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ABSTRACT: Vacancy dynamics and ordering underpin the electlOscanning

chemical functionality of complex oxides and strongly couple to thgir-beam -
physical properties. In théield of the epitaxial thinfilms, where 44 ‘
connection between chemistry afilch properties can be most clearlyi&4
revealed, the féects related to oxygen vacancies are attractif
increasing attention. In this article, we report a direct, real-ti
atomic level observation of the formation of oxygen vacancies in

epitaxial LaCoQ thinfilms and heterostructures under thiuience of -»\ A
the electron beam utilizing scanning transmission electron microscop .

(STEM). In the case of LaCaBrTiO3 superlattice, the formation of
the oxygen vacancies is shown to produce gfiabke changes in the Oxygen vacancy layer-
interatomic distances, as well as qualitative changes in the symmetr. [110] e [110],
of the Co sites manifested aff-wenter displacements. The onset of

these

changes was observed in both th@(fc and [110pc orientations in real time. Additionally, annular bridigid images

directly show the formation of oxygen vacancy channels alorgjtIdirection. In the case of 15 u.c. LaCptDin film,

we observe the sequence of events during bedoced formation of oxygen vacancy ordered phasesfinddthem
consistent with similar processes in the bulk. Moreover, we recordytiemics of the nucleation, growth, and defect
interaction at the atomic scale as these transformations happen. These resulsrdtentbat we can track dynamic
oxygen vacancy behavior with STEM, generating atomic-level quantitatieemation on phase transformation and
oxygen dff usion.

KEYWORDS: oxygen vacancy ordering, vacancy dynamics, lattice dynamicgjmemabbservation, cobaltite
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Real-time
observation

LaCoO; LaCoO,5

Physical and electrochemical functionalities of transition enhancing primary lattice instabilities, giving rise to morpho-

metal oxides are intrinsically controlled by the static and dynamic tropic-like structures and vacancy-induced polar behdVior.
behavior of oxygen vacanci&s! Oxygen stoichiometry  The corfluence of thesefects can give rise to structural and
controls the oxidation state of the transition metal dfelcés
_molar volume and hence bond lengths and bound angles.
Additionally, ordering of oxygen vacancies interferes with the
| intrinsic symmetry of ferroic distortions,
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Figure 1. Beam-induced oxygen vacancy orderinga@a(y/SrTiO3 superlattice on SrTi@substrate along [100] direction. (A) Sequential Aibfages of
LCO/STO 3x 3 structure on STO before/after beam exposure odentih the corresponding maps of the afiplane interatomic Lala spacings (see

text). (B) Average spacings in the centra) Myer (red curve), adjacent (black curve), andpberal (blue curve) layers within the top LCO blcak a
function of time; green (star) curve gives the ovesaltrage, suggesting that the beam primarily induatistriéution of existing vacancies rather than
vacancy injection. (C) Comparison of the evolutionirieratomic spacings in the oxygen depleted planeheotop (T), middle (M), and bottom (B)

LaCoQs blocks; the diference are attributed toffirences in thickness due to the wedge geometry ofaiin@le. (D) Atomic model of the ordering
transition; La atoms are shown in green, @@0tahedra in blue, and Ca@etrahedra in purple. Scale bars are 2 nm.

