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ABSTRACT Novel physical functionality enabled by nanoscale control of materials has been the
target of intense scientific exploration and interest for the last two decades, leading directly to the
explosive growth of nanoscience and nanotechnology. However, this transition to nanometer scales also
blurs the boundary between classical physical and electrochemical phenomena, due to smaller transport
lengths, larger chemical and electrostatic potential gradients, and higher surface/volume ratios. While
well-recognized for many decades in areas such as ferroelectricity, these phenomena remained largely
outside the realm of condensed matter physics studies. Here, we offer a perspective on the role of
electrochemical phenomena in the nanoscale physics of correlated oxides and summarize the challenges

for local characterization of these behaviors.

he rapid development of condensed

matter physics and materials science

in the last century has furnished man-
kind with a deep understanding of the laws
and paradigms that control nature around
us, with such areas as semiconductor and
quantum physics, magnetism, optics, and
ferroelectricity all becoming open for ex-
ploration. Many of these areas evolved from
conceptual discoveries to real world devices
and applications, with the field of semicon-
ductors arguably having the most impact,
having given rise to modern information
technologies, lasers that enabled modern
communications, and nuclear magnetic re-
sonance in medicine, to name but a few.'
Some areas, such as quantum computing??
and spintronics,** are presently developing
from the concept to the prototype stage. As
for the others, early phenomenological dis-
coveries have led to decades of fundamen-
tal research, with such prominent examples
as the physics of disordered magnetics and
ferroelectrics.® Together, advances in ma-
terials synthesis, characterization, and theory
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have established this gamut of scientific
disciplines that now underpin modern tech-
nical civilization.

The more recent hallmark of our time is
the explosive growth in nanoscience and
nanotechnology. While the conceptual frame-
work for the field was outlined by R. Feynman
in his celebrated lecture “There is plenty
of room at the bottom”, it was the develop-
ment of readily available benchtop instru-
mentation, most notably scanning probe
and electron microscopies, that enabled
rapid experimental progress in multiple
laboratories worldwide.” According to the
programmatic documents for the national
nanotechnology initiative, “nano” is defined
as novel structural, optical, magnetic, and
electronic properties induced by atter
confinement® The interface between the
nano- and physical sciences has spawned or
reinvigorated multiple areas of research, in-
cluding the physics of heterophase bound-
aries, tunneling barriers, quantum electronics,
and nanocarbon. However, in many of these
areas, it is typically understood that nanoscale
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Figure 1. (a) Fiebig—Spaldin diagram showing the interrelationship of electric field E, magnetic field H, and stress o
controlling the electric polarization P, magnetization M, and strain ¢, in multiferroics.'® Reprinted with permission from ref 18.
Copyright 2005 American Association for the Advancement of Science. (b) Physics of multiferroics can change dramatically
when mobile ionic species are considered, which adds a new dimension to the physics. Here, 1 is chemical potential and c is
concentration. The base of the tetrahedron in (b) is equivalent to (a).'® Reprinted with permission from ref 19. Copyright 2012

Cambridge University Press.

phenomena will affect the physical
properties of matter, for example,
through changes in bonding and
minute distortions from ideal posi-
tions that constitute order param-
eter fields, charge carrier distribu-
tions that couple to magnetic and
semiconducting properties, confine-
ment effects on electronic structure,
and so on. The implicit assumption
is that the matter itself, that is, the
number and connectivity of atoms, is
constant during the manifestation of
physical property.

However, a prominent aspect of
nanoscale systems is that the con-
straints on chemical invariance that
are well-defined for macroscopic
systems are relaxed in nanoscale
systems, blurring the boundary be-
tween physical and (electro)chem-
ical phenomena. This overlap is par-
ticularly pronounced in the field of
correlated oxides. These materials
have remained on the forefront of
physical research for the past 25
years,”'® and oxides, like the man-
ganites with giant magnetoresistance
and phase separation, cobaltites with
intricate high-low spin transitions, fer-
rites, nickelates, and others are the
same materials that have been ex-
plored for decades in solid oxide fuel
cell (SOFC) applications.”’'® Solid-
state electrochemists are often more
focused on chemical and ionic trans-
port behavior, including the param-
eters defining gas—solid reactions,
vacancy transport and ordering, and
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coupling between ionic and elec-
tronic electrochemical potentials,
than on the particular physics of the
system.'*"® There are notable excep-
tions, of course, such as the pioneer-
ing work of Mitchell et al, who de-
monstrated that during the growth of
La;_,Sr,MnOs crystals, just a four-
order change of magnitude in the oxy-
gen partial pressure has as large of an
effect on the structures grown, as
does changing the doping level by
30%.'® Furthermore, oxygen nonstoi-
chiometry is known to play a critical
role in the superconductivity of many
cuprates, such as La,CuO,4, 5."” How-
ever, this conceptual boundary be-
tween electrochemical and physical
studies is often justified. Solid oxide
fuel cells operate at the tempera-
tures well above 500 °C, where both
oxygen reduction/evolution reactions
and ionic transport are enabled,
whereas most physical studies are
performed at low temperatures,
where quantum phenomena can
be explored.

