees of surface disorder. The results of analysis will be directly compared
with real-space atomic-level in-situ imaging to confirm its validity, and test the viability of scattering
models. These studies will (a) greatly reduce the time spent on optimizing growth parameters, (b)
provide a wealth of hitherto generally discarded information pertaining to the surface, and (c)
potentially provide the link to theory via separating time dynamics in different regions and k-spaces
and finding reliable descriptors.

° Atomistic origins of order parameters and defect interactions. We aim to reveal the
atomistic structure of the order parameter and defect interactions in ferroic materials using
comprehensive data analytics. We will directly correlate structural and functional data via multimodal
atomically resolved imaging. The questions include (a) can we understand the atomistic aspects of
collective interactions leading to the emergence of polar and structural order parameters, (b) how the
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localized disordered defects give rise to mesoscopic order parameter fields, and (c) can the order
parameter be manipulated and used to tailor local electronic properties of surfaces.

. Local electrochemical probing on atomic level. We aim to use the STM tip as an
electrochemical probe by application of bias on the surfaces of oxides. We aim to answer (a) whether
oxygen vacancies can be formed on manganites and other oxides by STM tip, and (b) the stability of
e.g. surface reconstructions in manganites after removal of oxygen, indicating the strength of e.g.
polaronic couplings, and (c) spatial correlations of multiple formed vacancies indicating preferred
orientations. We will utilize tunneling spectroscopy and in-situ growth and imaging, and compare
results from density functional theory/Monte-Carlo approaches to extract the vacancy formation
energies and density of states that will provide insight to tailor the surface properties of manganites.
We will further (d) probe the feasibility of defect engineering on correlated electron surfaces; (€)
control electronic phases by defect patterning, from single, to sparse-random to ordered defect
patterns, thereby amplifying the effect of broken symmetry and providing the “chemical libraries” for
theory-experiment matching of both electronic structure and phase transitions.

Research supported by the U.S. Department of Energy Office of Basic Energy Sciences Division of
Materials Sciences and Engineering and performed at the Center for Nanopahse Materials Sciences
supported by Division of Scientific User Facilities (SVK, PM, YK WL, and AT).
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Scanning Transmission Electron Microscopy: Atomic Structure and Properties of
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Sub-Program Scope

This task is aimed at exploring the frontiers of new techniques in the aberration-corrected
scanning transmission electron microscope (STEM), aiming for the highest resolution and
sensitivity. Examples include optimizing the fifth-order aberrations of a quadrupole-octupole
based aberration-corrected microscope [1] and demonstration of better than 0.57 A resolution in
a Nion UltraSTEM operating at 200 kV.

Recent Progress

Quantitative Mapping of Sample Thickness at Atomic Resolution: One long-standing obstacle in
analyzing atomic resolution electron microscope images is that the sample thickness is usually
unknown or has to be fitted from parameters that are not accurately known. Previous work has
shown that by normalizing the detected intensities to the incoming beam, it is possible to
quantitatively compare experimental STEM images to simulations’. To accurately track and
analyze single dopants, we needed a parameter free measure of thickness, ideally with column-
by-column resolution and single atom precision. To achieve this accuracy, we prepared samples
without ion milling and removed surface contamination. By considering sources of error and the
properties of our detector system, we were able to identify signals from single electrons and map
sample thickness at atomic resolution with an uncertainty corresponding to about +1 atom [2].

Depth detection of single optically active dopants: Many materials properties, such as optical and
electronic responses, can be greatly enhanced by isolated single dopant atoms [3]. Determining
the full three-dimensional single-dopant defect structure and spatial distribution is therefore
critical to understanding and adequately tuning functional properties. Building on our
guantitative measurements of the sample thickness at atomic resolution we were able to measure
the depth of a single dopant atom with a precision of about one unit cell [4]. In order to control
the electron dose and to better examine the repeatability of such measurements, we implemented
a fast scan sequential imaging approach [5], recording multiple images, which allows recording
movies and provides a wealth of statistical information (Fig. 1). This technique allowed us to
capture the motion of single dopants. We were able to use the depth measurements to verify that
the atoms were in the bulk and not on the surface, meaning that it is now possible to image bulk
diffusion of single dopant atoms inside a crystal. Detailed comparisons to density functional
theory were able to reveal which diffusion mechanisms are active in this sample. Moreover, we
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Figure 1. Single Ce dopant atom in a w-AlIN crystal.
(Left) the dopant sits at the site labelled A, moving to
site B via an interstitial; and the sample thickness in
atomic layers for the same area. (Right) The
intensities of columns A and B over the series. [4]

images in  electrom 17 18
microscopy is to use tilt-
series tomography. 19
However, one of the 20
implications of

aberration-correction is
that in order to improve image resolution, the beam-limiting aperture is made larger, resulting in
a reduced depth of field. This reduced depth of field makes obtaining a tilt-series much more
difficult, because different parts of each frame will be at different focal positions; a problem
which will be exacerbated at high tilts. We have previously used this reduced depth of field to
obtain 3-dimensional information from a variety of samples in a manner analogous to optical
sectioning®. Although that work opened a new dimension in STEM imaging, the depth resolution
is still many times lower than the transverse resolution. We have recently developed a combined
tilt and focal series reconstruction algorithm, which allows thick samples to be examined at high-
resolution and requires fewer tilts to obtain the same quality of reconstruction as a conventional
tilt-series.

Novel Imaging Modes: One of the traditional limitations of all electron microscopy is the phase
problem; that the complex electron wave-function contains most information about the sample,
but the detectors record only intensity. Pioneering work by Rodenburg and Nellist showed that
by recording a suitably redundant set of data in a STEM, a diffraction pattern for every probe
position, it is possible to reconstruct the complex wave-function and image beyond the
conventional resolution limits®. Following the successful correction of aberrations, faster
computers and multi-channel detection systems have raised intriguing possibilities.  For
example, in a STEM, it is usually necessary to use a small-angular detector to obtain a large-
spatial coherence envelope. However, we have recently shown that it is possible to record images
on a pixelated detector and make more efficient use of the transmitted electrons.




integrated

Synergy with theory: An important result in
collaboration ~ with ~ dynamical  diffraction
theory [7] is the demonstration that near edge
structure varies as a function of probe position
due to dynamical scattering alone, and not simply
due to a mixing of spectra from distinct atomic
sites. This can be understood by considering each
energy loss event as a separate “experiment” with
its own inelastic scattering potential. Figure 2
shows the projected structure of SrTiO3 along the
[001] zone axis. The simulated potential
constructed by integrating over the O K-shell edge
has the usual symmetry associated with isolated
atomic models. If however we consider the

potentials from individual energy losses within Figure 2. Projected structure of SrTiO; along the [001]
the O K-shell edge, we see that they have not only | ;qne axis (Top left). The simulated projected O K-

significantly  different  delocalizations,  but | shejl jonization potential, integrated over 20 eV above
substantially different shapes. This means that | the edge onset is shown for 200 kV electrons (Top
different parts of the spectrum will change at | right). Alsoshown are O K-shell scattering potentials
different rates within the unit cell. for two distinct energies within the edge [7].

Applications to Energy Materials: We have ongoing collaborations with other programs for the
study of catalytic nanoparticles [10-11] and photovoltaic materials. For example we have used a
variety of techniques such as combining imaging with spectroscopy, cathodoluminescence and
measuring electron-beam induced current to uncover the roles played by defects and grain
boundaries in CdTe [12-14]. Developments include potential new photovoltaic systems that self-
assemble [15] or have other desirable properties, such as superhydrophobic coatings [16].

Future Plans

The 200 kV Nion UltraSTEM can be operated at voltages between 40-200 kV, allowing
the accelerating voltage to be optimized for particular samples. This machine has a stage that
allows electrical contacts to be made to the specimen, even though there is no sample rod. We
have recently developed an interface allowing us to use conventional TEM-heating chips in the
cartridges for this microscope and obtained initial results. We will use these capabilities to
investigate the effects of thermal excitation and to explore electrical properties in situ.
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Research scope

The overarching goal of this research is to reveal the mechanisms of coupled electronic (metal-
insulator) and ferroic (ferro- and antiferroelastic, ferro and antiferroelectric) transitions on the
mesoscopic scale and explore associated time scales. The SPM tip will act as a local probe of the
ferroic and electronic state of matter, communicating local properties to the outside world through
measured electronic current, dynamic and static electromechanical response, resonant frequency and
quality factor of the cantilever, and microwave response, thus exploring and actively manipulating
local order parameters in nanoscale volumes. Unraveling and subsequently understanding the energy
balance between competing interactions will pave the way to deterministic design of novel electronic
materials, and reveal the key structural and electronic mechanisms involved in energy storage,
generation and dissipation processes.

Recent Progress

In the concurrence period, the program was focused on exploring the coupling between ferroic
behavior, chemical degrees of freedom, and electronic phenomena on the mesoscopic level. Our
studies focused on conductance of topological defects in ferroelectric materials and pressure-induced
morphological changes of mixed electron ionic materials. Although involving quite different material
classes and electronic behaviors, the emerging theme of these studies is a control of vacancy density
and order parameters in a combined stress-electric field to create new electronic and prospectively
optical behaviors or control phase transitions themselves. These studies were further extended to probe
relaxation processes in disordered ferroelectrics.

Metal-insulator transitions in ferroelectric domain walls?

The discovery of finite conductivity on ferroelectric domain walls in paradigmatic ferroelectric
materials, such BiFeO3 and (Pb.Zr,)TiO3, urges a number of questions including: (1) properties of the
metallic state created in the vicinity of tilted or distorted domain walls in ferroelectrics, including the
role of electron correlations or electron-phonon coupling in this case; (2) origin of carriers that cause
metal-insulator transitions in ferroelectrics — ionization of donor/acceptor levels, inversion layer or in-
situ electrochemical process associated with vacancy creation or redistribution; (3) possibility of a
metal-insulator be caused within a domain wall, e.g. by continuous variation of the tilting angle and
associated carrier density of other properties responsible for local electronic changes. Our first step to
address these questions has been to compare various compositions of epitaxial PZT films, intentionally
chosen from a variety of growth conditions. Coupling between ferroelectric and resistive switching has
been observed in all PZT films, with the overall similar trends to our original observation of insulator-
metal transition [1]. The variability primarily manifested in the overall magnitude of local current,
which ranged by up to ten orders of magnitude between different films, Fig .1. However, even for the
most insulating lead zirconate, ferroelectric nanodomains exhibited small activation of local transport,
with the largest activation barrier of only ~ 50 meV. As with our earlier findings, this is the hallmark
of a new transport channel through the film created and controlled by ferroelectric domain walls. The
very low activation barrier height is particularly noteworthy as it is well within the range of polaron
hopping conduction, by analogy with 50-100 meV
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activation energy in macroscopically doped BaTiO;. At
the same time, it rules out traps and Schottky barriers as
the limiting resistance. Therefore, conductive tilted

domain walls of ferroelectric nanodomains can be both 0

metallic and insulating, the latter presumably due to PZT#1: By~ 59 mV

small polaron hopping. It may be possible that 101 nano.
depending on the specific configuration of the domain S PZT#2(bulk): ~1010 | domain
wall, one will observe transitions between band- 9 E,~ 650 mV ’
transport, small polaron hopping and, at lower '20‘\ 20
temperature, reentrant small polaron band transport. PZT#2: E, ~ 54 mV
Controlling these crossovers will ultimately lead to 301" weissoor
much larger local conductance (well beyond typical 10° 4 6 8 1-0

.10 S), possibility to stabilize conducting walls and

-3
observe optoelectronic effects. VT, 1K x 10

Figure 1. Despite 10 decades difference in
Pressure-induced modification of complex oxides local conductance, nanodomains maintain a
Recently, we demonstrated that applied stress can  very low thermally activated transport with a
control the density of oxygen vacancies in barrier of ~50 mV, which is at least 10-fold
polycrystalline NiO [2] and local conductance on the  Smaller than thatin bulk.
surface of colossal magnetoresistive manganite LCMO [3]. The basis for electrochemical
manipulation in the studied cases is that the chemical potential of charged impurities will be
approximately linearly dependent both on external potential and stress, where the latter is related to
the change of the molar volume upon ionization. Since local probes can achieve quite large pressures
of a few GPa, “poling” of electrochemical materials can be achieved by simply making contact to the
surface. We have witnessed these effects in NiO and Lag;CagsMnOs, as well in the “clean limit” of
single crystal Lay»,Sri+2xMn,07 (Fig. 2). In all cases, local conductance was found to depend strongly
on tip mechanical contact
and the history of contact
(i.e.  applied  pressure,
repeated rastering  etc).
Mechanical control of oxide
materials is very attractive,
because it can potentially
have much broader
applicability and it does not
require electronic circuitry.
These observations also cast
new light onto metal-
insulator  transitions  in
magnanites, and  more
generally raises a possibility
to locally pole the phase states in correlated electron materials. These questions will be explored going
forward using atomically-resolved probes and growth methods that are under development within this
FWP.

3.0nA

Figure 2: (a) Topography of vacuum-cleaved Lay»xSri+2xMn,0; single
crystal with clear single-atom steps. (b) Conduction of Lay 5xSri+oxMn,0;
locally modified by combination of mechanical and electrical forces.

Ferroelectricity in layered sulphides: Exploration of ferroelectricity in thin CulnP,S¢ films has
produced fruitful results in exfoliated films that are 0.5 um to less than 50 nm thick. Strong domain
contrast was detected with BE-PFM in flakes at thicknesses of ~50 nm (Fig. 3); beyond that we found
the response may be too weak to be observed, or the T, (315 K) is suppressed, Fig. 3b. Regions that
are a hundred or more nanometers thick exhibit bulk behavior, with excellent domain contrast; and at
50 nm domains are still discernable in amplitude and phase signals.
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To quantify this behavior, we
assumed the applicability of a
Landau-Ginzburg-Devonshire
(LGD) theory for a proper
ferroelectric.  The  critical
thickness can be found from
the Euler-Lagrange boundary
problem. Depending on the
material ~ parameters  and
screening  length  critical
thickness can vary in a wide
range of 50 nm to 1 um.
Moreover, ferroelectric ? onan om ° -
semiconductors may exhibit a Figure 3: Ferroelectricity in CulnP,Sg layers. (a) 20x20 um contact

phase diagram in coordinates AFM i_mage of an exfoliated pieqe of CITP on SiO;, support, ins_et s_hows a
"film thickness — temperature" line height profile for the green line in the image. (b) Band Excitation PFM

due to temperature dependence Amplitude image of the area in (a).
of the screening length.

Height (nm)

Multimodal probing of Relaxation Dynamics in Ferroelectric Relaxors
Relaxor ferroelectrics display large dielectric dispersion and dramatic slowing down of dipole
dynamics with lowering of temperature. Being of technological interest due to large electromechanical
coupling coefficients, their dynamics in the ergodic and nonergodic phases has attracted much
attention. The dispersion of relaxation behaviors at the mesoscopic level and the type of heterogeneity
in the dynamic behavior of the polar nanoregions (PNRs) are less well studied, and require local probe
methods. We developed a multimodal method using Band-Excitation voltage-time spectroscopy on a
sample of 0.72Pb(Mgy;3Nb,;3)03-0.28PbTiO; (PMN-28PT), and multivariate statistical analysis to
determine dynamic relaxation (Fig. 4).