metalinsulator transitions and also modify magnetic and have demonstrated that ford.gSr.5Co0s-5 thin films
electronic transport propertiéé.‘9 4o chemical expansivity can be extrapolated down to the atomic
Similarly, the formation and dynamics of oxygen vacancies 2 level, with the interatomic spacing of an individual layer
directly control the electrochemical functionality of oxides in linearly related to local vacancy content. However, while static
applications, such as solid oxide fuel cells, electrolyte structures can be evaluated at the atomic level using multiple
membranes, and oxygen sens’&‘éz Interestingly, many approaches, transport and dynamics at the atomic level have so far
recent results illustrate that reversible vacancy redistribution inbeen inaccessible to local experimental studies, and only
oxides is possible at room temperature and below intheoretical and macroscopically averaged investigations
suficiently high electricfields'3™*° These studies, many of .5 have been report&?.
which emerged in the last several years, suggest that static and ’ Here, we demonstrate that the same level of
dynamic oxygen vacancy behavior is crucial for understanding aqvanced characterization is possible for the dynamic behavior of
the physical functionalities of oxidésEmergent applications  oxygen vacancies, and phenomena, such as crystallization of a
such as electroresistive memort8smemristive systems’ vacancy-ordered phase, dynamics of the antiphase boundelry, a
electrochromic devicejsg’ as well as recently suggested ordered structure evolution, can be observed in real time on an
ionically controlled magnetic structuré%,illustrate the range atomic level. Spedcally, we eXP'Ore vacancy @y dynamics
of practical applications for these phenomena. using two model systems: one with spatially fooed areas of an
The recognized roles of vacancies in bulk oxide function- 0xygen conducting material, namely LaCg&TiOz (5 u.c.
alities have been extensively explored in the context of bulk LCO/S u.c. STO) superlattice, and one where the oxygen
electrochemical and scattering stud]i@s.LocaIIy, the dual conductlng material is not ctined, namely 6 nm thick (15 u.c.)
role of vacancies as charge and disclination centers leads t¢-2C0® film on a LSAT substrate. We observe structure
nontrivial behavior in the vicinity of structural defects and parameter changes as a function of the eleciron beam expasure, a
interfaces. Recently, these have become accessible to electroff€!l d'rleCt chr?ngei in the column occulpanues. These St“d'fs
microscopy studies through observation of ordering patterns,f;:tee rafgi?cegist;rrggg OX%‘Z?’ ar:gni;t%r? \;idbla?tﬁ:seer(\jlssttlgr[:ionos
chemical expansivity-induced lattice strains, changes in : > . ; '
oxidation stgtes, orymarker cations. In particulglogr;,_zgtudies of and lattice occupancies on a single unit cell level.
systems, such as L-&SxCoQp 5, Lai-xSxMnO2 5, and
others?:)"25 have demonstrated that oxygen depleted planes in RESULTS AND DISCUSSION
the vacancy ordered structures are characterized by darkeHigh angle annular darkeld (HAADF) scanning transmission
contrast compared to the planes that are closer to stoichiometricelectron microscopy (STEM) images of the superlattice were
therefore an ordered vacancy distribution can be easily taken along the pseudocubic [100] directigig(re 1A). In this
distinguished from a disordered one. Recently, Kim imaging mode, atomic columns with higher atomic number



La expansion
o] = ————
S 92 sec

E

AR AR
.;..'.,~.\,l.§\l
AAsARaaan

ti-ﬁ.toi.‘\v“" alsd

¢ SeAmm | _’Q,!.Q,?‘Q.Q,?.z’
T ) b AL b b
ovecll o WM, seesse ey
2.4 A YT ITL L L
D ®La ¢Co 0
= & La-la T ' e tozsec & & & § . . ’
8 aal distance 1 L1IT1A17] 1141109 FNNENNSSS S
s D/' d\:tf\u):’c/ 08 = ¥ ol udd ok o i .4 h
RERRREERE : ;| ﬁ\I”Tl“l" 05 WNRRRR R
AR R R R AR %4“F,TAWﬂ1%f3M§  AAARARAAA
® CT 11141 (1404 3 . > Va O B fy
ERRRERERR - o[ [esbed” = 112 SHRNE SR GRS
g, B LI cocoshits] © ¢ WewWeee'wed
~0 0 B, 200

Figure 2. Beam inducedowrdering in LCO observed down the [110] direction. (A) ADF imagesrbeind after exposure showing lattice
expansion (LalLa) as well as in-plane shifts (EGo: yellow arrows). (B),(C) Atomic position maps for-la out-of-plane spacings and
Co—-Co in-plane shift derived from images in A. (D) Averages ofllaaspacing and ffierential of Ce-Co distances plotted as a function
of time, showing that two distortions occur concurrently. (E) Simuttaslg acquired ABF images visualizing the O columns in the LCO
layer. Before beam exposure there are two types of O columnar(degreen arrows), while after beam exposure, oxygen columnstare
observed (more details Figure S2. Scale bars represent 0.5 nm.

Z appear brighter (approximately proportional §§% and so Close examination oFigure 1A reveals several other
the three brighter LCO blocks can be clearly seen between thepatterns. The ordering appears to proceed the fastest in the
dimmer STO layers. Thickness measurements via low-losstop LCO block (T-LCO), and progressively slower in the
electron energy loss spectroscopy show that the sample has middle (M-LCO) and the bottom (B-LCO) blocks.
wedge-type geometry, with thickness in the beam direction Addition-ally, before thedinal ordered state is established,
varying from~11 nm for the outermost LCO block td.8 nm the LCO blocks often show lateral inhomogeneities in
for the innermost oneF{gure S). The three images ifigure ~ vacancy distribution; for example, the vacancy ordered
1A were taken at dierent times during a continuous beam State in the M-LCO is propagating from the left to the right
exposure experiment. To get quantitative insight into beam-Side in Movie S1 This behavior is consistent with a
induced changes, we also use the HAADF images toNhucleation and growth scenario, classical behavior for
determine the positions of the atomic columns; this approachnucléation controlledirst-order transitions. .