However, the situation changes
dramatically with nanoscale sys-
tems. Indeed, SOFC operation im-
plies current densities on the order
of 1 A/cm? through 10—100 um of
material (cathode, electrolyte, anode)
under (chemical) driving forces of
~1 eV. In comparison, scanning
probe microscopy measurements
(e.g., conductive AFM) or the opera-
tion of tunneling barriers typically
imply biases of 1—10 V, often applied
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across a few nanometers of material.
Even static objects such as ferroelec-
tric domain walls or oxide—oxide
interfaces will be associated with
significant electrochemical poten-
tial gradients. Unlike SOFCs, signifi-
cant changes in physical properties
can be expected even if only a small
number of vacancies (e.g., ~0.1/unit
cell) migrate on the time scale of days
at room temperature and below. Sim-
ple estimates of diffusional mobilities
suggest that this is entirely possible.

The obvious question is whether
the ionic motion can affect physical
functionalities. In this respect, it is
instructive to consider the famed
Fiebig—Spaldin diagram'® shown in
Figure 1a, which illustrates the pri-
mary manifestations of multiferroic
behavior and is directly tied to the
resurgence of this field (primarily for
oxide materials) in the last several
years. For systems with a varying
number of ionic species, it is neces-
sary to add an additional chemical
degree of freedom—for example, the
concentration of oxygen vacancies.
Notably, the couplings between
chemical and physical functional-
ities will often be much stronger
than those between physical func-
tionalities per se. For example, while
bias-induced strains in ferroelectrics
and multiferroics (P—o coupling) rarely
exceed fractions of 1%, chemical
strains can be readily manifested
on the 3—-30% levels and even
higher for phase change processes.
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Figure 2. (a) Structure for oxygen adsorption on PbTiO3/SrRuOs. (b) Results from a 10 nm PbTiOs/SrRuO; heterostructure,
showing responses to changes in oxygen partial pressure. Reprinted with permission from ref 25. Copyright 2009 American
Physical Society. (c) Measured temperature—oxygen partial pressure diagrams for PbTiO3/SrRuOj3 heterostructures with three
different PbTiOj; thicknesses.>* Reprinted with permission from ref 34. Copyright 2011 American Physical Society.

The interesting corollary to this is that,
unlike electronic carriers, vacancies
effectively couple to the molar vol-
ume of material and hence open an
effective channel for strain relaxation
in inhomogeneous systems. Hence,
bias—strain coupling mediated by
ionic transport will (for systems with
mobile ions) be expected to be much
stronger than direct piezoelectric
or electrostrictive effects. Similarly,
changes in the redox state of metal
cation will significantly affect the
magnetic properties of a system,
and so on.

Given the obvious impact of oxy-
gen vacancies on the physics of
transition metal oxides, the natural
questions are: how do we probe
these effects experimentally and
theoretically, and can such effects
can be harnessed for applications?
In answering these questions, it is per-
tinent to note that electrochemical
effects on functionality are often
observed indirectly, and direct prob-
ing of the oxygen vacancy concen-
tration or the stoichiometry in gen-
eral on the mesoscopic and atomic
levels remains elusive. In this Per-
spective, we provide an overview of
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electrochemical effects in the physics
of oxides, describe strategies used to
study them, and discuss how such
knowledge can affect future scientific
development.

In this Perspective, we
provide an overview of
electrochemical effects
in the physics of oxides,
describe strategies used
to study them, and
discuss how such
knowledge can affect
future scientific

development.

Indirect Evidence for Electrochemical Phe-
nomena in the Physics of Oxides. An
early example in which the impor-
tance of (surface) electrochemical
phenomena was recognized is fer-
roelectricity. A ferroelectric is a ma-
terial that can exhibit nonzero bulk
polarization and can be switched
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between two or more equivalent
states by an external electric field.°
The presence of nonzero polariza-
tion, P, in the bulk necessarily im-
plies the presence of nonzero polar-
ization charge, o = P-n, where n is
the normal vector, at surfaces and
interfaces. Remarkably, the free en-
ergy associated with uncompensated
polarization charge scales as the cube
of system size, L* (similar to bulk terms),
as opposed to L2 scaling for classical
surface terms. These depolarization
field effects were predicted to desta-
bilize the polar phase in ferroelectrics,
leading to obvious contradictions
with the experimental observations.
To resolve this paradox, it was pos-
tulated that polarization charges
are screened, that is, compensated
by extraneous charges with screening
lengths much smaller than L. Under
the influence of semiconductor theory,
the field of ferroelectric semicon-
ductors has emerged, analyzing
the interplay between band bend-
ing and polarization phenomena.?’
Interestingly, while it was realized
early on that polarization charge
can be also compensated by surface
electrochemical processes (e.g., the
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adsorption of charged ions), few sys-
tematic theoretical or experimental
studies were undertaken.