Local piezoresponse
was broken down into a
function of voltage and time.
After fitting the response to
an exponential at each point,
i.e. R(x,y,V,1) = A(X,y,V) +
Ro(X,y,V)exp(-t/t) maps
were produced for Ry at
different  voltages. The
response is clearly very
heterogeneous  (Fig. 4a).
Analysis by standard
functional fitting did not
yield many useful clues
pertaining to  dynamic
relaxation behaviors, and we
turned to multivariate methods, specifically independent component analysis (ICA). We assumed that
the dynamic behavior of the ferroelectric relaxor is governed by two relaxation processes that are
independent of each other and whose components are spatially non-varying. Then we may write the
response at each position R =R(x,y,V,t) as
R,y V,t) = c1(x,y,V)s;(8) + 2(%, 3, V)s2(£) and ICA can be used to determine the
independent components and the mixing coefficients ¢, and c, (Fig. 4b,c) The results of the ICA
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Fig. 4: BE-Spectroscopic Data on a ferroelectric relaxor. (a) Relaxing
amplitude spatial map, with DC Voltage waveform applied to the tip inset. (b-
e) ICA analysis, showing two distinct relaxation processes, for V=8.5V, with
(b) ICA component 1, (c) ICA component 2, (d) ¢y, () C».

36



analysis, are shown in Fig. 4(d,e) for V = 8.5V. The results clearly indicate the presence of two
different relaxation processes that are occurring on the surfaces of PMN-28PT, with one being
exponential (Fig. 4c) and the other appearing to peak after the pulse application (Fig. 4b) before
decaying more rapidly. Notably, the spatial distribution of the respective components is very similar,
verifying the original assumption and pointing to the amplitude rather than relaxation of the response
as the dominant source of heterogeneity of the relaxor response.

Future plans:

Understanding of the fundamental physics of coupling between electronic properties and ferroic
behaviors on strongly correlated oxide surfaces on the mesoscale necessitates a synergistic including
(@) in-situ studies of deposited, cleaned, or cleaved surfaces, (b) development of data analytics tools
that allow extraction of spatial variability of response from multidimensional data sets, and (c)
theoretical framework that allows linking SPM data and relevant physical behaviors. Our research will
pursue these directions, aimed at the following fundamental issues:

Mesoscopic phenomena. We will study hitherto unexplored regime of ferroelectric semiconductors in
ferroic oxides with controlled dopants. We will look for transport signatures of phase transitions in
related ferroics such as antiferroelectrics, where the conductance would be caused by an intriguing
domain wall between a locally polar ferroelectric domain and parent antiferroelectric matrix and thin
films with the composition near a morphotropic phase boundary. Stress-induced effects will be studied
in detail, particularly with respect to penetration into bulk and modification of phase transitions in
artificially poled structures. These studies will pursue the detailed atomistic origin of the local
chemical changes associated with resistive, polarization and stress-induced modification with the aim
of controlling complex oxides through defect chemistry. Equally important will be to establish the
possibility to induce and control coupled resistive phenomena in meso- and macroscale contact
geometries, such as capacitor and transistors based on phase-transition materials.

Local and mesoscale domain wall nonlinearity. We will utilize local scanning probe spectroscopic
methods coupled with global measurements to determine global and local domain wall nonlinearity in
ferroic materials, and correlate with minor and major local and mesoscale hysteretic phenomena.
Through multivariate statistical analysis, relevant correlations between the nonlinear and hysteresis
behaviors will be found, allowing connections to be drawn between descriptors specific to domain
wall and its interaction with point defects, and the global hysteretic phenomena modelled by e.g.
hysterons in the Preisach scheme. These studies have the potential to (a) provide the long-standing link
between statistical descriptors of nonlinearity and hysteresis, (b) provide more insight into the
interaction of domain walls and local minor hysteresis, which has not been studied, and (c) will allow
scale limit-testing of macroscopic theories and determination of how micro and meso-scale
phenomena average to provide the present macroscale description, allowing for optimization of
material properties.

Research supported by the U.S. Department of Energy Office of Basic Energy Sciences Division of
Materials Sciences and Engineering and performed at the Center for Nanophase Materials Sciences
supported by Division of Scientific User Facilities (SVK, PM, WL, and AT).
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Program Scope

The properties of ferroic materials at the nanoscale are governed by their complex energy
landscape, which must be understood if emergent behavior is to be controlled. We are focusing
on nanoscale heterostructures whose building blocks show ferromagnetic, ferroelectric, and
resistance switching behavior. We aim to obtain a fundamental understanding of domain
behavior and charge transport properties in these nanostructures through control of parameters
that contribute to their energy landscape, such as interlayer coupling, geometric effects, and
interactions between adjacent nanostructures. Further degrees of freedom can be achieved in
“designer’ heterostructures, in which there is coupling between the order parameters in materials
with different ferroic order. Our approach involves an interwoven combination of aberration-
corrected Lorentz transmission electron microscopy (LTEM) and advanced scanning probe
microscopy (SPM) and a particular focus is the use of three-dimensional (3D) analysis and
imaging techniques that we have developed to visualize domain and transport behavior in
nanostructures as a function of external stimuli such as applied fields, temperature and/or time.

Recent Progress

Three-dimensional magnetization in nanospirals

3D nanostructures are critical building blocks
for complex mesoscopic systems and the
interplay between their energetics leads to these
complex systems exhibiting novel behavior
when compared with their bulk counterparts.
We have successfully carried out the first direct
3D visualization of the magnetic domains in
sculpted cobalt nanospirals of 20 nm in
diameter. As a result, we were able to conclude
I that the shape anisotropy energy dominates over

’ : . : = the  magnetocrystalline  energy of the
Figure 1 (a) TEM image of the nanospirals, (

b) the U :
magnetization map from the nanospirals, and (c) nanostructures resulting in a checkerboard like

3D morphology of an individual nanospiral. mggneti_zation pattern. Figure 1 ShO_WS (@) a
bright-field TEM image of the nanospirals, (b) a

magnetization map, and (c) the 3D morphology of an individual nanospiral. See publication [10]

Revealing the underlying polarization domain structures by collecting the screening charges

The polarization charge in ferroelectric materials is screened by equal amounts of surface charge
with opposite polarity in ambient conditions. We have developed a new technique: charge
gradient microscopy (CGM), that allows us to scrape, collect and quantify the surface screening
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charge at high speed and reveal the underlying polarization domain structure (publication [14]).

500 MQ

Figure 2 (left) Schematic diagram of CGM and (right) trace and
retrace CGM images of artificially decorated ribbon domains with
different sizes poled by 6 V to the bottom electrode of a 85 nm thick
LiTaO; film scanned using a Pt tip at a scan frequency of 40 Hz.

We collected the current from a
grounded CGM probe while
scanning a periodically-poled single
crystal LiTaO3; thin film on a Cr
electrode. We observed current
signals at the domains and domain
walls  originating  from  the
displacement current and the
relocation or removal of surface
charge. This enabled us to visualize
the ferroelectric domains at a scan
frequency >78 Hz over 10 um. The
scraped charge, measured as a
current that scales with scraping
rate, induces a charge gradient that
leads to the immediate relocation or
refill of the screening charges from

the probe vicinity. CGM can be used to study the complex dynamics of domain nucleation and
growth induced by a biased tip in the absence of surface screening charges.

X-ray irradiation induced reversible resistance change in resistive switching oxides
Previous studies of x-ray-induced resistance changes in binary oxides showed irreversible and
permanent dielectric breakdown. However for Pt/TiO,/Pt structures we observed a reversible

Before After
Irradiation Irradiation

synchrotron
B based x-ray

Formation of Magnéli Phase Filaments

g 104 . : J After irradiation w

;é; 10° 1 Before irradiallonE> m/‘;

E1012f _,

3 0 01 02
Voltage (V)

10 nm BE

Figure 3 X-ray induced volatile and nonvolatile reversible changes
in Pt/TiO,/Pt heterostructures studied by conducting AFM and
cross-section TEM.

volatile change of the pristine
resistance state that can be related
to a photovoltaic-like effect
induced by the x-ray beam. We also
found a reversible non-volatile
conductance change that occurred
when the photovoltaic-like effect is
combined with a local phase
transition into a Magnéli phase,
which was confirmed by TEM and
conducting AFM (c-AFM) analysis
as shown in Figure 3. Our
discovery of a reversible resistance
change induced by x-rays is
unexpected, as the scattering cross-

section of x-rays with TiO, is extremely small. However, our observations convincingly point
towards the combined effects of a photovoltaic effect, Joule-heating and x-ray-induced defect
generation. These findings provide insights into the detailed mechanisms of the electroforming
process, such as local heating and defect generation leading to nanoscale metallic phase
transition, by which the resistivity changes in resistive switching oxides. (Publication [9])
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Future Plans

Exploring ferroic domain behavior at the nanoscale
We seek to develop a systematic understanding of the contribution and relative scale of various
energy terms governing the domain behavior in vertically and laterally confined ferromagnetic
heterostructures, and ferroelectric nanostructures. We will then build upon this research to
explore more complex systems consisting of combined ferroelectric/ferromagnetic
heterostructures. We are extending our work on artificial frustrated magnetic nanostructures to
spin ice arrays with non-periodic lattices, as this will result in additional frustration that is not
seen in periodic lattices such as those that we have explored to date. We will explore both the
ground states of these lattices and the way in which defects such as magnetic monopole states
propagate through the lattices. We will continue our research on coupled magnetic disks with the
goal of generating artificial skyrmions through control of the layer interactions and exploring
their quasistatic behavior in response to applied electric and magnetic fields.

In ferroelectric nanostructures we will explore the effect of boundary conditions such as
size, shape and artificial defects on domain formation and structure. We will then explore the
effect of screening charge on the resulting domain structure. Screening charges help compensate

the effective depolarizing field acting on the FE nanostructure and the presence of the screening

charges at a buried interface can lead to the appearance of spontaneous vortex nanodomain
arrays at ferroelectric heterointerfaces. Our newly-developed technique of charge-gradient
microscopy is ideally suited to quantifying the role of screening charges in controlling domain
structure. We will also explore the domain switching in our patterned ferroelectric nanostructures
to understand the local effects that hinder or facilitate domain motion. Our observations of
domain nucleation and growth will allow us to understand the effects of confinement and pinning
of domain boundaries by defects in ferroelectric nanostructures. For example we will explore the
way in which local stress gradients influence ferroelastic switching, for which preliminary
studies using CGM have shown great promise.

Resistive Switching oxides

Our exploration of resistive-switching oxide (RSO) materials will focus on understanding how
confinement and the motion of charged defects control the 3D distribution of conduction
pathways. We are developing a novel artificial resistive-switching network configuration
[reference 1] that enables us to obtain exquisite control over the conduction pathways across the
oxide. The goal of this research is to explore the ‘random circuit-breaker model’ for RSOs and to
determine whether conducting filament formation is a self-limiting process.

In order to understand the effects of defect distribution in RSO films, we will extend our
2D studies of conducting filament distribution to three dimensions using a novel method
involving the use of an AFM tip to first map current distribution and then serial section down
through the filaments. These data will be combined with in-situ phase imaging of the electric
field distribution using TEM.
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Understanding the Emergent Phenomena Arising from Competing Degrees of Freedom in
Doped Manganites

Jing Tao and Yimei Zhu

Condensed Matter Physics and Materials Science Department,
Brookhaven National Laboratory, Upton, NY 11973

Program Scope

This research task under the FWP Number MA-015-MACA is aiming at understanding
the role of competing degrees of freedom of spin, charge, orbital and lattice in the exotic
materials’ functionalities such as colossal magnetoresistance in doped manganites. Using
integrated electron based approaches with emerging capabilities, this research is focused on i)
probing the electronic structures in real space, momentum space and energy space at high
resolution to quantitatively characterize the ordering states in manganites from electronic,
atomic and symmetry perspectives; ii) direct imaging of local electronic structures and direct
measurements of local material properties using scanning electron nanodiffraction, Lorentz
phase imaging and other TEM tools to establish the structure-property relationship at the
mesoscale; iii) studying a variety of correlated materials including cuprates, iron pnictides and
nickelates that share intrinsic physics with doped manganites to unravel the coupling between
competing orders. Emphasis will be placed on by applying stimuli including thermal, magnetic,
electric, doping and strain variations for better interpretation of emergent phenomena.
Experimental observations with synchrotron x-ray diffraction, neutron scattering, and
theoretical calculation will be carried out to gain new insights into the underlying physics in
correlated materials.

Recent Progress

From a symmetry perspective, electronic liquid-crystal (LC) phases, including electronic
smecticity and nematicity, are considered to play a key role in emergent phenomena and
functionalities in correlated materials®. Despite the extensive research efforts devoted to these
novel phases, no clear experimental evidence has been obtained to pin down the driving
mechanisms for the electronic LC phase transitions. Experimentally, diffraction techniques have
been widely used to characterize the global electronic LC phases, but real-space observations at
the microscopic scale are lacking. Using a sharp electron probe with atomic real-space resolution,
scanning tunneling microscopy provided many insights into the nature of the electronic LC
phases but no observations were obtained from electronic smectic to nematic phase transition
because disorder effects suppress long-range electronic nematic/smectic ordering in 2D materials.

Here we report the first experimental evidence in strongly correlated materials of the
electronic LC phase transitions from electronic smectic to nematic and then to isotropic phase,
with their driving mechanisms revealed in Lay;3Caz3MnQO3 using TEM techniques.
Laj;3Caz3MnOs is a 3D material and electronic smecticity was observed at low temperatures. It
is difficult to distinguish a transition from smecticity to nematicity by the electron diffraction
measurements alone (black plots in Fig. 1b). However, the direct observations (Phase map and
scanning electron nanodiffraction (SEND) maps in Fig. 1a) enable us to clearly identify the
electron LC phase transition at T = 220 K (red plots in Fig 1b). In addition, high-resolution dark-
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field images revealed the formation of dislocations suggesting the orbital disorder induced
charge segregation which is initiated at the location of the dislocation pairs, as shown in Fig 1c
and 1d. The proliferation of the dislocations was observed to further trigger electronic phase
separation at higher temperatures and drive the electronic smecticity into nematicity®. At the
temperature range above T = 245 K, where the lattice constants of the crystal start to vary
significantly, another phenomenon was seen to emerge with the electronic nematicity, i. e.,
nanoclusters with perpendicular electronic structure (purple clusters in the SEND maps in Fig 1a)
formed with electronic phase separation, as a result of the strain effect induced by the lattice to
minimize the total energy in the material. The coexistence of the melted “normal”” nanoclusters
(red in the SEND maps) and the anisotropic nanoclusters drive the electronic nematic phase into
the isotropic phase at T = 310 K. Moreover, EELS results (Fig. 1e) agree with the charge
segregation scenario suggested by electron nanodiffraction and simulations based on Ginzburg-
Landau theory®. The electronic LC phases observed in doped manganites share common
characteristics with other complex materials but bring additional features, demonstrating wide
impact of the electronic LC phases and paving a path to a better understanding of the competing
orders in strongly correlated materials.
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Fig. 1. (2) An electronic-LC-phase diagram of La;;Cay3MnO3; summarized from our in-situ TEM observations.
Each phase map (reconstructed from high-resolution dark-field images) and SEND map is ~ 20 nm wide. An
electronic smectic-nematic phase transition at T = 220 K was identified by the correlation length measurements in
(b), which coincides with a commensurate-incommensurate phase transition characterized by wave number
measurements (black plots). An electronic nematic-isotropic phase transition was identified at T = 310 K. (c) A
TEM dark-field image shows a pair of dislocation in the electronic smecticity with a theoretical simulation (b)
supporting the formation model. (e) Evolution of the electron LC phases probed by EELS.