to aberration-corrected image analysis has emerged in the past 1€ observed phenomena can be ascribed to either beam-
few years (see, e.g. re#4-35) and can give precisions fise mduged reductlor_1 pf the ma_terlal (creation _of vacancies), or
as 4 pmin STEM® The atomic positions are used to calculate ordering of preexisting vacancies. In any 5-unit cell LCO block,

. . . . . . . _the central layer (layer 3) appears to accumulate vacancies, and
lattice spacings in every unit cell. The resulting lattice spacing her | beh d di h - h |
here each pixel corresponds to one unit cell) areOt er layers behave depending on the proximity fo the centra
maps .(W . pIXel ¢ por layer. We will heretofore refer to the layers adjacent to the center
overlaid with the respective imagesHigure 1A.

) ’ - (layers 2 and 4) as tifadjacent layefs and the layers 1 and 5 as
Comparing the three HAADF images, it can be seen that,ihe “peripheral layefs To gain insight into the nature of the

while the initial contrast inside the LCO blocks is uniform, opserved transformations, we quantitatively examine the evolution
the prolonged exposure to the electron beam over >20 mirvf the lattice spacings in the T-LCO block, averaging over the
(1170 scans) leads to the appearance of dark planes in thgentral layer (red curve), two adjacent layers (black curve), and
middle of each block. The changes are even starker in thewo peripheral layers (blue curve) separately; the green curve
lattice spacing maps: in the initial state, we see only a smallstar) gives the average over the whole blockigure B. Since
variation from LCO to STO, feecting the diference in the Ilattice spacings in these materials are lineatgpendent on
respective lattice parameters. In the intermediate fizad oxygen stoichiometry?®2° this will allow us to see the changes
stages, considerable variation is observed within the LCOjp the total vacancy content as well as its distributiigure B
blocks. The brightest layers in the lattice spacing mapsshows that the average spacing changes very little: from 3.80 to
show the areas of largest lattice expansion and coincide3.87 A. The average spacing in the central LCO layer gradually
with the dark planes in the HAADF images. Comparison increases and then saturates at 4.48 A, indicating oxygen
with previous studies of this and other perovskite systemsdepletion, while the average spacing in the two adjacent layers
allows us to interpret dark/expanded planes as planes withlecrease and saturate at 3.58 A, indicating oxygen enrichment
increased vacancy concentration. The STO layers evidentlycompared to the initial state. These spacing values are very close
corfine vacancy motion to the 5-unit-cell thick LaGpO to those observed for fully tetrahedral (CoO) and fully octahedral

layers, dictating the in-plane character of the ordering. The(CoQz) layers, respectively, in brownmillerite polytypes

full sequence of images and maps is givelavie S1 LapC020s and LaCoz0g.2 "8 The
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Figure 3. Formation and annealing of antiphase-type defecisgdoeam exposure. (A) Sequential ADF images and (B) corresgondin

maps of oubf-plane interatomic Lala distances showing evolution obVWiucleation with a 1 unit cell step/defect along theaftptane
direction and then subsequent dissolution of the defect. Scale bararare

average spacing in the two peripheral layers stays constanbxygen depleted planes will potentially enable us to
at 3.86 A. Given linear behavior of spacing with respect to corfirm the saturation composition of the layer.
composition, these observations suggest that (a) in the Representative HAADF images taken before and after
initial state before electron beam exposure, the LCO in thesustained electron beam exposure are givefigare 2. La-La
LCO/ STO superlattice contains a substantial amount of spacing increases in the middle LCO layer, similar to the
vacancies, with an overall composition around Lage® observations in the [100] direction, can be clearly seen in the map
(8% vacancies), and (b) the impact of the electron beam is" Figure B; the changes happen on a similar time scale. In
primarily in rearrangement and ordering of these existing addition to the La sublattice changes, infinal state we can also
vacancies, with a very small contribution from vacancy see brownmillerite-like changes in Co positions (indicated by
injection. A schematic of the structural transformation arrows in the HAADF image): Co columns shift laterally in
happening during vacancy order-ing is givefrigure D. alternating directions, forming pairs inside the depleted plane (a