The situation changed dramati-
cally in the past decade, spurred on
by advances in surface-sensitive scat-
tering techniques, scanning probe
microscopy, and first-principles the-
ory. Notably, the presence of polar
adsorbates on oxide surfaces®>
and their coupling to ferroelectric
stability*> %’ and polarization dy-
namics?® 32 are now well-recognized,
providing a broader context for this
model. In 2006, it was shown that for
the prototypical ferroelectric material
PbTiO3, ionic adsorbates could sta-
bilize the monodomain polarization
state.?® In 2009, the same group
from Argonne National Laboratory
demonstrated that varying the
composition of the gaseous envi-
ronment could be used to switch the
polarization direction.?> Specifically,
epitaxial PbTiOs; films grown on
conducting SrRuO; were uniformly
polarized in the positive direction
(along the surface normal) after
growth of the film by metal—organic
chemical vapor deposition (MOCVD).
This result was in sharp contrast to
films grown directly on insulating
SrTiOs, which exhibited 180° stripe
domains.3?® The observation of posi-
tive polarization suggested the exis-
tence of a layer of negative screening
charge at the PbTiOs surface. This
layer could originate from any num-
ber of species in the MOCVD environ-
ment, but density functional theory
(DFT) calculations suggested that the
likely ion was oxygen, bonded to Pb
in the topmost PbO surface, as shown
in Figure 2a. The importance of oxy-
gen was elucidated in the 2009 study,
where it was observed that high oxy-
gen partial pressures led to positive
polarization and low oxygen partial
pressures led to negative polariza-
tion. The polarization change was
found to be reversible, enabling con-
struction of the well-known butter-
fly and hysteresis loops, not as a
function of applied field but rather
of oxygen partial pressure, as shown
in Figure 2b. A natural assumption is
that, since an oxygen ion can screen
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the positive polarization, the loss of
oxygen can screen the negative
polarization. This is consistent with
the observation of a (4 x 1) surface
reconstruction in the low oxygen
partial pressure condition:>> one oxy-
gen vacancy per four surface unit
cells would provide sufficient com-
pensating charge for the magnitude
of the observed PbTiO; polarization.
According to the DFT results, a per-
fectly stoichiometric surface favors
the nonpolar state.

A more recent publication de-
monstrated that, at intermediate oxy-
gen partial pressures, the PbTiOs film
cannot stabilize a monodomain state
and must either remain paraelectric
or form stripe domains, depending
on the temperature (Figure 2¢)3* At
sufficiently high temperatures, this
leads to the interesting phenomenon
of ferroelectric switching without
domain formation,*> which has only
been observed with an ionic com-
pensation mechanism. As discussed
by Highland and colleagues,®*3¢
if simple Langmuir adsorption/
desorption of doubly charged oxy-
genionsisincorporated into a ferro-
electric polarization model based
on Landau—Ginzburg—Devonshire
theory, one can calculate a polariza-
tion phase diagram similar to one
the shown in Figure 2c.

In parallel, strong evidence in
favor of ionic compensation was
obtained in the context of scann-
ing probe microscopy (SPM) studies
of ferroelectric domains by Kelvin
probe force microscopy (or scan-
ning surface potential microscopy).
Studies by Kalinin and Bonnell, mo-
tivated by the observation of ferro-
electric domains and phase transi-
tions, demonstrated a unexpected
increase of domain-related poten-
tials (preserving relative signs) above
the ferroelectric phase transition with
subsequent slow relaxation,”>*” be-
havior that can be understood only
by postulating screening of polar-
ization charges by adsorbed ionic
species® A complementary result
was the observation of temperature-
induced domain potential inversion
upon cooling, an effect enabled by
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the momentary increase of polariza-
tion charge compared to the screen-
ing charge. Similar behaviors were
observed at grain boundaries in
oxides,*® during tip-induced electrifi-
cation of (nominally conductive)
oxide surfaces,>?* and in lateral bias
experiments on oxide surfaces,”
pointing to the ubiquitous presence
of ionic screening charges.

Notably, the effects linked to sur-
face charge dynamics can strongly
affect other measurements. For ex-
ample, applications in ferroelectric
data storage have motivated a num-
ber of experimental studies of tip-
induced domain dynamics,*>** as
well as the development of asso-
ciated thermodynamic and kinetic
theories, typically in the context of
purely physical models. However,
studies of phenomena such as back-
switching®? have hinted at possible
surface compensation mechanisms,
and recent studies of humidity
and atmospheric effects**** on tip-
induced domain dynamics provide
strong evidence of ionic screening,
in agreement with the thermody-
namic analysis by Morozovska.*®
Overall, polarization switching for
oxide surfaces in the presence of
water layers is probably best de-
scribed as a physical polarization
switching process coupled to the
surface electrochemical process of
dissociative water adsorption. Simi-
larly, domain growth in the tip field
can be controlled by the lateral
spreading of charged ionic species
injected at the tip—surface junction.
Elucidation of the relative contribu-
tions of physical and electrochemi-
cal processes will be required for
future progress.

Given the important role surface
electrochemistry plays in ferroelec-
trics, it is natural to assume that it
will be significant for other (non-
switchable) polar systems. A para-
digmatic example is the LaAlOs—
SITiO3 (LAO—STO) system renowned
for the two-dimensional electron gas
(2DEG) at its interface, unique mag-
netotransport and superconductive
properties, and amenability to local
control (charge writing). The unique
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physical properties of LAO—STO
were originally interpreted in the
context of polar catastrophe,*® that
is, the transfer of surface electrons
to the interface at a certain critical
thickness and the formation of an
interface charge layer. The alternative
mechanism for 2DEG formation is
chemical cationic intermixing at the
interfaces, that is, the formation of
metallic La-doped SrTiOs.*”~*° Final-
ly, a number of authors consider the
formation of oxygen vacancies>®>*
on the LAO surface or segregation
from the bulk as integral to the pro-
cess. Recently, a number of experi-
mental studies have elucidated the
role of charged surface adsorbates
(water cycle mechanisms) on LAO—
STO switching.>>~®° A theoretical ef-
fort by Bristowe et al.®" analyzed the
dynamic formation of surface vacan-
cies as a mechanism for charge writ-
ing and formation of the 2DEG in
LAO—STO.