Future Plan

Our strategy to unravel the role of competing orders in doped manganites is to study the
response of the electronic structures by applying stimuli (Fig. 2, left panel) during the TEM
observations. Coupling between the different orders is expected to have distinct response to the
external excitations. For instance, magnetic field would directly modify the spin order in a
correlated material as a principle effect and to influent the other ordering states as the secondary
effect. We propose to investigate the phenomena under four stimuli in addition to thermal
excitations in experimental observations, listed as follows.
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Magnetic field effect Using our dedicated Lorentz TEM, experimental data can be acquired at
nearly field-free environment compared to a field ~ 3 Tesla in conventional TEM. Fig 2a shows
the electron diffraction patterns obtained from the same area in LagssCag4sMnO3 under
different magnetic fields. The wave number of the short-range superstructure was measured to
have unexpected variation in the antiferromagnetic and ferromagnetic regimes. We will
continue to explore the phenomena by correlating the results with first principle calculations.

Electric field effect Fig. 2b shows that the main peak in Oxygen K-edge EELS obtained from
a composite LSMO/STO sample disappeared after applying a positive voltage to the sample
surface, and re-appear after applying a negative voltage. The observation might be attributed to
charge accumulation or structural distortion induced by the electric field. We will explore the
electric field effect by integrating more experimental observations together with other
approaches such as density functional theory calculations.

Doping effect The electronic phase diagram of La;.xCaxMnO3; (LCMO; 0 <x <1)is rich and
complex. Fig. 2c shows a simple case demonstrating the distinct defect formation in the
superstructure in LCMO, x = 0.50 and x = 0.75, arising from different orbital/charge ordering.
The doping effect will be studied by comparing direct imaging results with electron
nanodiffraction and EELS data at various doping levels.

Strain effect By tuning the strain between the LSMO film and the STO substrate, the LSMO
film can be altered from insulator to metal (left plot in Fig. 2d). EEL spectrum imaging (right
images in Fig. 2d) provides chemical and electronic analysis which is necessary to understand
the strain effect. Samples at different strain situations will be studied and correlated to physical
property measurements (in collaboration with groups led by Prof. Jiandi Zhang and Prof. Ward
Plummer at Louisiana State Univ.)
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Scanning Transmission Electron Microscopy: Atomic Structure and
Properties of Materials

Complex oxide functionality
Principal Investigators: Maria Varela, Matthew F. Chisholm, Andrew R. Lupini, Wu Zhou

Materials Science & Technology Division, Oak Ridge National Laboratory, TN 37831

Sub-Program Scope

Coupling of the electronic, spin and structural degrees of freedom in complex oxides can
lead to fascinating behaviors. The potential of these materials has attracted significant interest in
recent years but aberration corrected scanning transmission electron microscopy (STEM) offers
unique access to structure and properties at the atomic scale. Local structural variations such as
distortions of oxygen octahedra and anion/cation displacements or defects such as vacancies are
revealed in real space images. Simultaneously, electron energy-loss spectroscopy (EELS) can
now provide electronic and magnetic structure with atomic resolution. Developing the next
generation of energy materials, where nanostructured architectures can be used to produce
desired macroscopic behavior, will require understanding of complex interactions at the atomic
scale. In this program, we investigate avenues to explore strongly correlated oxide materials by
probing structural, chemical, and electronic
properties with atomic-scale resolution in real
space with exquisite detail.

Recent progress

In order to determine the connection
between the local atomic landscape and
resulting global properties we must explore in
real space a number of open fronts such as
atomic displacements, bond distortions, point _
defects, defect superstructures, interplay Int’;'g:”ﬁ[(‘;ﬁgity pp—
between different order parameters and '
magnetic quantities with improved spatial Fig. 1: Z-contrast image of a BTOg ../ LSMOg ¢

resolution. Examples of exciting recent superlattice. On the left, the Ti L, Mn L, Ba M and La M

progress along these lines include: linetraces along the growth direction showing the stacking.
The inset shows the spatial map of distortions.

1. Mapping of atomic displacements: new views of multiferroic heterostructures:

If the tilts and distortions of atomic bonds can be tuned at will in multiferroic composites, new
macroscopic  functionalities may arise [1-6]. An example can be found in
BaTiO3/Lag 7Sro3MnO3 (BTO/LSMO) heterostructures, such as the superlattice shown in Fig. 1.
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By measuring the atomic column positions directly, we observe polarization gradients between
the manganite and the ferroelectric. We find that in a nanometer thick ferroelectric tunnel barrier
an unexpected ferroelectric state develops consisting of a head to head domain wall with a large
polarization gradient extending over a large portion of the barrier. This is enabled by the
presence of oxygen vacancies, which have a donor character supplying the charge carriers
necessary to screen the polarization charges at the domain wall. The presence of a confined free
electron gas within the nanometer thick domain wall results in resonant tunneling. This result
points a new avenue for novel device concepts in oxide electronics based on exploiting the
electronic properties of domain walls in ferroelectric tunnel barriers.

2. Interplay between order
parameters:

Cobaltates  exhibit  complex

behavior through cobalt’s ability to
adopt various valence and spin state
configurations [7, 8]. The case of
Sr3YC04010+x (SYCO) has attracted
considerable attention because of
persisting  uncertainties  about its
structure and the origin of its observed
room temperature  ferromagnetism.
Using aberration-corrected STEM we
observe alternating Co-O bond lengths
that are tied by DFT calculations to
alternating high spin and intermediate
spin cobalt atoms. This relatively direct
observation of an intermediate spin state ©CowithHS © Y
for cobalt provides new evidence for this @Cowithls @sr @0 L W5 AT
controversial magnetic configuration.
Our results provide clear insights into  Fig. 2: a) schematic of atomic and magnetic structure of
ferromagnetism in this cobaltite and SYCO, b) ABF image_ (reversed contrast of <110>,
should further our general understanding Sggﬁﬁg:?z ggg;;y:zpe“mema' and theoretical O to O
of magnetism in transition metal oxides.

===Exp

+Calc: 110

3. Magnetic quantity determination with atomic resolution: sub-nm mapping of magnetism
in nanosystems:

For the first time, the electron microscope has been used to map the magnetization of
nanoparticles in real space with sub-nanometer spatial resolution, along with their structure,
chemistry and electronic properties (Fig. 3). Research on magnetic materials has been long
hampered by the lack of real space probes capable of looking at these systems with true sub-
nanometer eyes. Studies, for example, of the magnetic properties of defects in a crystal, or the
surface magnetism in interfaces or nanoparticles were as limited as our understanding of the
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underlying Physics.
Electron magnetic circular
dichroism (EMCD) [9] in
the aberration corrected
electron microscope,
combined with density
functional calculations, has
shown that capping the
surfaces of  magnetite
Fe3O0y4 iron-oxide
nanoparticles  with  an
organic  acid  restores
magnetization  on  the
surface layer. The bond to
the organic acid prevents
further oxidation to Fe,O3;
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Fig. 3: Probing magnetism at the surface of nanoparticles with a sub-
nanometer electron beam.

and results in O-Fe atomic configuration and distances close to the bulk values, which has a
strong effect on the magnetic state [10]. We conclude that the nature and number of molecules in
the capping layer is an essential ingredient in the fabrication of nanoparticles with optimal

magnetic properties.

Future Plans

We plan to apply shaped electron beams for innovative measurements with high spatial
and energy resolution and selective k-space sensitivity in both imaging and spectroscopy. This
approach will provide improved understanding of the bridge from the atomic arrangements to
macroscopic functionalities of complex oxides.
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Mapping Valence Electron Distribution using Quantitative Electron Diffraction to
Understand Orbital Fluctuation and Superconductivity

Lijun Wu, Chao Ma and Yimei Zhu
Condensed Matter Physics and Materials Science Department
Brookhaven National Laboratory, Upton, NY 11973

Program Scope

The current focus of this research task under the FWP Number MA-015-MACA is to
investigate the correlation between electron, spin, orbitals, and lattice that controls the
functionalities of energy materials, such as the iron-based superconductors (FeSCs). It covers
three major interconnected research areas to understand 1) doping effect on charge redistribution
and superconductivity; 2) disproportionation reaction and valency change during
charge/discharge processes in battery electrodes; and 3) phonon scattering mechanisms of
thermoelectric materials. Emphasis is on revealing structure-property relationships. Quantitative
electron microscopy techniques, including convergent beam electron diffraction (CBED),
parallel recording of dark field imaging (PARODI) method®, large angle CBED? and precession
electron diffraction (PED) are developed to accurately retrieve the structure factors to map
valence electron distribution as well as to measure static displacement and harmonic and
anharmonic thermal atomic vibrations. Collaborations with theory groups at BNL are important
ingredients of our research.

Recent Progress

The discovery of superconductivity with transition temperature (T¢) up to 56 K in iron-
based pnictides and chalcogenides has provided a grand opportunity to explore high-temperature
superconductivity besides cuprates. Like in the cuprates, superconductivity in FeSCs emerges
when the parent antiferromagnetic
phase is suppressed, typically by
introduction of dopant atoms, such
as Co-doped BaFe,As,. On the
other hand, FeSCs possess several
unique features: (i) Their parent
compounds are usually already
metallic, not a Mott insulator.
Introduction of charge carriers by
doping is no longer a single
primary driving force for
superconductivity. (ii) The orbital
degree of freedom on the Fe ions is
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mediate electron pairing. Thus, the charge, spin, orbital, and lattice degree of freedom in the Fe
planes are all active and understanding their interplay is the key to the resolution of FeSCs
superconductivity. (iii) The anions’ electronic polarizability in FeSCs is large, one order of
magnitude larger than that of oxygen anions. Also unlike the oxygen anions sitting at the middle
of the Cu-Cu bonds in the cuprates, the anions in FeSCs are positioned in a low-symmetry setup
facilitates the anion polarization. The electronic oscillation of the anions has been shown to be a
critical relevant degree of freedom in a one-orbital toy model for FeSCs. Whether this holds in
real materials and how it interacts with the other active degree of freedom in the Fe planes are
urgently needed to be elucidated. We address these important questions by probing the Co
concentration dependence of the valence electron density distribution in Ba(Fe1.xCox)2AsS2, a
prototypical FeSC. Alteration in the electronic polarization of As® with Co substitution for Fe is
expected to be subtle as the averaged total charge of Fe and Co cations remains 2" for any x. To
detect such subtle change, we applied quantitative electron diffraction method to accurately
measure low-order structure factors which are sensitive to the valence electron redistribution’.
With the combination of measured low-order structure factors and DFT calculated high-order
structure factors, we retrieved the charge density for undoped (x=0, Tc=0) and optimally doped
Ba(Fe1-xCox)2As;, (x=0.1, Tc=22.5K) through multipole refinement. The resulting three-
dimensional (3D) and two-dimensional (2D) valence electron density map (difference between
experimentally measured total electron density and the core-electron density) are shown in
Fig.1(a-e). The Co concentration dependence is characterized by a significant increase in the out-
of-plane component of the dipole moment around the As anions and in the out-of-plane
components of the quadruple moment around the Fe cations (Fig.1(f,g)), echoing the significant
increase in Tc and indicating a strong dipole-quadruple interaction between As and Fe atoms.
The observations show a strong correlation among Tc, the electronic polarization of the anions,
interorbital charge transfer on the Fe cations, and Fe-Fe bond polarization in Ba(Fe;.xC0x)2AS;.
These observations provide direct support for the proposal that the large polarizability of the
anions is critical to iron-based superconductivity by solvating the repulsive Coulomb interaction
between electrons in the Fe plane, which could lead to the long-sought ‘excitonic’ high-Tc
mechanism; they also reveal the stronger the electronic oscillation of the anions the stronger
orbital 31jluctuati0ns in the Fe plane, which could lead to orbital-fluctuation-mediated electron
pairing”.

Future Plans

An essential step to detect strong orbital fluctuations in FeSCs is to verify the prediction
of different orbital ordering in the parent compounds BaFe,As, and LaOFeAs. Orbital
polarization is in principle detectable as changes in the charge quadrupole around the Fe atoms.
We plan to investigate the parent compound BaFe,As, and map out the temperature dependence
of the valence electron density distribution from room temperature to below the
antiferromagnetic transition temperature (135 K). Since the orbital ordering may be difficult to
detect with very weak discrete signal, the continuous measurement as a function of temperature
will enable us to have access to the derivative information that can greatly amplify the signal.
We anticipate our results to resolve this long-standing question. We will also systematically
investigate the Ni-doping and temperature dependence of the valence electron distribution in
Ba(Fe1-xNix)2As; (Fig. 2). In this series of measurements, we will cover the whole regimes of
doping levels, from undoped to optimally doped, and contrast the doping dependence of anion
polarization, Fe-orbital fluctuation and T, to determine whether electronic polarization and
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Fig. 2. Measurement of low-order and

7O 4 high-order electron structure factors using
-200 ( . it CBED and PED for BaFe,,Ni,As,
(x=0.1). (a) Experimental energy-filtered
CBED pattern showing the h00
systematical row. (b) Calculated pattern
using the dynamical Bloch wave method.
(c) Line scans of the intensity profile
from the experimental pattern (red dots)
and calculated one (blue line) after the
structure factors refinement for 200 and
400. (d) Electronic phase diagram of
BaFe,NiyAs; as a function of Ni doping
x . (e,f) [001] electron diffraction
patterns without precession (e) and with
precession (f). With precession, not only
more high-order reflections (up to 10,0,0)
are visible, but also their intensities are
close to the structure factor square, thus
can be directly used for electron density
refinement. (g,h) Energy-filtered large
angle CBED with (g) experiment and (h)
calculation for accurate measurement of
high-order structure factors.
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orbital fluctuation is directly correlated with superconductivity. These observations will provide
quantitative information for parameterizing the theoretical model for the strong coupling
between the anion charge dipole and Fe quadrupole polarizations as follows:

Hd_p = Z (gaﬁ5€d2-adiﬁsi1-+6pi+6,e + h.c.)

where dzra(diﬁ) is the electron creation (annihilation) operator on the a-th (£-th) 3d orbital of the
ith Fe atom, s;;5(pi+s¢) IS the electron annihilation operator on the 4s (e-th 4p) orbital of the -
th neighboring As ion of the ith Fe atom, and g,gs. is the coupling constant. Our experimental
approach will be the use of the quantitative electron diffraction methods we developed at BNL in
the past few years (Fig.2(a-c)). A new development with a recently installed precession camera
on our instrument (Fig.2(f)) will enable us to measure a large number of high-order structure
factors which was limited to single crystal x-ray diffraction in the past. This is particularly
important especially for FeSCs because high quality large single crystal is not available.
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Spin Physics and Nanoscale Probes of Quantum Materials
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Program Scope

The main goals of this FWP are to discover new states of quantum matter and novel physical
effects associated with the electron spin, to observe and to manipulate quantum spin degrees-of-
freedom at the microscopic scale, and to design and predict materials with tailored functionality.
The spin physics program investigates novel phenomena arising from spin coupling in solids.
Recently, it was realized that spin-orbit coupling can lead to a fundamentally new state of matter,
the topological insulator. These materials have an energy gap in the bulk, and a conducting
topological state on the surface. The spin program develops theoretical concepts and
experimental tools to investigate these novel effects.