Figure IC compares the time dependence of the averagemap of in-plane Co shifts is given iRigure Z). The final
spacings in the middle (oxygen-depleted) layer of the threedifference between larger and smaller-Co distances is 0.52
LCO blocks. While the starting lattice spacing is the same, + 0.15 A. Figure D shows the time dependence of both
and the data almost converge to the sdmal spacing, the LaLa spacing and average Co shift; the two
corresponding to the CoO stoichiometry, the time scalesparameters follow the same approximatefifFpsuggesting
vary by a factor of 12. We believe that this behavior is that these changes are simultaneous.
primarily driven by the dferences in thickness and can be  Further evidence for a fully tetrahedral depleted plane can
explained by considering the most likely mechanism of the pe obtained from the examination of the simultaneously
beam—induc_ed changes, namely kr]ock—on in?eraction of theacquired annular brigiteld (ABF) images Kigure E); ABF
electrons with the oxygen atoms in the lattice. In a zonejmages can visualize oxygen columns along with those of
axis crystal, the intensity seen by any atom site is stronglycations. In the middle layer of the LCO block in the initial
affected by the channeling of the probe along the atomicstate two distinct types of oxygen columns can be seen, one
columns. For a very similar LaMrOcrystal, it was displaced slightly above and one slightly below the cation
calculated that the O atoms located in the Mn/O columnsplane due to octahedral tilts. In tfieal state, however, the
feel a peak electron concentration enhanced by a factor of Soxygen column contrast in the depleted layer is gone, while it
relative to the incident probe intensity, within about 5 nm is still present in the perovskite-like blocks, which is
of the entrance surface, whereas the atoms in the pure Qonsistent with a fully tetrahedral brownmillerite layer where
columns see only a 2-fold enhancement over about 10oxygen columns overlap with Co in the [110] pseudocubic
nm3° Hence in the thinner crystals the knock on damage projection. At intermediate stages of the experiment, we see
rates can be sidiitantly enhanced. that the oxygen columns above the cation plane disafipstar

To get further insight into the structural changes accompanying While the oxygen columns below the cation plane are still
vacancy redistribution, beam-induced ordering was also studied inpresent in the depleted layer (sEigure S3. This result is
the [110] pseudocubic orientation. This orientation allows us to consistent with a recent computational study showing that

observe details of the structure of brownmillefikee oxygen oxygen vacancies are energetically more stable in the position
depleted layers, such as 1D vacancy chafiflend Co above the cation plarf1 .
displacements, due to the formation of tetrahedral LodsH The observations ifrigures land?2 illustrate that the e-beam

Additionally, in the [110] pseudo-cubic direction oxygen irradiation of the LCO/STO superlattice leads to ordering of pre-

octahedral tilts in the perovskite-like layers can be visuafi?ed. ~existing oxygen vacancies in LCO into (001) planes (or, more
These observations will allow us to study ifférent structural ~ Precisely, [110] channels within those planes) with a small
distortions happen gradually or abruptly, and whethéfedint contribution from vacancy injection. Concurrent changes in
distortions happen simulta-neously. Additionally, close La-La spacings, CeCo spacings, and population of oxygen
examination of the structure of the sublattice suggest that this process should be understood as the
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Figure 4. Beam-induced changes in 6 nm Lagedilms on LSAT substrate observed down the [110] direction. (A) SeqlekidF
images and the corresponding-La spacing maps showing the evolution of the structure from a slighflgenédeficient uniform
perovskite matrix to 2:1, and later 1:1, brownmillerite structures. (Bfjil€s of La-La spacing maps for ffierent stages of the beam

exposure experiment, clearly showing the emergence of 2:1themmd 1:1 periodicity. (C) The atomic models for the LaGe®
LaCoOp.67, and brownmillerite LaCo®s5 phases reported during reduction of bulk LES8 scales bars are 1 nm.

nucleation of 1 u.c. thick tetrahedral CoO layers in the perovskite blocks), and later converts into 1:1 brownmillerite;
perovskite matrix containing a sidicant concentration of  these changes are clearly visible in the lattice parameter maps
oxygen vacancies. The time-resolved measurements allowof the images Kigure 4A) and map prfiles given inFigure

the kinetics of this process to be queti and suggest 4B. This evolution is strongly reminiscent of the sequence of
first-order type kinetics with a distinct nucleation phase and yansformations when bulk LCO is reducéist forming

subsequent lateral growth. L
These studies can be expanded further to observe theLaCOOZ'67 and then LaCoQs (see schematic iiFigure

interactions of nuclei formed atfiérent locations. An example of 4C)'37’38Th§ newly generated oxygen vacancies appear to
such an observation is shownFifgure 3 illustrating formation of travel mostly in horizontal direction (parallel to the substrate), and
two distinct brownmillerite nuclei shifted vertically by 1 u.c. with SOmetimes also in the vertical direction, as showfigurre3. We
respect to each other. This kink in the vacancy planééstvely are currently using this information to investigateehergetics of

a segment of antiphase boundary, and is thus associated witfihe oxygen vacancy motion using density functional theory (DFT)
increased energy. As more energy is being pumped into thecalculations. We are further planning to use Dffidings to
system with additional beam exposure, the kink disappears: theenable the control of the direction of oxygen vacancy transport
brownmillerite nucleus on the left splits the originally depleted ysing electron beanfrigure S3.