Here, we briefly comment on
bulk electrochemical phenomena
in the physics of nanoscale systems.
These phenomena were long ex-
plored in the context of ferroelectric
fatigue®*®* and, more recently, io-
nic transport in ferroelectrics. How-
ever, more widespread attention to
these phenomena has been stimu-
lated by recent advances in elec-
troresistive systems, following the
seminal work of Strukov.** Electrore-
sistance in a very broad range of
materials, including TiO, and the tita-
nates, NiO, Nb,Os, HfO,, and many
others, is invariably linked to field-
induced ion dynamics and solid-state
electrochemical processes. %>~ De-
pending on the specific aspects of
the system, these transformation
fronts can be either uniform or un-
stable, thus giving rise to filamentary
switching phenomena. Recently, ex-
tensive studies of these phenomena
were reported in the context of resis-
tive switching in transition metal oxi-
des such as SrTiOs%° and BiFe0;.”°
Notably, the electric fields involved in
resistive switching are very close to
those reported for ferroelectric tun-
neling barriers. While the ultimate
mechanisms can be resolved only
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with atomically resolved scattering
and electron microscopy studies,
these estimates suggest that elec-
trochemical mechanisms should be
considered when interpreting re-
sults. Furthermore, more complex
couplings are possible.”!

Finally, nontrivial electrochemi-
cal effects can occur at internal in-
terfaces such as ferroelectric and
ferroelastic domain walls. This has
been explored theoretically since
the 1960s,%7® but advances in
SPM now permit direct experimental
probing of the physical properties of
a single wall. The discovery of en-
hanced domain wall conductivity by
Seidel et al.” has stimulated exten-
sive theoretical efforts, which have
enabled the identification of multiple
causes for interfacial conductivity, in-
cluding symmetry-induced band gap
reduction,” carrier segregation,”®~ 78
and so forth. However, observa-
tions such as conductance hyster-
esis at ferroelectric domain walls”®
and one-dimensional vortex/anti-
vortex cores®® have demonstrated
the importance of slow polarization
dynamics and oxygen vacancy seg-
regation.2"®? These studies indicate
that oxygen vacancies play signifi-
cant roles in wall conductivity. Fur-
thermore, they provide numerous
examples of hysteretic and memory
effects that cannot be explained by a
simple picture of static wall conduc-
tance but are fully consistent with the
concept of dynamic wall conduc-
tance and vacancy accumulation.

There are many other examples
of the (discovered) role of surface
and near-surface electrochemical
processes, such as piezoresistance
in silicon nanowires®* and hyster-
esis in carbon nanotube transis-
tors®*8> and graphene®®’ transis-
tors. Researchers have also shown
that the electrical double layer at
the interface between an oxide sur-
face and an ionic or polar liquid can
be used to induce electronic phase
transitions,2%° and Xie et al. de-
monstrated that polar adsorbates
at the LaAlOj3 surface can be used
to control the conductivity of the
LAO—STO interface buried several
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nanometers below.”® Recent work
by Cheong’® and Skowronski®® sug-
gests that vacancy redistribution in
oxides is possible even at room
temperature and below in suffi-
ciently strong electric fields. Overall,
the examples above suggest that
electrochemical effects play a large,
if not readily verifiable, role in phy-
sical behaviors on the nanoscale.
Whenever significant time effects,
hysteresis, and abnormally strong cou-
plings are observed, and if the nature
of the systems allows for possible
electrochemistry, these mechanisms
should definitely be considered
along with more classical physics-
based interpretations.

What We Want To Know. The multi-
ple examples of electrochemical
phenomena in solids and surfaces/
interfaces raise the obvious ques-
tion of why these phenomena have
not been explored more. One pos-
sible argument is that the impor-
tance of point defects in these
materials (other than growth im-
purities) has not been fully recog-
nized, particularly by those focused
on ground-state behavior. However,
the second, and probably more im-
portant, answer is that these (electro)-
chemical degrees of freedom are ex-
ceedingly difficult to control—often
the presence and character of surface
species, defect concentrations, and
other vital parameters are difficult
to access experimentally. Obviously,
both static defect distributions as
well as their dynamics during physical
measurements are relevant. Whereas
at macroscopic scales these phenom-
ena are amenable to classical electro-
chemical methods,”"*? this is not
the case for nanoscale systems. Be-
low, we attempt to summarize the
potential of current experimental
methods to explore these phenom-
ena locally.