Recent Progress

A new platform for topological superconductivity. Manoharan, Orenstein, and Zhang actively
worked together on the half-metallic surface state of NaCoO; as a platform for topological
superconductivity and Majorana fermions though the mechanism of s-wave superconductivity
proximity effect. Manoharan performed STM measurements on the surface states of NaCoO5,
and distinguished the p-type doping surface region. The observed local density of states (LDOS)
by STM experiments quantitatively agree with Zhang group's ab initio calculations, indicating
the single Fermi surface on NaCoO,. The single surface state was confirmed by ARPES
experiments done by Yulin Chen. The magnetization of the surface states was confirmed by
measurements of the magneto-optical Kerr effect by Orenstein group revealing a remnant
magnetization of the state with a critical temperature T ~ 15 K, in agreement with T-dependent
scanning tunneling spectroscopy performed by Manoharan group. Figure 1 shows a summary of
these results.

Quantum anomalous Hall effect theory. Zhang group has theoretically predicted the quantum
anomalous Hall (QAH) effect in magnetic topological insulators. Recently, this theoretical
prediction has been confirmed experimentally in Cr doped topological insulator (Sb,Bi),Tes.
Zhang group published five papers on QAH effect. In the first paper, we present a general theory
for QAH effect with higher Chern numbers, and show by first-principles calculations that thin
film magnetic T1 of Cr-doped Bi,(Se,Te); is a candidate for the c=2 QAH insulator. In the
second paper, we predict by first-principles calculations that thin films of a Cr-doped
(Bi,Sb), Tez magnetic topological insulator have gapless nonchiral edge states coexisting with
the chiral edge state, which would explain dissipative transport in the quantum anomalous Hall
(QAH) state experimentally observed in this system. In the third paper, we propose that in the
ferromagnetic EuO/CdO quantum well, the QAH effect can be realized with high Curie
temperature and larger band gap. In the fourth paper, we study the critical properties of the
guantum anomalous Hall (QAH) plateau transition in magnetic topological insulators. We
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predict that an intermediate plateau with zero Hall conductance could occur at the coercive field.
oxx would have double peaks at the coercivity while pxx only has single peak. In the fifth paper,
we propose the QAH effect could be realized in heavily doped junction quantum wells due to
inverted band structure induced by internal electric field, such as InSbh and HgTe.
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Figure 1 | Emergence of a half-metallic surface state on the bulk insulator NaCoO,. (A) Predicted half-metallic
surface state exhibiting spin polarization and magnetic moment on the surface of the bulk insulator NaCoO,. Top
inset: Band structure and spin structure. Right inset: atomic configuration of NaCoO, after cleaving, which exposes
a sodium-terminated surface. Na vacancies lead to hole doping quantified by hole concentrationy. (B) Surface Kerr
rotation experiments showing the emergence of a remnant magnetization when cooled in a perpendicular magnetic
field (oriented alternately up or down), and warmed in zero field. The sample undergoes a magnetic transition at
~18 K in this sample, above which it remains nonmagnetic. (C) The singular surface state is a flatband and
manifests itself in STM/STS spectroscopy as a sharp peak in LDOS. This can be seen in experimental dl/dV and in
the theory calculated PDOS. In addition, temperature-dependent STM reveals the magnetic-nonmagnetic transition
at the same temperature observed by surface Kerr rotation, and in agreement with the theoretical energy bands.

Quantum anomalous Hall effect experiments. Orenstein, Goldhaber-Gordon, Manoharan, and
Zhang actively worked together on the ferromagnetism of Cr doped topological insulator
(Sb,Bi), Tes. We performed measurements of magneto-optic Kerr effect in this material, which
provides an alternative and accurate quantification of magnetization. Kerr rotation was measured
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as a function of applied magnetic field and of temperature, as well as gate voltage. We made
detailed investigations of Kerr response, first using a HeNe laser at 1.9 eV and more recently
using Kerr spectroscopy. Using a recently acquired InGaAs detector we have measured the real
and imaginary parts of [ Jas a function of probing energy from about 0.7 - 2.5 eV. We have
also achieved nearly-quantized anomalous Hall effect in transport (to within 0.5%), as we
prepare to build on last year’s discovery of quantized anomalous Hall effect in Tsinghua and
determine what are the sources of parallel conduction (and thus deviation from perfect
quantization). STM experiments are being set up to explore new resonance observations
spectroscopically.

Future Plans

Manoharan and Zhang plan to investigate the vortex state of the proximity coupled system of
superconductor with NaCoO,, and measure the tunneling spectrum of the core states, to observe
possible signatures of the Majorana bound state at zero energy. Together with Manoharan and
Harold Hwang of MSD/SLAC, Orenstein will perform optical measurements on systems with
strong spin-orbit coupling, such as BiTel and the interface of superconductors grown on small
gap semiconductors. Goldhaber-Gordon will perform transport measurements on these systems,
particularly the semiconducting ones.

Orenstein and Zhang plan to investigate the magnetic order in Cr-doped topological insulators,
and study the mechanism for ferromagnetism in the insulating regime. Together with Manoharan
and Goldhaber-Gordon, Orenstein will perform systematic magneto-optic Kerr measurements on
this system. Zhang plans to perform detailed theoretical calculations on the ferromagnetic order
and Kerr rotation angle at different chemical potential and compare with the experimental data.

Manoharan and Zhang plan to investigate the proximity coupling between superconductors and
the quantum anomalous Hall state, and confirm the coupling by measuring the tunneling
spectrum. Moreover, Manoharan and Zhang plan to investigate the vortex state of this proximity
coupled superconductor, and measure the tunneling spectrum of the core states, to observe
possible signatures of the Majorana bound state at zero energy. Goldhaber-Gordon will perform
transport measurements on these systems, in order to confirm the chiral topological
superconductivity in this system.
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Real Time TEM Imaging of Materials Transformations in Liquid and Gas Environments
Haimei Zheng Lawrence Berkeley National Laboratory
Program Scope

The objective of this project is to study the physical and chemical processes of materials
with high spatial resolution using in situ liquid or gas environmental transmission electron
microscopy (TEM). Understanding how materials grow and function at the nanometer or atomic
scale in their working environments is essential to the development of efficient and inexpensive
energy conversion and storage devices. In this project, we develop and apply the environmental
cell TEM to study growth mechanisms of nanocrystals, mass transport in electrochemical
processes and structural dynamics of nanocatalysts, which are important for energy applications.

Recent Progress

In situ study of nanocrystal growth in solution

As one of the cutting edge developments in TEM, liquid cell TEM allowing for imaging
through liquids with
nanometer or atomic (@
resolution  provides many
opportunities to address key
questions related to the growth
mechanisms  of  colloidal
nanoparticles and hierarchical
nanostructures. A liquid cell
made from nanofabrication of
silicon can maintain a thin
liguid  layer  sandwiched
between two silicon nitride
membranes, with which single
nanoparticle growth

trajectories in the liquid can be | Fig. 1. Facet development of a Pt nanocube. (a). The atomic model of
examined by TEM.
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a truncated Pt nanoparticle in [011] view axis. (b). The measured
In the past year, we [ average distance from the crystal center to each facet as a function of
time. (c). Sequential images show the growth of a Pt nanocube. (d).

have been continuing to Simulated TEM images corresponding to Pt nanoparticle in (c).!)

explore the shape controlling
mechanisms of nanoparticles using liquid cell TEM. By using the advanced single electron
direction Gatan K2 IS camera, we have been able to capture the facet development of Pt
nanocubes with high spatial and temporal resolution (Fig. 1). The nucleation and attachment of
Pt atoms on the individual facets of Pt nanocubes have been observed. We found that the shape
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controlling mechanisms of nanocrystals drastically differ from the Wulff construction for bulk
crystals with the stochastic characteristics dominant in the small length scale. For instance, the
growth rates of all low index facets are similar until the {100} facets stop growth. The
continuous growth of the rest facets leads to a nanocube. Our collaborators use ab initio density
functional theory calculation to show that the oleylamine surfactant mobility on different facets
is different which accounts for the nanocube shape evolution (Science 2014). Our proposed
ligand mobility controlled selective facet arrested shape evolution may apply to many other
systems. In addition to the above facet development of nanoparticles, we have also studied
hollow nanoparticle formation by Kirkendall effects. Details of the hollowing process were
reported in publication Nano Lett. 2014.

In situ probing gas reactions of nanocatalysts

Uncovering the chemistry and structure of materials under reaction conditions is of
fundamental importance in establishing structure-property relationships and to assist designing
new catalytic materials. We used an aberration-corrected environmental TEM to study PtysCog s
bimetallic nanoparticles during their reaction with O, and H, gases. The evolution of the atomic
structure of the nanoparticles was captured in real time as the reaction was proceeding. The
experiments were performed on a set of 10-12 nm Pty5Cog5 nanoparticles prepared by colloidal
synthesis. The nanoparticles were
supported on an 8-12 nm-thick silicon 2 T Dtiatian >
nitride membrane for TEM observation. o ialpiiei, ‘ o8
The in situ experiments were carried out
in the environmental TEM with post-
specimen 3" order aberration correction
operated at 300 keV, with the n/4 phase
plate tuned to >20 mrad prior to
observation. A gas pressure range of

Lattice spacing

. 5 24 6 8 101214
0.1-1 mbar was used during data TR, Distance (nm)

acquisition where the temperature was ) . Re?uctionc iy )
Fig. 2. Co atoms diffuse out to form Co uring oxidation
at the 250-400°C. g 205 during

and they diffuse back to form an alloy with a single Pt
atomic layer on the surface. @

During oxidation at 250 °C in
0.1 mbar O, gas environment, Co segregates from the Pt-Co alloy nanoparticle and forms oxide
on the surface, which is confirmed to be CoO via lattice spacing measurement. The strain field
and lattice relaxations were quantified with the well-established geometric phase analysis
method (GPA) to map out the (111) interplane distance as a function of time and position.

In summary, using a differentially pumped gas cell TEM we have observed the atomic
scale details of the segregation of Co in Pt-Co bimetallic nanoparticles in oxidizing environments
and the re-absorption of Co in reducing environments. The ability to observe atomic scale details
of the evolution of the structure of nanoparticles in their reactive environments opens the way to
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a deeper understanding of the heterogeneous catalysis. It also allows for the study of a wider
variety of nanoparticle systems where reaction pathways remain elusive.

In situ TEM study of electrochemical processes

Utilizing our newly

designed electrochemical wm
2

liquid TEM cells, we recently sty
- i-Au film A
have been able to real time ¢ fLorAmanonm “::,:;‘;;“/f

image  morphology  and quw
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structure change of electrode-

electrolyte interfaces under | wuende 4° U dendrite 1
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reaction process relevant to B Tt
battery research. This | Fig. 3. (A-J) Time evolution of the growth and dissolution of Li-Au alloy
systematic study of and lithium denerte; (K) the corresponding applied electric pote.ntlal and

. . measured electric current from frame A to frame J; (L) Plot of Li-Au layer
electrochemical reaction thickness and area as a function of time; (M) Dimension and area
under TEM will also benefit | evolution of the lithium dendrite tip as a function of time during cyclic
the liquid environmental | voltammetry in the voltage range of O ~ -3 V at scan rate of 0.1 V/s."¥

TEM community to better
unders tand and control the electron beam effects during their experiments.

In summary, we have made significant progress in using liquid cell TEM to study
nanomaterials growth mechanisms and electrochemical processes and developing gas
environmental cell TEM to probe heterogeneous nanoccalysts in situ. The materials of study are
highly important for energy applications, such as fuel cells, batteries, etc. Within the scope of the
proposed research, we have been also developing broad collaborations to apply liquid cell TEM
or other TEM techniques to other areas of research. The success has been demonstrated in a
number of recent publications (ref. 1-10). With the continuous support from DOE Office of
Science Early Career Research Program, | expect we will be able to advance in situ liquid and
gas environmental TEM for energy applications and contribute to the development of cutting
edge sciences.
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Scanning Transmission Electron Microscopy: Atomic Structure and Properties of
Materials
Nanomaterials: Defects in 2D materials
Principal Investigators: Wu Zhou, Matthew F. Chisholm, Andrew R. Lupini, Maria Varela
Materials Science & Technology Division, Oak Ridge National Laboratory, TN 37831

Sub-Program Scope

The objective of this research effort is to reveal the functionality of nano-materials at the
atomic scale, with emphasis on defects, interfaces and surfaces. An important part of this effort is
to explore, develop and optimize the best low-energy and low-dose techniques required to
perform atomic-scale quantitative imaging and spectroscopy analysis in aberration-corrected
scanning transmission electron microscopy (STEM) for materials that are electron beam sensitive,
including two-dimensional (2D) materials, Li-based cathodes, heterogeneous catalysts. The low-
energy and low-dose operation STEM, also known as “gentle”” STEM, allows revealing the true
atomic structure, chemistry, bonding and optical properties of materials with unprecedented
spatial resolution and with single atom sensitivity. Theoretical studies, mainly in collaboration
with Sokrates Pantelides, are then performed to establish a link between the microscopic
structures and their functionalities.