Scanning Probe Microscopy. Much of
the progress in chemistry, surface
science, catalysis, and solid-state
physics in the last two decades is
related to development of scanning
probe methods.” In areas where quan-
titative measurements are possible,
new scientific areas have emerged,
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Figure 3. Scanning tunneling microscopy (STM) imaging and spectroscopy of Las,;sCaz/;sMnOs surfaces. The surface shows
two main structures (~/2 % +/2)R45° (a) and (1 x 1) (b) depending on the experimental conditions. The correlations and the
unit cells of the two structures are marked in (c) with blue dots for (\/2 X \/2)R45° and red dots for (1 x 1). (d) Side view of the
stick and ball models for the two structures, with red, large blue, and small blue balls representing Mn, O atoms located atop
the MnOg octahedra, and O at the MnOg layer, respectively. (e,f) Exact same position before and after mechanical scratch with
a STM tip. (g) Scanning tunneling spectroscopy (STS) current—voltage (/—V) curves obtained from the two structures. Image
sizes are (a,b) 16 nm x 12 nm; (c) 13 nm x 8 nm; (e,f) 18 nm x 18 nm. Reprinted with permission from ref 98. Copyright 2009

American Physical Society.

most prominently molecular unfold-
ing spectroscopy for studying the
kinetics and thermodynamics of single-
molecule reactions®® and piezore-
sponse force microscopy and spec-
troscopy of ferroelectrics.>*~% By
comparison, in areas such as nano-
mechanics, where quantitative non-
invasive measurements by SPM are
hindered by topographic effects,
progress has been markedly slower
as compared with nanoindentation-
based techniques®’ that allow quan-
titative measurements, albeit at larger
scales. The other important areas of
SPM applications are those that en-
able atomic-resolution imaging, in
which case even semiquantitative
data are sufficient to gain a deep
understanding of the atomic and
electronic structure of surfaces.
Notably, the vast majority of SPM
methods are near-field in nature—
meaning that the signal generation
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Much of the progress in
chemistry, surface
science, catalysis, and
solid-state physics in
the last two decades is
related to development
of scanning probe

methods.

volume is centered at a tip—surface
junction and the penetration depth
is commensurate with lateral reso-
lution. In other words, if the lateral
resolution of a ferroelectric domain
wall as seen by piezoresponse force
microscopy is ~30 nm, the electric
field penetration depth in the ma-
terial is ~15 nm (depending on
the dielectric anisotropy). Similarly,
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if scanning tunneling microscopy
(STM) images surface with atomic
resolution, the signals are domi-
nated by the top 1—2 atomic layers.

We now consider the feasibility
of SPM studies of vacancy dy-
namics. On the atomic level, the
observability of vacancies requires
stable surfaces that are static (ie.,
extant vacancies should be stable
during imaging). A beautiful ex-
ample of such work is illustrated
in Figure 3.°® Here, a Las/;sCas/s-
MnO5(001) (LCMO) thin film was
grown using pulsed laser deposi-
tion (PLD) and transferred in situ to
the STM chamber. The atomically
resolved imaging allows observa-
tion of the (v/2 x +/2)R45° recon-
struction formed by oxygen atoms
and vacancies in a checkerboard
pattern. Annealing of the surface
at low oxygen partial pressure yields
the reduced 1 x 1 surface, while at
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higher pressures, a 2 x 2 and other,
more complex reconstructions are ob-
served. Interestingly, scanning with a
STM tip can also remove oxygen
adatoms. Most remarkably, this pro-
cess is associated with a metal—
insulator transition of the surface in
the area with injected vacancies,
as can be seen from STM current—
voltage (/-V) curves in Figure 3.

This study illustrates several com-
plementary concepts. For the solid-
state electrochemist, this is direct ob-
servation of oxygen vacancies on a
manganite surface, which are directly
responsible for the oxygen reduc-
tion/evolution reactions that under-
pin SOFC functionality,’" and hence
represents a pathway to study va-
cancies at the atomic level. For the
electrical engineer, this is a demon-
stration of electroresistive switching
at the nanometer scale, illustrating
the ultimate scalability limits of
these devices. For physicists, this is
an illustration of the role of local
oxygen stoichiometry on physical
properties. One can only speculate
what the full implications of these
studies may be. For example, if me-
chanical manipulation by the tip
can change the local stoichiometry
and couple to the metal—insulator
transition and, at the same time,
oxygen stoichiometry affects polar-
ization (Figure 2), it is conceivable
that tip manipulation of oxygen
atoms in a mesoscopic experiment
can cause ferroelectric switching (as
was observed recently®®).

Despite the spectacular potential
of such studies, these experiments
are extremely time-consuming. Suf-
fice it to say that atomically resolved
imaging of in situ PLD-grown oxide
surfaces was achieved only in a
limited number of cases, %0712
whereas classical surface prepara-
tion techniques are applicable only
for a limited number of oxides (most
notably the titanates). Second, atom-
ic-resolution imaging requires vacan-
cies to be static, necessitating tem-
peratures well below the operation
regimes of SOFCs and where rele-
vant materials properties, reaction
mechanisms, and physical behavior
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can differ significantly from those
relevant to ionic functionality.

An alternative approach for
probing vacancy-controlled behav-
iors can be based on mesoscopic
SPMs that are sensitive to vacancy
flows (much like STM is sensitive to
electronic flow), bringing forth the
challenge of ionic current measure-
ments on the nanoscale. Traditional
electrochemical detection methods
rely on conversion between ionic
and electronic currents and are dif-
ficult to scale directly to the nano-
meter level due to the large ionic
impedances and the presence of
stray electronic currents. An alterna-
tive solution is the detection of strains
in a material induced by changes
in vacancy concentration (Vegard
strains), a technique referred to as
electrochemical strain microscopy
(ESM).'91937195 gimple  estimates
suggest that this approach enables
probing electrochemical response
on the nanometer scale, many orders
of magnitude below classical electro-
chemical strategies.'®'%” Notably,
measured strain responses in ESM
are directly proportional to the num-
ber of transferred ions, thus providing
information similar to classical elec-
trochemical strategies.