2D materials have relatively simple structure for both electron microscopy and theoretical
modeling, and contain rich new physics and novel properties. They serve as an excellent platform
to explore the fundamental correlation of defect structure and local properties at the single atom
level via gentle STEM imaging and spectroscopy.
Recent progress

1. Exploring defect landscape and their dynamics in 2D materials

Transition metal dichalcogenides (TMDC) are a new family of 2D materials, with most
members displaying direct bandgaps and exceptional optoelectronic properties as monolayers.
An important step towards practical application of these TMDC materials is to realize large-scale
growth of monolayers and to understand the intrinsic structural defects present in these CVD-
grown monolayers. However, obtaining the true intrinsic
structural information from the semiconducting TMDC
monolayer with atomic resolution is very challenging, as the
material is prone to both knock-on damage at high electron
beam energy and ionization damage at low voltage. In
collaboration with Pulickel Ajayan and Jun Lou’s groups at
Rice University, who were among the first to demonstrate
CVD growth of centimeter size MoS, monolayers, we used
gentle STEM imaging to systematically explore intrinsic
structural defects, including point defects, defect complexes,
dislocation cores, grain boundaries, and edges, in these CVD
MoS, monolayers. Quantitative image analysis allows us to
distinguish single Mo and S atoms, and enables such defect
study with single atom sensitivity. We showed that both | Figure 1. STEM annular dark field
mono-vacancies of Mo and S as well as anti-site defects and | images I&f igtrinsic ?efects'i: CPV_D;

H rown (0] monaolayer. oin
vacancy complexe_s are naturally present durln_g the CVD gefects; (B)ZDislocat?’on C(O%s; ©
growth process (Fig. 1A). These point defects induce deep 60° grain boundaries, [1]
L . grain boun es.

levels within the bandgap, and may contribute to the

Vs BEREREA Vios: [N 52,
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omnipresence of n-type conductivity in CVD MoS,. With quantitative gentle STEM, the various
theoretically predicted dislocation core structures were experimentally observed for the first time
(Fig. 1B). We also identified two new types of 60° grain boundaries, consisting of 4-fold rings
(Fig. 1C), which are shown to be metallic by DFT calculations and can serve as conducting
channels within the semiconducting matrix.

Chemical doping is a typical way to fine-tune the physical properties of a semiconducting
material. Our collaborators at Rice University successfully synthesized MoS, atomic layers
doped with selenium over a wide range of doping level, and demonstrated band-gap tuning over
0.2 eV. In order to understand the doping behavior and their influence on the optical properties,
we developed a quantitative imaging analysis method to automatically map out the distribution
of Se dopants in the MoS, atomic layers with smgle atom sensitivity (computer codes developed
by Andrew Lupini). Furthermore,  Aprimage Flaimm Bk A A
our method allows for statistical
analysis of the dopant distribution
and clustering behavior, and with
known crystallography symmetry,
the dopant distribution of each 20 N e
layer in a bilayer structure can be et 2 ] @ Mo 0 52 @ Sers @ se2

{/r\r/ta%ed Independﬁntly E}F;g' 2?' Figure 2. Mapping of Se-dopant distribution in MoS, atomic
€ _emonstrate _t at gach layer In layers via quantitative ADF image analysis. Our method can
the bilayer contains similar doping | gecompose an ADF image from bilayer Se-MoS, into the

levels, randomly distributed, and | gopant distribution map in the top and bottom layers. [2]
that the fluctuation of local doping
level contributes directly to the variation of local band-gap of the Se-doped MoS, monolayers.
Another important method for introducing new properties in semiconductors is to construct
heterostructures. Ajayan’s group demonstrated for the first '
time that both vertical and lateral heterostructures of WS, and Pt

a8 ® ANV A" LSS Al e

MoS, monolayers can be obtained by controlling the growth seseibicaiiccsiinee
temperature. Using gentle STEM imaging and spectroscopy, ¢ssrnssanena
we show that both types of heterostructures are formed via .
epitaxial growth of WS, either on top of MoS, monolayer
for vertical heterostructures or from fresh MoS, edges
forming lateral heterojunctions. We further demonstrate that
in the vertical bilayer heterostructure, the direct growth
method results in preferred stacking and ultra-clean interfaces
with strong interlayer coupling, which induces an additional
direct bandgap at low energy. In the lateral heterojunction, we
show that the lateral epitaxy generates atomically sharp
interfaces along the preferred zigzag direction with minimal

inter-diffusion (Fig. 3). Such atomically abrupt lateral W ® Mo @ S2

interfaces induce a strong electric field from the type-II _band Figure 3. STEM ADF image (A) and

alignment, contributing to the extraordinary | the corresponding atomic structure

photoluminescence enhancement observed experimentally at | (B) of a lateral interface between

the interface. WS, and MoS;, monolayers showing
Besides exploring the static atomic arrangement of | '3ralepitaxy. [3]

intrinsic defects, we also use the electron beam to excite various defect dynamics via direct
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energy transfer. This enables us to look at dynamic processes that are hard to observe under
typical temperature ranges. For example, via dynamic gentle STEM imaging, we showed that the
semiconducting MoS, layers can be locally converted into conductive nanowires using the
electron beam, paving the way for direct patterning of conducting channels in semiconducting
materials for flexible 2D integrated circuits.

2. Monochromatic EELS for optical properties beyond visible light regime

The introduction of a monochromator can drastically reduce the energy spread of the incident
electron beam, and, thus, improve the energy resolution of electron energy loss spectroscopy
(EELS). This becomes particularly important for exploring the optical properties of two-
dimensional materials using low-loss EELS, where the optical absorption features are typically
very weak and could easily be overwhelmed by the tail of the zero-loss peak (ZLP). Furthermore,
combined with the imaging power available on an aberration-corrected STEM, simultaneous
study and direct correlation of the local atomic structure and optical properties at the nm scale
becomes feasible, a power not achievable with optical microscopy and spectroscopy methods.

We use twisted bilayer graphene (TBLG) as a model 2D material system to demonstrate the
simultaneous study of the local atomic structure and optical properties with monochromatic
STEM-EELS. The experiment was performed at 60 meV energy resolution on a monochromatic
Nion UltraSTEM at Arizona State University. Figure 4a compares the ZLP acquired with and
without the monochromator. While under our particular experimental setup, the monochromator
improves the energy resolution only by a factor of 5, from 300 meV to 60 meV with 1 minute
acquisition time, the relative intensity of the ZLP tail below 1 eV drastically decreases by more
than two orders of magnitude. This suggests that for 2D materials, where plural scattering is
negligible, the Nion monochromator can increase the information transfer capability by a factor
of 100 for optical response in the near- and mid-infrared regime. This is further demonstrated in
Fig. 4b, where the low-loss EEL
spectra for a few TBLG samples (\

=]

acquired with and without the
monochromator are presented. The
spectra clearly reveal the presence
of additional optical absorption

peaks (highlighted), which shift iy
consistently as a function of the e e S e R ©
twisted angle in TBLG and can be Energy Loss (eV)
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well described by tight-binding | Figure 4. (A) Comparison of the ZLP taken on the Nion
calculations. Noticeably, without | UltraSTEM with and without the monochromator. (B) (Left) ADF
the monochromator, this additional | images of twisted bilayer graphene with different misorientation

: angles. Scale bars: 1 nm. (Right) Low-loss EEL spectra of the
9'0“"?". fea_ture can . 'only be TBLG acquired using the Nion UltraSTEM with and without the
identified in the wvisible and

) ] : monochromator. The misorientation angles are labeled on each
ultraviolet regime, while | spectrum.

monochromatic EELS  provides
access to this new feature all the way down to the mid-infrared regime, superior to previous
optical studies [4].

Future Plans

We plan to combine in-situ holders with high spatial and energy resolution STEM imaging and
spectroscopy to look at structural evolution and changes in local electronic structure and optical
excitations under various external stimulations (heat/electric field) or gas/liquid environments.
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Dynamics of Topological Nano-Magnetism with Broken Symmetry

Shawn D. Pollard, Javier F. Pulecio, Vyacheslav V. Volkov, and Yimei Zhu
Condensed Matter Physics and Materials Science Department
Brookhaven National Laboratory, Upton, NY 11973

Program Scope

The focus of this research task under the FWP Number MA-015-MACA is to explore
and elucidate the effects of symmetry breaking on the structure and dynamics of topological
spin textures and their excitations. This focus area can be broken into three main research
thrusts — (i) the determination of the spin structure of patterned magnetic materials with novel
coupling mechanisms, (ii) the dynamic behavior of coupled spin structures under the influence
of resonant and off-resonant magnetic fields and spin currents far from equilibrium, and (iii) the
interplay between the spin ordering and electronic, orbital, and lattice degrees of freedom.
Primary characterization tools used in this research are TEM-based quantitative Lorentz
imaging including phase retrieval methods and electron holography, supplemented via other
complementary experimental techniques, such as ferromagnetic resonance, atomic force
microscopy to determine surface morphology and time-resolved synchrotron x-rays
measurements. Under this FWP a variety of in-situ excitation capabilities such as microwave
frequency (GHz) capable TEM holders were developed and a UHV compatible film-growth
system and a multi-node computer system for micromagnetics calculations have been designed
and built. Active collaborations within the department as well as with the researchers at NSLS
and CFN at BNL are important ingredients to this research.

Recent Progress

Dynamic control of topological magnetic structures, such as magnetic vortices,
skyrmions, and other domain walls, has received a great deal of attention due to their promising
applications in low power spintronic applications such as microwave sources, signal processing,
and magnetic memory and logic operations™2 A specific area of interest is the use of spin-
transfer torque, the process by which an imbalance in spin populations of conduction electrons
leads to a polarization of an electric current. This spin current can be used to excite the motion
of magnetic domain walls without the use of magnetic fields, opening up possibilities for more
energy efficient control of densely packed magnetic media. This spin-torque process can be
broken into two components —adiabatic and non-adiabatic, with the non-adiabatic component
being poorly understood with disagreement on orders of magnitude. To study this effect, as well
as other high frequency spin processes such as damping phenomena, we have developed a
unique capability by which high frequency electronic excitations could be applied to a sample in-
situ and tuned to the resonance frequency for the in-plane gyrotropic mode of magnetic vortices®.
By exploiting the symmetry of the magnetic vortex in a permalloy (Py) square disc, we were able
to obtain measurements of the non-adiabatic spin torque with unprecedented precision, as well as
utilize the spatial resolution unique to TEM in order to characterize off-resonance phenomena,
allowing us to validate models for vortex core motion, such as predicting a tilt of the orbit off
axis as well as an ellipticity that scales linearly with the ratio of the excitation to resonance
frequencies. To further understand the dynamics of magnetic vortices we coupled a vortex pair
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in a Py(15nm)/Cu(varied)/Py(15nm) trilayer stack geometry via the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction across the interface [Fig. 1a,b]. Resonant dynamics of these
topological spin textures are determined by a combination of material parameters as well as their
specific geometry. For two isolated discs of different thicknesses, the resonance frequencies
differ. However, for thin Cu spacer layers, we found that RKKY interaction leads to the
existence of only one resonance peak, and as the interaction strength increases, the two peaks
converges to that of a slightly up-shifted 40nm single layer disc. This could allow for the use of
an RKKY interaction to mode-couple large arrays of vortex states, yielding a new type of
nanoscale magnetic vortex based antennae or signal processing devices *.

While these measurements captured the dynamics of a vortex in symmetric potentials,
measurements of topological spin structures with broken symmetry have been lacking despite the
fact that far from equilibrium manipulation of magnetic domains have suggested novel means of
controlling said structures, such as allowing for independent control of the polarity and chirality
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Fig. 1a.) Frequency sweep off, near, and on resonance of a magnetic vortex core showing the single orbital path of
two strongly coupled vortices confined to a 1um permalloy/Cu/permalloy disc stack on a gold stripline. b.)
Linescans indicated in (a), showing off resonance and on resonance behavior. c.) Simulated (left) and experimental
(right) images of a magnetic vortex displaced far from equilibrium for a field parallel to the polarity (top) and anti-
parallel (bottom). The vortex exhibits clearly different structure depending on the polarity and field direction.
degrees of freedom. The lack of information on these asymmetric states is due to the fact that
many of these effects are subtle, beyond the resolution of most techniques. With local electron
probes, we have overcome some of these issues. For instance, we have used high resolution
Lorentz TEM to analyze the breakdown of the magnetic vortex away from its zero-field
equilibrium in the presence of a symmetry breaking out-of-plane field [Fig. 1c]. We showed that
the breakdown is dependent on the relative orientation between the field and the vortex polarity,
which has important implications for spintronic devices that rely on magnetic vortices in the

presence of out-of-plane fields or polarizers®.

Future Plans

For the research thrust (i) and (ii) we will continue to study the dynamical properties of
topological spin textures, and the role that broken symmetry plays in their evolution under a
variety of stimuli including magnetic fields and spin-transfer torques, as well as temperature and
strain. While previous work has focused on magnetic vortices, the vortex has strong limitations
from a device perspective due to the fact that it is highly influenced by defects. In order to better
understand the role that defects play in dynamical processes such as pinning and depinning, as
well as vortex scattering, the ability to simultaneously image magnetic and physical structure
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simultaneously is essential. This research will be carried out by implementing phase retrieval
methods based on electron holography, the Transport-of-Intensity approach, as well as our newly
developed hole-free phase plate that allows imaging of pure phase objects with an in-focus beam.

Beyond the magnetic vortex, the skyrmion represents a new type of spin texture which is
predicted to be defect tolerant. These textures have been observed in single crystal continuous
thin films in which a Dzyaloshinsky-Moriya interaction (DMI) is present, but not in patterned
granular media. It was recently predicted that by tuning an RKKY interaction in a multilayer
stack geometries, an effective DMI could be created, allowing for the design of skyrmions with
controlled geometries. In continuous geometries, the resonant dynamics are inaccessible by
conventional imaging techniques, but in patterned media, in which the resonant frequency can be
tuned, it will be possible to study the dynamics in a controllable fashion. We have begun to
fabricate magnetic structures in which the RKKY coupling between magnetic layers in
multilayer stacks is tuned such that skyrmion and meron spin states should be created, the
resonant dynamics can be studied. The process of designing a system such that the damping of
displaced skyrmions (and vortices) may be studied is underway.
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Fig. 2a.) Schematic of the experiment. A nickel film is deposited on a PMN-PT substrate, then milled at the edge
to create an electron transparent window (highlighted by dashed black line). b.) The evolution of the magnetic
structure of the nickle film with an applied field across the ferroelectric layer. Ripple contrast and visible changes
in the domain structure are visible with increasing field. c.) Phase reconstruction showing subtle changes in
magnetization associated with magnetization ripple contrast even in single domains. Color indicates the local
magnetization direction and magnitude, with the direction at various points indicated by the arrows. d.) Lattice-
strain measurements vs. field. Polarization reversal is associated with large jumps in strain near 0.16MV/m.

e.) Simulated strain maps for the electron transparent window at OMV/m and 0.32MV/m.