Electron Microscopy: Electronic Spec-
troscopy, Ordering, Expansivity. After
the implementation of aberration
correction in electron microscopy,
characterization of the atomic and
electronic structure of the materials
became possible at an unprece-
dented level of detail. Single atoms
can now be detected and identified
via imaging'®® and spectroscopy,
both by electron energy loss spec-
troscopy (EELS)'® and energy-dis-
persive X-ray spectroscopy (EDX).'°
Using EELS fine structure analysis,
changes in oxidation states and co-
ordination environments of the ele-
ments can be tracked column by
column in materials as diverse as
stripe-ordered manganites,'”" other
mixed valence compounds,'? and
layered oxides.'*'™ Increased sig-
nal-to-noise in the images has also
enabled unit-cell by unit-cell studi-
es of structural distortions, thus
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permitting the mapping of order
parameters such as strain,'"> "’
polarization,''®'"®~"2! and octahe-
dral tilts''”'22'3 with atomic-scale
resolution. Notably, these observa-
tions rely on the quantitative inter-
pretation of the image of the primary
lattice, whether it is a direct measure-
ment of spacings or a specific devia-
tion from some ideal model. Direct
imaging and quantification of oxygen
vacancies, which generate no pri-
mary signals of their own, are ne-
cessarily more challenging.

Oxygen vacancies can be tracked
indirectly by examining local com-
position and oxidation states as re-
flected in the fine structure of the
EELS edges of oxygen and the sur-
rounding cations or the overall inten-
sity of the oxygen K EELS edge.'*~ 1%
These results can be interpreted in
conjunction with the available struc-
tural and theoretical information
about the studied system to reveal
evidence of nanometer-scale electro-
chemical phenomena. For example,
in work by Cantoni et al,'*® the
strain distribution around BaZrOs
(BZO) nanocolumns in the matrix
of the superconductor rare-earth
REBa,Cus0;_s (REBCO) was investi-
gated. Figure 4a shows the overall
view of the interface of one BZO
inclusion, with copper planes/chains
in REBCO ordering along the direc-
tion parallel to the interface. From the
image, it was possible to quantify
the in-plane lattice parameter and,
hence, strain, as a function of the
distance from the interface. However,
the observed profile diverged con-
siderably from the one expected
theoretically (Figure 4b), such that
predicted high strains close to the
interface were not observed. From
EELS studies of the interface, it be-
came apparent that the region im-
mediately adjacent to the interface
contained lower oxygen concentra-
tions (Figure 4c, note alignment with
Figure 4b). Therefore, in this system,
oxygen vacancies are injected into
the near-interface region to alleviate
excess strain, exemplifying a process
occurring along the o—u axis of the
tetrahedron in Figure 1b.
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Figure 4. Oxygen vacancy studies by electron microscopy. (a) High-resolution Z-contrast STEM image of the sectioned BZO
nanocolumn in superconducting REBCO matrix; (b) comparison between analytically calculated strain (blue dots) and
experimentally derived strain (red squares); the experimental strain is obtained from interatomic distances within the yellow
box in (a). (c) Integrated intensity profile of O—K EELS edge across the same region as (b), given on the same scale; red arrows
highlight correspondence of the oxygen-depleted region to the region of decreased strain. (d) HAADF image of a vacancy-
ordered LSCO film, with overlapping HAADF profile (teal) and oxygen K EELS edge intensity profile (green); oxygen-depleted
planes are highlighted with arrows. (e,f) Lattice spacing/local oxygen concentration maps for () LSCO/NGO and (f) LSCO/LSAT
films, illustrating differences in overall oxygen concentration and local degree of disorder. Adapted with permission from refs
128 (a—c) and 141 (d—f). Copyrights 2011 American Chemical Society and 2012 Nature Publishing Group, respectively.

Progress in spectroscopic tech-
niques notwithstanding, possible
imaging-based methods for oxygen
vacancy detection are still being re-
lentlessly pursued. For example, the
feasibility of local vacancy concen-
tration measurements via matching
the observed intensities to high-
resolution transmission electron mi-
croscopy (HRTEM) simulations was
demonstrated for BaTiOs grain bound-
aries.'?® Other researchers have
pointed out correlations between
the low-angle annular dark-field im-
age signal and signatures of oxygen
vacancies in the EELS fine structure
in reduced SrTiOs, thus suggesting
the former as a visual vacancy de-
tection tool.*® However, neither of
these approaches has yet proven
sufficiently general to develop into
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a quantitative tool. Tantalizingly, in
some systems, notably nonstoichio-
metric perovskites and brownmiller-
ites where oxygen vacancies order in
the alternating [001] pseudocubic
planes,'®' ordering is manifested as
image contrast in high-angle annular
dark-field (HAADF) images, such that
oxygen-poor planes appear darker
than those that are more oxygen-
ated.”®>7'3% Using high-resolution
HAADF imaging and theoretical si-
mulations for the (La,Sr)CoOs_, sys-
tem, this effect was demonstrated
to result from the combination of the
increased Debye—Waller factors of
the cations in the oxygen-depleted
layers and lattice expansion caused
by vacancy accumulation.’®? The
latter phenomenon deserves further
exploration.
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Progress in
spectroscopic
techniques
notwithstanding,
possible imaging-based
methods for oxygen
vacancy detection are
still being relentlessly

pursued.