For thrust (iii), we will study strain coupled patterned-media with relaxor ferroelectric
materials, such that an effective anisotropy can be added and controlled via interfacial strain
coupling (Fig.2). Itis well known that the voltage induced lattice distortions in relaxor
ferroelectrics cause spin reorientation in conventional magneto-elastic materials, affording a
novel means of manipulating the spin structure in magnetic materials. However, the effects of
local coupling between ferroelectric polarization and spin textures has not been directly
observed, and little is known about this effect at the nanoscale. We will use phase retrieval
methods to image both simultaneously to study how the spin-lattice coupling effects the static
and dynamic properties of these spin structures, including modifications to the effective
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damping, the resonant dynamics, and local effective anisotropies. This coupling could lead to
important advances in spintronics, such as the ability to continuously tune the resonance band of
magnetic vortices and skyrmions over a large range via electrical biasing.
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Program Scope

Nanoscale particles that support plasmonic and photonic modes are rapidly becoming
crucial to the efficient coupling of light into sub-wavelength sized computational and energy
gathering structures.[1] Electron beams are of course well positioned for the measurement of
photonic fields and "hot" spots in candidate structures, using EELS in the electron
microscope.[2] Recent theoretical spectral work is aimed at  understanding basic
mechanisms[3-5], and reconstruction of the plasmonic energy dependent potential using
tomographic techniques. [6] Finally, time dependent information for investigation of dynamics,
and phase relationships of nanoscale optical fields, is being studied at the pico-second level by
many groups now following the pioneering work of Zewail. [7, 8]

This project seeks to explore the time resolved dielectric response of bulk and nano-scale
structures in a fundamentally different way, using EELS. Conceptually, fourier transform
techniques can connect EELS information to a fundamental physical quantity, the time

dependent electronic density propagator, or density-density correlation function, x (77, 7, t1,
t2).[9, 10] Understanding this dynamical quantity will allow us to expand understanding of
dielectric behavior to a wider range of specimen excitations, both at higher and lower energies,
and to explore how particular excitations evolve in time, couple to other specimen properties,
and transfer energy in decay processes. The time scales that should be addressable range from a
few atto-seconds, corresponding to the close approach of a kilo-volt electron to a nano- particle
or molecule, with excitation of core losses, through femto- second times for plasmonic and
photonic excitations and ultimately to pico-second times for phonon, IR and Raman transitions

This effort necessarily involves mastering new equipment which can obtain very accurate and
reproducible EELS data to obtain single scattering spectral distributions that can be converted
into the complex dielectric constant. Fourier transform techniques can then produce the density-
density correlation function. Local behavior will emerge immediately. Non-local information
will require some thought, but it seems likely that this will be accessible through tomographic
[6] or in very small objects, phase retrieval techniques.[11]

Recent Progress

During the past 18 months, our understanding of the transverse forces has matured. The
fundamental goal of the initial funding period was to understand the physical origin of an
unexpected reversal in the transverse force felt by a metal nanoparticle during a very close
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approach of a keV electron. Simple arguments suggest that this force should always be
attractive, but as shown in Fig. 1c, extensive numerical calculation in the spectral domain
demonstrated otherwise.[12, 13] Experimental work confirmed this,[14] but no simple physical
explanation for the complicated behavior emerged.

We thought the best way to understand this was to calculate the microscopic, non-local forces on
the particle, resolved in time and space during the passage of the swift electron. This is an
interesting problem having several subtle features that have much in common with the well
known Abraham-Minkowski debate over the partition of momentum flow between particles and
fields within dielectric objects.[15] In Figs. 1a,b, we show approximate results for the
instantaneous forces on the surface of a 1 nm radius Au nano-particle at times -3 and +3 atto-
seconds, before and after the closest passage of an 80 kV electron at t=0. Before passage, in Fig.
1a, a correlation hole builds on the surface, responding to the negative charge of the approaching
electron, giving rise to an attractive, largely electrostatic force, as shown in Fig. 1d. This charge
density is sluggish, lagging slightly behind the electron as it passes. After passage, in Fig 1b, a
negative force appears in front of the lagging correlation hole. This force appears to contain both
electric and magnetic components, and is responsible for the transition from attractive to
repulsive shown in Figs. 1c,d. We believe that this surprising result fits the description of a
plasmonic wake,[9] in this case restricted to the very small volume presented by the nanoparticle.

Instrumental work now supported by DOE includes bringing the Nion UltraSTEM, with high
energy resolution EELS to routine operation. We have demonstrated a 9.7 meV zero loss peak
and have obtained an optical phonon in SiC, with a publication submitted to Nature and under
final review of minor modifications requested by referees. On the imaging side, we are very
excited to demonstrate 0.9 Angstrom fringes in HAADF imaging at 60 kV, using a low field
emission extraction voltage which reduces Boersch effect source broadening.

Future Plans

In the short term, we will carefully compare the atto-second behavior of the forces with the
plasmonic, femto-second behavior, and then distill this information to produce a physical picture
of the force reversal. This should be accomplished during the next couple months, and will
finish our theoretical work in this part of the project. The knowledge we have gained feeds
directly into the time dependent EELS derived dielectric behavior. While we have been
evaluating the transverse forces previously, future theoretical work will involve longitudinal,
energy loss behavior.

With the new instrument, we will be optimizing EELS measurement accuracy to allow us to
obtain spatially resolved single scattering spectra which can be subjected to Kramers- Kroenig
transformation over a wide energy range, to allow time dependent information to be retrieved.
This will be challenging, but it appears that all of the required tools are available to do this.
Initial experiments will likely use plasmonic structures having Localized Surface Plasmon
Resonances, to minimize non-local interactions.
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metal sphere by a passing swift electron. A
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Fig. 1d. Forces at attosec times are first
attractive, then repulsive, as first electric, then
magnetic interactions are dominant.
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Towards Mapping Interactions in Hybrid Systems with Active Scanning Probes
Jesse Berezovsky, Case Western Reserve University, Department of Physics
Program Scope

The goal of this research is to explore nanoscale interactions in hybrid systems by
harnessing the precision and flexibility of scanning probe microscopy. Projected applications in
areas such as energy conversion, opto-electronics, and spintronics will involve hybrid
nanosystems composed of two or more materials or nanostructures which interact electrically,
optically, or magnetically. Progress in understanding these interactions has been held back by
cumbersome and/or imprecise fabrication methods. To overcome this challenge, this work will
employ cantilevers with integrated active magnetic and optical components. These active probes
will be controllably scanned in proximity to metal or semiconductor nanoscale structures,
essentially creating a highly tunable and versatile hybrid system. This technique will allow
detailed studies of interactions between optical resonators and plasmonic or spintronic
nanostructures, or between dynamic ferromagnetic elements and quantum-confined electron
spins. Scanned probes with an integrated optical resonator will be used to spatially map the
coupling of the resonator’s evanescent modes to nanoscale emitters, such as semiconductor
quantum dots. Probes with radio-frequency-driven ferromagnetic microstructures will allow us
to study the effect of a highly localized, dynamic magnetic field on confined electron spins. The
planned research offers a significant increase of flexibility and efficiency for investigating hybrid
systems over traditional nanoassembly, accelerating progress towards future technology.

Recent Progress

As we move towards the objective of coupling nanostructures to optical and magnetic devices
fabricated on scanned cantilevers, we have obtained results on the individual components
separately, before they are ultimately combined. We have constructed a combined confocal
optical/scanned probe microscope, and have used optical microscopy capabilities to study
photoluminescence dynamics of individual nanocrystal quantum dots, and magnetization
dynamics of driven ferromagnetic microstructures. We then use the optical microscopy and
scanning probe microscopy capabilities to measure the effect of a local electric field on quantum
dot emission dynamics.

We have used the optical spectroscopy capabilities of our recently constructed scanning
probe/optical microscopy system to measure photoluminescence (PL) dynamics of individual
semiconductor nanocrystal quantum dots (NCQDs) at room temperature. Because these materials
provide a flexible platform for controllable, room-temperature confinement of individual
electrons, they are of significant interest for opto-electronics and photovoltaics.
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Figure 1. Local gating of single nanocrystal quantum dots. (a) Setup for gating
quantum dots (QDs) with a scanned cantilever, and measuring luminescence. (b)

Time-resolved photoluminescence from a single QD at two different applied local
potentials. (c) Blinking traces corresponding to the measurements shown in (b).

Our supercontinuum pulsed laser-based system allows us to sweep excitation energy and
intensity automatically. By monitoring photoluminescence of an individual NCQD via time-
correlated single photon counting (TCSPC) while varying excitation energy and intensity, we
gain information about the optical transition energies and their linewidths in these
nanostructures [1]. Furthermore, by studying the statistics of NCQD blinking as these parameters
are swept and comparing to a reaction kinetics model, we can extract information about the
dynamics of charge transfer processes to defect states, which are of key importance for
engineering these nanostructures for potential applications.

While measuring NCQD PL via the optical microscope and TCSPC setup, we use a
metal-coated scanning probe cantilever to apply a local potential to NCQDs embedded in a
polymer matrix on an ITO-coated glass cover slip (Fig. 1a). We find that the applied potential
can significantly affect PL emission rate, resulting from a change in the charge state of the
NCQD. A negative voltage applied to the cantilever causes a decreased PL lifetime as compared
to a positive voltage (Fig. 1b). Likewise, the PL blinking (Fig. 1c) displays an increased time
spent in the “off” (“on”) state at negative (“positive”) voltage. Together, these results indicate
that the negative voltage tends to charge the NCQD with an extra charge carrier, leading to fast
non-radiative Auger recombination. On the other hand, positive voltage quenches this short-
lifetime component, due to a filling of trap states that, when un-filled, can lead to stochastic

charging of the NCQD.

Ultimately, we plan to couple nanostructures such as the NCQDs described above to
dynamically-driven micromagnets. We have used a sensitive scanning magneto-optical
microscopy technique to study the response of a patterned micromagnet to an applied AC
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magnetic field, with submicron spatial resolution and capable of measuring changes in
magnetization <0.1%. We have fabricated micron and sub-micron ferromagnetic disks and
squares atop a metal stripline (see Fig. 2a). These structures display vortex-like domain structure.
Typical data is shown in Fig. 2b, where we measure the change in magnetization of a 2-um-
diameter Permalloy disk to a small change in magnetic field along all three axes. Initial results
from these experiments have uncovered new behavior of the magnetization dynamics in these
structures.

An important factor in magnetic vortex dynamics is the tendency for the vortex core to be
pinned at defects. Instead of translating the vortex continuously, an applied field causes the
vortex core to jump from one pinning site to another. The standard assumption is that the vortex
is completely rigid while pinned between jumps. Our dynamic differential probing technique
results in a very sensitive measurement of the magnetization, and reveals the response of the
magnetization while the core is pinned, as the magnetization pattern deforms to minimize the
total energy.

data sim
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Our measurements have also allowed us
to map out the pinning dynamics as the vortex is
translated across the sample. As we increase the
strength of the driving magnetic field, we see a
strongly nonlinear response in the measured
images (Fig. 2c), with a sudden jump
corresponding to the depinning of the vortex core.
Additionally, we have been able to measure the
effects of thermal fluctuations on the depinning
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exploring diamond nitrogen-vacancy spins in our system. Further characterization of magnetic
vortices is also underway, aimed at mapping out the magnetization response at RF frequencies,
using a frequency-domain technique similar to our previously demonstrated technique for
probing spin dynamics in QDs [4]. We also plan to study optical interactions between
nanostructures and integrated photonic devices. To this end, we are fabricating and
characterizing silicon nitride waveguides, resonators, and grating couplers. Both the optical and
magnetic devices will be fabricated on custom cantilevers. (The development of the cantilever
fabrication process is underway.) Once these steps are complete, we will map out the coupling
between the magnetic and photonic devices with individual quantum dots or NV centers.
Photonic devices will allow us to study how the interaction of light with these nanostructures
depends on the particular geometry, and how that interaction may be enhanced. Coupling
dynamic magnetic structures with confined spins will allow a range of fast, local coherent spin
manipulation techniques to be explored, with potential for addressable dynamic decoupling
schemes or fast tunable coupling of neighboring spins.
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Application of STEM/EELS to Plasmon-Related Effects in Optical Spectroscopy

Pl: Jon P Camden, Department of Chemistry and Biochemistry, University of Notre Dame,
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Knoxville, TN, 37996

Program Scope

We are currently studying the (1) plasmonic energy transfer from metallic nanoparticles to
neighboring materials and (2) Localized surface plasmon resonance (LSPR) and plasmon
coupling in alloy nanoparticles. Understanding plasmonic energy transfer is important as it is
important for developing superior photocatalytic and photovoltaic devices. Using our
monochromated STEM/EELS, we are able to probe the energy transfer process at single-particle
level with high energy resolution (~120meV). The second program is based on alloy
nanoparticles synthesized via pulsed laser induced liquid thin film dewetting. With this method,
we can control the mole fractions of the metal and perform comprehensive studies on the tuning
effects of the alloy compositions on LSPRs. Also, we are able to design and pattern nanoparticle
arrays to study the collective properties of the LSPRs.

Recent Progress

Plasmonic energy transfer: Previous studies suggest that LSPRs facilitate solar energy
harvesting'? via the following mechanisms: (1) enhancing light trapping by concentrating the
incident field and increasing the optical path length of the incoming light; (2) directly
transferring plasmonic energy into the neighboring material through direct electron transfer
(DET) and plasmon-induced resonant energy transfer (PIRET)% Mechanism (1) is only effective
for photon energies above the band gap; while mechanism (2) allows for photon energies below
and above the band gap, therefore, have drawn increased attention from researchers since they
were proposed. For the DET process, hot electrons are generated via non-radiative LSPR decay
and then injected into the conduction band of the neighboring material®. It requires the
nanoparticle to be in contact with the semiconductor, and its efficiency relies on the relative
energy of the hot electrons to the height of the Schottky barrier’. PIRET arises from the near
field interaction between the LSPR dipole and the interband transition dipole of the neighboring
material, similar to Forster resonant energy transfer. The strength of this process is determined
by the overlap between the absorption band of the semiconductor and LSPR absorbance?, as well
as the spacing between the nanoparticle and the semiconductor?. The two plasmonic energy
transfer schemes, DET and PIRET, inspire new development opportunities of plasmonic device
designs.

Thanks to the advances in aberration-corrector and electron monochromator, sub-nanometer
sized and monochromatic electron probe formation has made significant progress. This enables
us to probe the plasmonic energy transfer process at single-particle level. By interrogating the
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substrate-nanoparticle coupling mechanism with tomographic electron energy-loss spectroscopy
(EELS), we obtained a nanoscale view of the plasmonic energy transfer process.

In the presence of a dielectric substrate, the primitive corner-dipole mode (D° and corner-
quadrupole mode (Q°) will hybridize to form bonding mode (D) and anti-bonding mode (Q),
which dominates at the proximal corners and distal corners, respectively®. This is schematically
described in Figure 1(a). The experimental setup of the tomographic EELS is illustrated in
Figure 1(b). The two studied systems are: cube-SiNy (insulator) and cube-Si (Semiconductor).
For each cube-substrate system, we acquired EELS spectra at three positions: (1) the substrate
alone, (2) a corner of the titled cube which is in contact with the substrate (proximal corner), and
(3) a corner in the vacuum (distal corner). The EEL spectra of the two systems were compared in
Figure 1(c).

a Substrate induced LSPR hybridization in Ag nanocube b Tomographic EELS
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Figure 1. Tomographic EELS study of plasmonic energy transfer. (a) Schematic description of substrate-induced
LSPR hybridization in Ag nanocube (Adapted from ref 8). (b) Illustration of tomographic EELS experiment.
EEL spectra were acquired at three positions: the proximal corner, the distal corner and the substrate. (c)
Spectral comparison between the cube-SiN, and cube-Si systems.

According to the Figure 1(c), both of the D and Q modes of the cube-Si system experience red
shift compared to those of cube-SiNy. This is due to the higher dielectric constant of Si. In
addition to the spectral shift, which provides the dielectric information of the substrate, the
spectral line-shape can be used for LSPR lifetime analysis®. The D and Q modes of the cube-
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SiNy system exhibits standard proximal-distal splitting, as they dominate at the proximal and
distal corners, respectively. The Q mode of the cube-Si system is similar to that of the cube-SiNy
system, however, its D mode is highly damped at the proximal corners, which is against previous
understanding. The highly damped D mode serves as a strong evidence of plasmonic energy
transfer from the cubes to the semiconductor substrates. This is the first time this process is
directly observed at the nanoscale.

LSPR in alloy nanoparticles: The LSPRs in alloy nanoparticles can be tuned conveniently by
varying the mole fractions of the metals™®. A local study of the LSPRs as a function of the
particle size and alloy composition is very demanding. It has been reported that nanoparticles
with variable size and composition can be synthesized via pulsed laser induced liquid thin film
dewetting®®. This method yield cleaner nanoparticles compared to traditional chemical
approach, as it does not employ organic ligands which serve as contamination source in the TEM
column. We are also patterning particle arrays to study how the geometry, compositions, and
arrangement of the particles modify the LSPR coupling.

Future Plans

For the energy transfer part, we plan to quantify the DET and PIRET processes by integrating
our EELS results with theorectical simulations. A work from Cushing et al. distinguished the two
pathways using ensemble optical spectroscopy in 2012*. Their experimental object was a Au
(core)-SiO; (shell)-Cu,O (shell) structure, where the Au core converts incoming photons into
local plasmonic energy; the SiO, shell serves as a spacing layer which blocks the DET process;
Cu,0 is a semiconductor shell and it accepts the plasmonic energy via PIRET. With this design,
they successfully observed the PIRET process. Since EELS provides nanometer-sized resolution
and is quantifiable, it is capable of resolving the two pathways at the single-particle level. We
plan to deposit insulating layers with different thicknesses (d) between the cube and the
semiconductor and examine the EEL spectral line-shape as a function of the cube-semiconductor
spacing (d). In the presence of a spacing layer, the DET pathway is shut off, therefore, the
PIRET process can be investigated separately and quantitatively. This work will provide a deeper
understanding of the plasmonic energy transfer process, and at the same time, demonstrate a way
of tuning the energy transfer efficiency.

For the alloy part, more alloy systems (Au-Ag, Ag-Cu, Ni-Cu) with different elemental ratio will
be characterized in the future. A systematic study of how metallic nanoparticles with different-
leveled plasmon responses interact with each other will be performed.
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Superconducting Properties of the LaAlO3/SrTiO3 Interface

Venkat Chandrasekhar, Department of Physics, Northwestern University

Program Scope

The primary focus of this project is to investigate the properties of a novel materials
system using a combination of electrical transport and low temperature scanning probe
techniques. The system being studied is the two-dimensional (2D) conducting gas that forms at
the interface between the two band insulators LaAlO3 (LAO) and SrTiO3 (STO). As part of this

effort, we continue to improve techniques for low temperature scanning probe microscopy
[atomic force microscopy (AFM), electrostatic force microscopy (EFM) and magnetic force
microscopy (MFM)], including the development of new software and hardware.

Recent Progress

Work in the past two years has focused on two areas. The first is improvements in
software and hardware for low temperature scanning probe microscopy, and the second is
investigating the magnetic and superconducting properties of the LAO/STO interface. Each is
described in more detail below.

Scanning Probe Microscopy

The multiple feedback loops that are needed in scanning probe microscopy (SPM) require
time-critical control. Earlier SPM control programs achieved this through analog electronics;
recent SPM control programs use digital control. Since most modern computer operating
systems use time-slicing for pre-emptive multitasking, feedback control loops that are
implemented in conventional desktop software suffer from a slow feedback response, and more
importantly, uncertain response times. Consequently, feedback control loops in commercial
SPM control software are usually implemented through a dedicated digital signal processor
(DSP). However, programming a DSP requires a substantial investment both in hardware and in
software development. We have therefore implemented real-time SPM control software
(RTSPM [3]) using a simple desktop computer running Linux with a real-time application
interface (RTAI) and inexpensive data acquisition cards. The real-time kernel handles the time-
critical z piezo feedback loop with a deterministic loop time of 50 us, and communicates with the
user space interactive main program. The software is written entirely using open source
programming tools, and we have made the program and the source code freely available on
GitHub [8]. We have also used the real-time kernel to develop a SPM hardware simulator [6, 9]
that enables us to test both the RTSPM program and to develop and test models for different
scanning modes (e.g., AFM, EFM). This has proved extremely beneficial in sorting out bugs in
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our scanning software without having to worry about crashing the tip of our SPM. In addition to
software, we have developed a new hybrid analog-digital phase-locked-loop (PLL) controller for
frequency-mode operation of our tuning-fork based SPM [4].

The custom-built software and hardware have been successfully used in our 4 K SPM.
We are currently testing a new SPM that has been installed in our Kelvinox MX100 dilution
refrigerator.

Superconductivity and magnetism at the LAO/STO interface

We have continued to focus on investigating superconductivity and magnetism at the
LAO/STO interface. Earlier, we were the first to report the coexistence of superconductivity and
magnetism at the LAO/STO interface,’ an observation that has now been confirmed by other
groups. In more recent work, measurements of the gate, temperature and magnetic field
dependence of the resistance of the LAO/STO interface at millikelvin temperatures showed that
the coexistence of magnetism and superconductivity in this system leads to a rather unique
manifestation of charge-vortex duality in the gate-driven superconductor-to-insulator (SIT)
transition [1]. In addition to a back-gate voltage, the system can be driven from the
superconducting to the insulating state by a magnetic field, the so-called field-driven SIT. The
coefficients obtained from a scaling analysis of the field-tuned SIT transition are those expected
from quantum percolation [5], in accordance with the picture of an inhomogeneous two-
dimensional superconductor that consists of isolated superconducting puddles coupled to each
other by the Josephson effect.

The coexistence of superconductivity and magnetism at the LAO/STO interface raises the
possibility that the superconductivity is of an unconventional nature, since magnetism and
conventional s-wave superconductivity are antagonistic phenomena. In order to probe the nature
of the superconducting state, we have been fabricating Josephson devices for spectroscopy and
interferometry experiments. To do this, we have developed fabrication techniques to
electrostatically gate the LAO/STO interface from the top. Such top gates are much more
effective in controlling the density of the charge carriers since they are much closer to the
interface (4-50 nm, as opposed to 500 um for the global back gate). The proximity to the
interface also means that we can modulate the density of charge carriers very locally, on length
scales determined by the dimensions of the top gate, which can be made quite small by electron-
beam lithography. Thus, top gating allows us to form local tunnel barriers and channels, with the
overall charge density still being controlled by the global back gate. Figure 1 shows a SEM
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Figure 1 (a) Colorized SEM of a LAO/STO interface Hall
bar (light blue). The green square is a blanket silicon oxide
insulating layer that separates the gold top gate from the top
LAO layer. The scale bar is 200 um. (b) Narrowest part of
top gate (yellow). The size of narrow part of the gate is 180
nm x 6 um. The size bar is 10 um.
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image of one such LAO/STO Hall bar sample with a narrow top
gate.

Varying the voltage on the top gate enables us to modulate
the coupling between the two superconducting regions on either side
of the gate, making a gate-tunable Josephson junction [7]. Figure
2(a) shows the differential resistance dV/dl of the junction of Fig.
1(b) with both top gate and back gate at zero volts. The red trace
was taken after first cooling down; the black trace was taken after
sweeping the top gate voltage over +/- 40 V, showing that the top
gate irreversibly modifies the region under it. Figure 2(b) shows the
variation of the differential resistance as a function of the top gate
voltage, showing that the critical current can be tuned over a wide
range by the top gate. A more detailed analysis of the temperature
dependence of the junctions showed that they behave like
overdamped Josephson weak links [7]. We are currently making
new samples to enable us to probe the superconducting gap with
these devices.

Future Plans

In spite of a large number of experiments from various
groups around the world, the nature of both the magnetism and the
superconductivity at the LAO/STO interface is not clear. We plan to
perform experiments to elucidate the nature of both these phenomena
in LAO/STO interface samples, using both magnetotransport as well
as scanning probe techniques.

There have been conflicting reports from various groups
regarding magnetism in the LAO/STO system. Some groups report
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Figure 2 (a) Differential

resistance dV/dl as a function of
dc current Iy for the LAO/STO
sample of Fig. 1 at 30 mK with
both back gate and top gate
voltages at zero. The black
trace was taken after the top
gate was swept over the range
+/-40 V. (b) dv/dl at a back
gate voltage of 90 V, at various
top gate voltages from +30 V to
-40 V in steps of 10 V, showing
the variation in critical current
of the junction with top gate
voltage.

magnetism at room temperature; other groups report that it disappears at temperatures above a
few Kelvin. Consequently, we propose to perform detailed electrical transport measurements on
LAO/STO interface samples, looking in particular at the anisotropic magnetoresistance (AMR)
and the anomalous Hall effect (AHE), focusing on the temperature regime above the
superconducting transition since the small signatures of ferromagnetism will be swamped by the

much larger response of the superconductor.

In order to investigate the superconductivity in this system, we will make devices using
the top-gate fabrication techniques discussed above. Our goal is to make devices where we can
probe the superconducting gap spectroscopically (for example, using NS point contacts), as there
have been reports of the presence of a pseudogap in this system. Using the same techniques, we

also plan to study interference effects by applying magnetic fields.
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In terms of scanning probe microscopy, we will use our millikelvin range scanning probe
microscope, currently undergoing its first tests at low temperature, to investigate the magnetic
properties of the LAO/STO interface. Our first goal would be to image superconducting vortices
using MFM, particularly those induced by the underlying magnetism. Later, with improvements
in sensitivity, we hope to directly image the magnetism itself.

Finally, we will undertake a substantial effort to develop techniques to fabricate
piezoelectric cantilevers in order to increase our sensitivity, and to have the ability to make
custom sensors on the ends of these cantilevers.
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Structure and Dynamics of Domains in Ferroelectric Nanostructures — Phase-field Modeling

Long-Qing Chen, Department of Materials Science and Engineering, The Pennsylvania State University,
University Park, PA 16802; lgc3@psu.edu

Program scope

The program is centered on investigating the formation of mesoscale domain structures and their
evolution in ferroelectric thin films and nanostructures under an electric and/or mechanical stress field.
The main objective is to understand the fundamental thermodynamic stability of ferroelectric domain
walls and multi-domain configurations as well as dynamic mechanisms of domain switching using the
phase-field method. The focus will be on BiFeO; and PbZr,Ti;«O3 (PZT) systems. BiFeO; is one of the
most promising single-phase candidates for magnetoelectric device applications and one of the most
scientifically fascinating materials that may exhibit electric polarization, oxygen octahedral rotation,
antiferromagnetic order, strain, and significant ionic/electronic charges while PZT is currently the most
widely utilized class of ferroelectrics for piezoelectric device applications. The research is being carried
out in close collaboration between the PI’s group and a number of world-class experimental groups who
use High Resolution Transmission Electron Microscopy (HRTEM), in situ TEM with Scanning Probe
Microscopy (SPM), or Piezoresponse Force Microscopy (PFM) to characterize the domain structures and
dynamics in high-quality ferroelectric BiFeOz and PZT thin films.

Recent Progress

Fundamental Understanding of BiFeO; Domain Wall Energies and Structures: A Combined
Experimental and DFT+U Study [4]: Bismuth ferrite
(BiFeO,) is to-date the only known room temperature,
single-phase magnetoelectric multiferroic characterized
by a large spontaneous electric polarization of ~100
4Clcm, a ferroelectric transition Curie temperature of
~1120 K, and an antiferromagnetic transition Néel
temperature of ~640 K. One of the signatures of all
ferroic materials is the formation of domains below their
ferroic transition temperatures, dictated by the
crystallographic symmetry group and subgroup relations b A,
between the parent phase and the ferroic phase. 6 4 2 0 2 4 6 8
Accordingly, many applications of ferroic materials, such Distance from Fe layer to the domain wall (Fe columns)
as data storage, spintronics, and microelectronic devices,
are achieved through the control and manipulation of
their domain structures, each of them is a micro- or nano-
scale region with uniform spontaneous polarization,
magnetization, or strain. We determined the atomic
structures and energies of 109°, 180° and 71° domain  Fig. 1. Atomic structure of 180° domain
walls in BiFeO; combining DFT+U calculations and ~ Wall in BiFeOs;. from our combined
aberration-corrected transmission electron microscopy =~ DFT+U  calculation  and  STEM
images. We find a substantial Bi sublattice shift and a ~ measurements.

rather uniform Fe sublattice across the walls (Fig. 1).

The calculated wall energies () follow the sequence yi09< y180 < 771 for the 109°, 180°, and 71° walls. We
attribute the high 71° wall energy to an opposite tilting rotation of the oxygen octahedra and the low 109°
wall energy to the opposite twisting rotation of the oxygen octahedra across the domain walls. Indeed we
recently proposed a rotational compatibility condition [14], to identify low-energy DWs in perovskites
with oxygen octahedral tilt instability. It is derived from the strong DW energy anisotropy arising from
the rigidity and corner-sharing feature of the octahedral network. We quantitatively analyze the DWs in
BiFeO; and successfully explain the unusual ferroelectric DW width and energy in BiFeOs.
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Understanding Ferroelastic Domain Switching Dynamics under External Excitations [1]:
Ferroelectric materials possessing a strong intrinsic coupling of spontaneous polarization and strain are in
common usage for piezoelectric sensors and mechanical switches and under development as potential
high-density non-volatile memories. For these materials, a long-standing controversial question is the
behavior and mobility of the ferroelastic type of domain boundaries. Large scale ferroelastic switching
altering the polarization and strain simultaneously could significantly enhance the electromechanical
response, while a lack of such switching may hinder polarization reversal. Here we report the microscopic
behavior of individual ferroelastic domains under electric fields and mechanical stress in a thin
PbZr,,TipgO3 film using in situ transmission electron microscopy and phase field modeling. We find that
the mobility and switching behavior significantly depends on specific microstructures. Our results provide
new insights into understanding of polarization switching dynamics and suggest a route to engineer
electromechanical devices. Furthermore, the ability to control the polarization and strain by local
ferroelastic domain switching provides a framework for exploring multiple local microstructure-related
parameters such as charge, lattice and spin in strongly correlated materials.