Chemical expansivity is well-known
in the field of solid-state ionics, as
exemplified by the expansion of
most oxygen-conducting materials
in a reducing atmosphere.'3”~13°
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The expansion can be detected by
dilatometric methods (see, e.g., refs
138 and 140), with expansion scal-
ing linearly with respect to the log
of oxygen partial pressure. In work
by Kim et al,'*' the chemical ex-
pansivity concept was extended to
the atomic level, demonstrating
that the local lattice spacing mea-
sured from HAADF images can be
directly connected to the local oxy-
gen concentration. The study eval-
uated two (Lag 5Srg5)Co03_, (LSCO)
thin films grown under the same
conditions on different substrates
with very similar lattice parameters
but different tilts: (La,Sr)(Al,Ta)Os
(LSAT) (the a%a%a® Glazer tilt system)
and NdGaO; (NGO) (the a—a c*
system).'*? Both films showed lat-
tice parameter modulations; EELS
studies showed that the modula-
tions were associated with oxygen
vacancy ordering (Figure 4d) such
that the integrated intensity of the
oxygen edge decreased for the dar-
ker CoO,_, planes. Detailed struc-
tural studies demonstrated that the
LSCO/NGO film had the composi-
tion (Lag 55rg5)C00, 5. The LSCO film
grown on LSAT exhibited smaller
lattice expansion. First-principles cal-
culations showed that, for this system,
the spacing of the depleted CoO,_,
layer increases linearly as more vacan-
cies are injected; the theoretical
dependence, which agreed with ex-
perimental measurements for CoO
and CoO, layer compositions, was
then used as a calibration curve to
translate lattice spacings into local
oxygen content (Figure 4e[f). The
average composition for the film
grown on the LSAT substrate was
determined to be (Lag55rp.5)C005 75,
and its vacancy distribution was
more inhomogeneous, highlighting
the sensitivity of the method to both
absolute changes and relative disor-
der. Interestingly, in this study, a subtle
structural effect (different octahedral
tilts in the substrate) produced major
changes in film composition, high-
lighting the fact that oxygen vacan-
cies are intimately connected to all
structural and physical aspects of the
oxide materials.
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Note that a similar approach—
interpreting structural signals as ev-
idence for the presence of vacan-
cies by employing first-principles
calculations—can also be used for
specific oxide interfaces, where va-
cancies can affect not only lattice
spacings but also polar cation dis-
placements.'*>'** It has also been sug-
gested that oxygen vacancy behavior
can be described by mesoscopic the-
ories similar to those developed for
ferroic materials, and local studies of
defects can help find gradient terms
for free energy expansions that are
not available from bulk measure-
ments.”’ Theoretical models of this
sort are especially important for sys-
tems where multiple physical and
chemical processes are occurring at
the same time, such as polar oxide
interfaces. For example, it was de-
monstrated by Cantoni et al.'* that
careful analysis of the structural and
EELS information at the LAO—STO
interface allows the unambiguous
separation of three different contri-
butors to interface behavior, namely,
cation polarization by interface charge,
cation interdiffusion, and oxygen
vacancy injection.

X-ray Methods: Scattering and Spec-
troscopy. Much like for the electron
microscopy studies described above,
the sub-angstrom resolution of X-ray
scattering can provide information
on relative oxygen vacancy concen-
trations. Furthermore, with in situ
X-ray scattering, changes in oxygen
vacancy concentrations can be probed
dynamically. However, it should be
noted that the degree of expansivity
varies considerably among the differ-
ent oxides (eg., it is negligible for
Sr'I"|O3).146’147 In nanoscale systems,
the oxygen vacancies tend to couple
with strain and interact with phase
boundaries. As shown by Donner
et al.,'*® epitaxial strain in LagsSros-
Co0;5_, thin films can lower the
oxygen vacancy formation energy,
thus promoting higher vacancy
concentrations and vacancy order-
ing. Furthermore, nanoscale struc-
tures allow short equilibration times
such that vacancies can quickly move
from one phase to another. This can
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occur even during the growth pro-
cess. For example, using in situ X-ray
scattering during PLD, Ferguson
et al."® found that, after reaching
a critical thickness, the vacancies pre-
sent in an oxygen-deficient over-
layer of SrTiOs_s migrate to the
underlying Lag ;Sro3MnOs layer, caus-
ing the formation of the oxygen-va-
cancy-ordered brownmillerite phase.
It should be emphasized that the use
of techniques that allow direct mea-
surement of the lattice response
while varying the oxygen partial pres-
sure'371%0157 o an electric field'>? is
highly advantageous, as it allows one
to isolate the origin of the volume
change, of which there can be many
in complex oxide materials.
Measuring the shift in the Bragg
peak position can provide informa-
tion on changes in the average oxy-
gen vacancy concentration, but this
approach lacks the ability to resolve
vacancy distributions. For model
single-crystal systems, this can be re-
medied by measurement and ana-
lysis of the crystal truncation rods,
which represent the Fourier trans-
form of the three-dimensional (3D)
electron density of the sampled vol-
ume. Through curve fitting'*® or the
use of phase retrieval methods,'>*'>>
one can reconstruct a 3D electron
density map of the sample, much
like the microscopic techniques de-
scribed above. Here, the use of hard
X-rays permits the in situ study of
electron density distributions at
high temperature and in varying
oxygen partial pressure environ-
ments. However, large data sets
need to be acquired, typically
limiting the time resolution of mea-
surements to several hours. Further-
more, these studies have high spa-
tial resolution along the sample
normal but average the electron
density over the lateral dimensions
of the probed volume. Therefore,
high spatial resolution along the
lateral dimensions requires a micro-
or nanofocused beam that may be
scanned across the surface. Fratini
et al. used scanning microdiffrac-
tion to map inhomogeneities in
the organization of oxygen defects
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in superconducting La,CuO,_ s, and
this group has recently shown that
the X-ray beam itself can be used to
control the degree of interstitial oxy-
gen ordering."*®'*’ Focusing meth-
ods can be combined with phase
retrieval techniques to image nano-
structures directly both externally
and internally, whichis an active area
of research'® and is helping to drive
the development of light sources
around the globe.