Uncover the Atomic Scale Mechanisms of Ferroelastic Domain Wall Mediated Ferroelectric
Switching [9]: Ferroelectrics are characterized by a spontaneous polarization that can be re-oriented
between energetically equivalent states (domains) by an
electric field, providing applications for devices such as
non-volatile memories. The polarization switching occurs
via the nucleation and growth of 180° domains through a
highly inhomogeneous process, and the switching
kinetics is controlled by defects, interfaces, and pre-
existing domain walls. For epitaxial Pb(Zrqz,Tigg)Os
(PZT) thin films, both 180° ferroelectric domain walls
and 90° ferroelastic domain walls (twin boundaries)
commonly exist due to substrate constraints. Given the
high density of ferroelastic domains, the interaction

between the newly switched 180° domains and the pre-
existing, but immobile, ferroelastic domains dominates
the polarization switching. Here, through a combination
of in situ transmission electron microscopy (TEM) with
local biasing, aberration-corrected TEM and phase field
modeling (Fig. 2), we examine the atomic structure and
dynamic behaviors of ferroelastic domain walls and their
effects on polarization switching kinetics at the atomic
scale in epitaxial PZT thin films. We directly observed
that ferroelastic domain walls act as obstacles to 180°
domain wall propagation, resulting in the formation of a
charged ferroelastic domain wall and a ‘dead layer’ with
a thickness of a few unit cells at their junction in which
the local dipoles are disordered. These hindering effects
can be overcome either by applying a higher bias or by
removing the as-grown ferroelastic domains in fabricated
nanostructures.

Fig. 2. a, In situ TEM observation of
switching through an embedded 90°
domain. b, Phase field simulation of
switching around a 90° domain. c,
Simulation of the switched —c-domain
impeded by an a-domain at an averaged
field of ~229 kV/cm (image 1). Image 2
shows the local electric potential of the
rectangle region in image 1. Image 3
shows the potential profile along the red
arrow in image 1. The thin black arrow
indicates the location of the charged
domain wall. Image 4 shows the local
distribution of in-plane electric field of the
rectangle region in image 1. Image 5 is the
in-nlane electric field orofile alona the red

Discovered a First Order Morphological Transition of Ferroelastic Domains in Ferroelectric Thin
Films [2]: All materials in practical applications are structurally and/or compositionally inhomogeneous,
containing mesoscale morphological patterns or microstructures. Depending on thermodynamic
conditions, morphological patterns can be thermodynamically unstable, metastable, or stable. Ferroelastic
domains are commonly observed in epitaxial thin films are often pinned by interfacial dislocations near
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the film/substrate interface. Ferroelectric and ferroelastic
domains have been extensively studied for their potential
applications in electronic devices such as non-volatile
memories The morphology of a pinned ferroelastic
domain in Pb(ZroTigg)Os (PZT) thin films is
investigated as a function of film thickness using phase
field modeling in combination with transmission electron
microscope (TEM) observations. It is found that the
ferroelastic domain undergoes a first order morphological
transition from a domain fully extended through the film
thickness to one terminated inside the film as film
thickness increases (Fig. 3 top). It is shown that such a
transition results from the competing elastic and
electrostatic energies. It is demonstrated that this
transition is first-order associated with abrupt changes in
thermodynamic properties of the domain structure at the
transition (Fig. 3 bottom right), similar to first-order
transitions of homogeneous systems with jumps in the
first derivative of free energy with respect to
thermodynamic  variables. Such  first  order
morphological transitions can also be induced by an
external field such as electric field or stress/strain field,
and thus expected to significantly impact domain

&0 Film Thickneg (Grid Points) 40

Fig.3. Morphology of a ferroelastic
domain pinned by a pair of partial edge
dislocations as a function of thickness 30,
36.5, 37, and 40 nm from phase-field
simulations (top); TEM observations of
dislocations near the interface between a
PZT thin film and STO substrate;
Ferroelastic domains were observed
around the dislocation in thin and thick
film sections; Average stress as a function
of film thickness

switching in ferroelectric thin films.

Asymmetric Domain Wall Motion in a Ferroelectric Capacitor [5]: We discovered the preferential,
but asymmetric, nucleation and forward growth of switched c-domains at the PZT/electrode interfaces
during 180 ° polarization switching of a PbZry,TipsO3 (PZT) capacitor, arising from the built-in electric
field induced at each interface. The subsequent sideway growth of the switched domains was inhibited by
the depolarization field due to the imperfect charge compensation at the counter-electrode and also at the
boundaries with preexisting a-domains, which contributed further to the asymmetric switching behavior.
It was found that the preexisting a-domains split into fine a- and c-domains constituting a 90° stripe
domain pattern during the 180 ° polarization switching process, revealing that these domains also actively
participated in the out-of-plane polarization switching. The real-time experimental observations and
phase-field simulations uncovered the origin of the switching asymmetry and further clarified the
importance of charged domain walls and the interfaces with electrodes in ferroelectric switching.

Future Plans

The previous and current efforts by the PI’s group have contributed to the fundamental understanding of
the effects of strain and electric boundary conditions on the thermodynamic stability of ferroelectric
domain structures in thin films as well as on the effect of ferroelastic domains on ferroelectric switching.
The future research will be focused on the basic understanding of (1) the effects of dislocations and grain
boundaries on polarization switching, including domain nucleation and growth Kkinetics, and thus
switching mechanisms under electric fields; (2) the influence of ionic defects on domain wall mobility
and on the electric conductivity along domain walls and topological defects such as domain vortices; and
(3) the coupling between ferroelectric, antiferromagnetic, and oxygen octahedral rotation order
parameters, and its effects on phase transition temperatures, domain patterns, and domain switching.
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Combined microscopy studies of complex electronic materials

David H. Cobden
Department of Physics, University of Washington, Box 351560, Seattle, WA 98195

Program Scope

Many interesting electronic materials have very complex microstructure and exhibit high
sensitivity to experimental conditions such as strain. Studies of small homogeneous single
crystals under carefully controlled conditions are therefore needed for determining their
fundamental properties. The goal of this program is to understand key aspects of important
materials by combining multiple microscopy, scanning probe and transport techniques with
simultaneous control of temperature, strain, magnetic field, and vapor environment. We focus on
VO, as a prototypical strongly correlated material, and monolayer dichalcogenide
semiconductors of formula MX, as examples of a rich new class of electronic materials that are
only available as small crystals and are susceptible to substrate, strain and environmental
influence.

Recent Progress
1. The metal-insulator transition in VO,

In the first-order metal-insulator transition (MIT) in VO, which involves strong correlations
between electrons and phonons, multiple insulating phases (M1, M2 and T) compete with the
metallic phase (R) as temperature is lowered. Such first-order transitions in solids are
challenging to study because of the combination of change in unit cell shape, the long range of
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Figure 1. (a). The equilibrium stress-temperature phase diagram of VO, near the the metal-insulator transition,
established using our nanomechanical strain setup incorporating optical microscopy and electrical transport. (b)
Optical images of a VO, platelet at room temperature, as-grown (left), and after exposure to hydrogen gas at 100
°C for 15 minutes (right). The anisotropy of hydrogen diffusion is evident in the pattern of darker, doped regions
here. The image width is 50 um. (c) Images of one nanobeam (width 5 microns) after different hydrogen exposure
times. From these the diffusion coefficient along the c-axis at 100 °C is determined to be 2 x 10~* cm?s.
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elastic distortion, and the flow of latent heat, which lead to domain structure, nonuniform strain,
hysteresis, and often cracking. To avoid these problems we developed a nanomechanical strain
microscope, affording the unique ability to precisely control both temperature and axial stress in
a nanobeam or nanowire. Using it we established for the first time the equilibrium phase
boundaries in VO, (Fig. 1a). We found that the triple point of the R, M1 and M2 phases is right
at the transition temperature (Fig. 1a), which we determined to be T;, = T, = 65.0 + 0.1 °C.
With electrical contacts we also determined the strain dependence of the M1 phase resistivity and
detected the triclinic distortion of M1. The findings have important implications for the
mechanisms of the MIT in VO, and other oxides, and demonstrate the value of this approach for
mastering phase transitions in complex materials.

The diffusion of hydrogen in solids is common and has many ramifications but is poorly
understood. It is strongly affected by inhomogeneity such as grain boundaries and strain, and is
also difficult to monitor. Hydrogen in VO, has recently been found to change the activation gap,
MIT temperature, and color, allowing one to visualize its diffusion with optical microscopy. So
motivated, we have begun to investigate the diffusion of hydrogen in VO,. Using suspended
single-crystal VO, nanobeams we have, for example, determined that diffusion is orders of
magnitude faster along the c-axis, as illustrated in Fig. 1b, and measured the diffusion
coefficient, as illustrated in Fig. 1c.

Figure 2. (a) Optical image of lateral
monolayer  semiconductor  hetero-
structures grown by physical vapor
transport. The darker inner triangles are
MoSe;,; the paler surrounding bands are
WSe,. (c) Photoluminescence map of a
crystal showing enhanced emission
from the heterojunction. (c) High
resolution aberration-corrected TEM
image of the heterojunction obtained at
the University of Warwick, showing
that the junction occurs in a defect-free
honeycomb lattice, with a gradual
replacement of Mo by W in the metal
sites occurring over a few nm.

0

MNormalized PL intensity

2. Monolayer MX, semiconductors

The semiconducting dichalcogenides with formula MX;, such as MoS,, MoSe,, and WSe,,
have recently been recognized as having a direct band gap in monolayer form offering many
potential applications with unique aspects related to strong spin-orbit coupling, acentricity,
valley pseudospin, strong excitonic and many-body effects, and possible combinations in
heterostructures with other 2D materials. We are employing our techniques to understand the
fundamental properties of these materials, in collaboration with the group of Xiaodong Xu (UW
Seattle).

Epitaxial heterojunctions between three-dimensional (3D) semiconductors are the basis of
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modern light-emitting diodes, diode
lasers, and high-speed transistors. We
have synthesized analogous
heterojunctions between different 2D
semiconductors. The seamless lateral
heterojunctions were formed between
monolayer WSe, and MoSe; using
physical vapor transport (PVT), as part
of our continuing efforts in PVT growth

of nanoscale materials including VO,

graphene, nanotubes and MX3s. The

heterojunctions are visible in an optical
162 Microscope (Fig. 2a) and show
enhanced photoluminescence compared
with the homogeneous monolayers (Fig.
2b). Atomically resolved transmission
electron microscopy (performed by Ana
Sanchez, University of Warwick)
reveals that their structure is an
undistorted two-component honeycomb
lattice in which one transition metal is
replaced in the metal sites by the other across the interface on a scale of a few nm (Fig. 2c).
Lateral heterojunctions open up the possibility of band engineering within the 2D plane to make,
for example, 1D quantum wires, superlattices, diodes and transistors.

Among the phenomena we have studied in MX, monolayers is electroluminescence from
lateral p-n junctions (Fig. 3). The junctions were induced electrostatically in monolayer WSe;
using a thin hexagonal boron nitride support as a dielectric layer with a pair of split metal gates
beneath (Fig. 3a). The WSe, shows photoluminescence (Fig. 3b), and photocurrent is generated
at the junction (Fig. 3c). The geometry allows effective injection of electrons and holes, and
combined with the high optical quality of WSe; it yields bright electroluminescence with a low
injection current (down to 1 nA) and smaller linewidth than reported in earlier simple MoS;
devices. The X™ and X trion peaks have different energies so that a map of the peak energy acts
as a map of the majority carrier sign (Fig. 3d).

Figure 3. Monolayer WSe, photodiode and trion LED. (a)
Optical image of a device. n- and p-regions are produced by
oppositely biasing the sides of a split metal back gate
underneath a thin h-BN dielectric supporting the monolayer.
(b) Scanning photocurrent image. (c) Scanning integrated
photo-luminescence image. (d) Color scale map of the peak
electroluminescence energy at 100 K, 20 nA, showing positive
and negative trion peaks in the p- and n-doped contact regions
respectively, effectively mapping the majority carrier type.

Future Plans

1. Structural and time-resolved studies of the MIT in VO,. We will complete studies of the
infrared pump-probe response of single-crystal plates of VO,. We will determine the
polarization dependence and any relationship to crystal shape, as not possible in films and bulk.
We will investigate the coupling of the MIT to optical transitions in monolayers. Using high
resolution TEM we will clarify the structures of the various phases using thin straight nanobeams
mounted under tension. On increasing temperature such nanobeams will pass sequentially
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through all four phases. Questions to resolve include whether the M1-T transitions is continuous;
whether M2 and T are centrosymmetric; the location of the spinodal lines for the R-M1 and R-
M2 transitions; the nature of the interfaces; requirements for nucleation; and roles of defects and
twinning.

2. Scanning magneto-optical studies of monolayer semiconductors. We will continue to
develop facilities for combined scanning optical studies of complex materials in high magnetic
field at low temperatures with environmental and strain control. We will investigate phenomena
in MX, monolayers and heterostructures such as spin-valley-layer coupling, magnetic field
dependence and photocurrent. We aim to improve control of growth of MX, monolayers and
heterostructures and develop better, ambipolar, electrical contacts needed for detailed transport
studies.
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Program Scope

We are developing a fundamental understanding of heterostructured semiconductor-based
photocatalysts for H, generation via water splitting. Our catalysts are composite materials
consisting of light harvesting semiconducting oxides supporting catalytic nanoparticles that
facilitate the transfer of excited electrons/holes for water reduction/oxidation. We are working on
titania and tantalate light harvesting oxides which are functionalized with metal and metal oxide
nanoparticles yielding model systems which are active under ultraviolet light. The H, evolution
is measured in a photoreactor and advanced electron microscopy techniques (including in situ
and operando approaches) are employed to elucidate structure-reactivity relations. We are also
developing and employing high energy resolution electron energy-loss spectroscopy to obtain
new insights from high spatial resolution vibrational spectroscopy and band gap determinations.

Recent Progress

Titania-Based Water Splitting: Figure 1 shows the overall
architecture of the catalysts currently under investigation. The oxide
semiconductor is functionalized with Ni metal and NiO nanoparticles
which act as hydrogen and oxygen evolution sites respectively. The Ni
metal/oxide core-shell architecture suppresses the reverse reaction
because oxygen diffusion to the Ni metal surface is inhibited by the | Figyre 1: Architecture
NiO shell. The core-shell structure is produced by first reducing the | of photocatalyst.
sample to Ni metal and then gently re-oxidizing to form an oxide skin.
The structure and H, evolution of a
s production rate titania based catalyst is shown in
Rl Figure 2. The structure shows a clear
f "*"“..“ core-shell  morphology and the
o hydrogen production rate drops by a
factor of two over seven hours. Electron
o a0 a0 o Microscopy shows that the de-activation
fime {min) is associated with a significant change

in the catalyst morphology. The most
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Figure 2: a) Photocatalyst consisting of Ni/NiO core-shellson | dramatic change is shown in Figure 3a
anatase and H, evolution in liquid H,O. where about 40% of the core-shell
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structure evolves into NiO void structures. No metal remained in these structures resulting in
termination of H, production. About 10% of the core-shells assumed a morphology shown in
Figure 3b. In this case, a NiO layer grew between the TiO