X-ray scattering techniques can
be indispensable when charge re-
structuring involves the formation
of ordered structures because in situ
X-rays can be used to observe or-
dering dynamically. For example,
the real-time studies of PbTiO; chem-
ical switching described above®
showed that the reconstruction peak
due to oxygen vacancy ordering ap-
pears just as the PbTiOs film switches
to the negative polarization state.
Similarly, in situ X-ray studies of oxy-
gen adsorption on Cu(001) surfaces
found that oxygen ordering takes
place (forming a ¢(2 x 2)-O adlayer)
as soon as a half monolayer of oxy-
gen is adsorbed onto the surface.'*®
Such measurements, however, de-
pend on the exact scattering condi-
tions. For instance, the adsorption
of oxygen on top of the Pb atoms
in the PbTiO5 surface, as in Figure 2a,
would result in negligible changes in
the scattering.

Another in situ X-ray approach is
to use spectroscopic methods, such
as X-ray absorption spectroscopy
carried out at either the oxygen or
a cation absorption edge. For mate-
rials with a multivalent cation like
SrCoOs_s, X-ray absorption near-
edge structure (XANES) measure-
ments of the cobalt edge can be
used to determine oxygen vacancy
concentrations.'®*'®" Such measure-
ments of the cation K-edge can be
conducted in situ with varying oxy-
gen partial pressure.'®! The effect of
oxygen nonstoichiometry can also
be found at the oxygen K-edge,'®®
but here, the low X-ray energy typi-
cally prohibits ambient pressures
and in situ investigations. A nice
example of the power of modern
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spectroscopic techniques was de-
monstrated by Lenser et al,'®?
who recently used a microfocused
beam to map Fe XANES spectra
through the electrode of a resis-
tively switched Fe-doped SrTiOs
epitaxial film. This allowed them to
determine the location and approx-
imate size of the main conducting
filament, which was composed of
Fe oxygen vacancy defects.

The spectra of low-Z elements
can also be investigated with in-
elastic X-ray scattering (IXS) tech-
niques.’®*'%* Since inelastic pro-
cesses can probed using hard
X-rays, this permits the examination
of elements with sub-keV binding
energies even in high-pressure en-
vironments. Fister et al.'®® have re-
cently extended the technique to
demonstrate high surface sensitiv-
ity using grazing incidence angles.
This allowed them to distinguish
the oxygen K-edge spectrum from
a 10 nm thick LaggSrg4CoOs film
versus that from the underlying
SITiO3; substrate. However, quanti-
tative extraction of oxygen vacancy
concentrations remains difficult. As
noted above, this issue can be ad-
dressed through the ongoing efforts
to incorporate larger defect structures
into ab initio computational theory.

In this Perspective, we aimed to
provide a (necessarily brief) overview
of the roles of vacancies and electro-
chemistry on physical studies. While a
number of studies in disparate areas of
physics have elucidated the role of
surface electrochemistry in physical
systems, a much larger body of work
ignores the possibility of electroche-
mical processes and assumes constant
(and often even ideal) stoichiometries.
While generally the case for bulk sys-
tems, nanoscale systems, whether sur-
faces, interfaces, or tunneling barriers,
can often exhibit electrochemical re-
sponses that dominate relatively weak
physical coupling mechanisms.

The systematic exploration of these
phenomena requires instrumental,
theoretical, and conceptual devel-
opments. From the instrumental
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perspective, SPM, scattering techni-
ques, and electron microscopy all
can provide information relevant to
vacancy dynamics. However, the
separation of electrochemical and
physical responses is possible if the
chemical degrees of freedom can
be controlled and varied during ex-
periment. This separation requires
in situ studies, in which electroche-
mical potentials of mobile species
are defined and surfaces are in dy-
namic equilibrium with the environ-
ment, rather than relying on the
kinetic stabilities of materials. From
the theoretical perspective, meso-
scopic and atomistic theories inte-
grating physical and electrochemical
degrees of freedom are required.
Perhaps most important is the
role of conceptual understanding.
The transition to nanometer scales
blurs the boundaries between clas-
sical, physical, and electrochemical
phenomena, due to smaller trans-
port lengths, larger chemical and
electrostatic potential gradients,
and higher surface/volume ratios.
Whenever a new and exciting phy-
sical behavior is observed, perhaps
the question should be—which as-
pects are due to physics and which
to electrochemistry? Gaining this
knowledge will provide new and
powerful ways to control and to

tailor materials at the nanoscale.
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