plane in two, and thé&nal state has two oxygen depleted planes,

e"’TCh with a lower pqpulatlon of oxygen vacancies than theto existing literature. Previously, the ability to image and
original one, but no antiphase boundaries.

These observations directly reveal the atomic-level mecha-quantify static oxygen vacancies in defective perovskites was
nisms underlying macroscopic electrochemical behaviors indemonstrated. In this article we observe dynamic behavior of
these systems. For example, Gle¢ al*® have shown that the =~ OXygen vacancies as they migrate and form under theeirce

expansion due to reduction of LSCO bulk materials shows Of the electron beam, with atomic resolution and in real time.
“hysteresis behavigr including rapid expansion upon a The comparatively small electron probe current in STEM

changeof Po2 with subsequent slow secondary relaxation. Our mode ¢pA), coupled with typical dwell time per pixel of just
in situ Vo ordering experiments demonstratéfeient stages  4-6 ps, provides for the ideal combination of our observation
of vacancy transport and provide a framework for quantitative speed and the process speed, conditions that would be harder
kinetic studies with single unit-cell resolution. _ to achieve using much higher beam current or (nonscanning)
To |IIust_rate this possibility, we conduct a S|mllgr e>_<per|me_nt TEM mode. STEM allows us to directly observe and quantify
on LCO lemi on LSAT substrates; due to epitaxial strain the lattice changes due to the oxygen vacancy formation, as
conditions; """ vacancy ordering in this case is also in-plane, well as dynamic interplay between layers withffeient
providing a good comparison with the superlattice casgire4A oxygen vacancy concentrations (Seigures 3and4). While
shows a set of HAADF images offferent stages of theeam . S
exposure experiment, overlaid with the correspondingobut- preV{Ol{st reported result§ were very useful f.dnnlrag the
plane LaLa spacing maps. Similar to the superiattice case, the Predictions for the energetics of vacancy formation and oxygen
ordered arrangement is quickly established. However, unlike thediffusion in dfferent crystallographic directions, this article
superlattice case, the ordered arrangemefitsisestablished as a  takes us a few steps closer to directly observing iffugion
2:1 brownmillerite polytype (with 2 u.c. paths in their full complexity.

This work represents a sidicant step forward with respect
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CONCLUSION

We have demonstrated that vacancy dynamics and ordering in

oxides can be tracked quantitatively at the single column level

through observation of interatomic strains. Here, we observe

the dfect of the collective motion of oxygen vacancies on the
underlying lattice with atomic resolution, rather than single
oxygen vacancy féect. Our in situ observations demonstrate

nucleation of vacancy ordered planes, dynamics of antiphase
boundaries, and energy-driven splitting of the oxygen vacancy

planes. Furthermore, observations of-Co pairing cofirm
the formation of brownmillerite from vacancy-ordered perov-

skite, allowing solid-state reaction pathways to be separated on

a single unit-cell level. The concomitant changes in the Co

O-Co bond length are also visualized at the atomic scale. We

have observed dynamically the lateral propagation of a

Movie of atomic position maps of La-La spacing
corresponding to Movie SAYVI)

Movie of lattice dynamics of La and Co columns due
to Vo ordering in LaCo@SrTiO3 superlattice along
[110]pc direction @VI)

Movie of ADF/ABF images of vacancy ordering in
LaCoQs/SrTiOg3 superlattice along [11p¢ (AVI)

Movie of lattice dynamic of La and Co columns due
to Vo ordering corresponding to Movie SA(I)

Movie of direct observation of vacancy ordering
channels in LaCo®(AVI)

Movie of ADF image and atomic position map showing the
formation of depleted layer kink in LCO blockVI)

vacancy plane from the nucleation site, as well as interactionAUTHOR INFORMATION

of the two vacancy planes to form brownmillerite structure via
vertical transport. Crucially, the processes we observe follow
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the same general sequence of events as seen in bulk pha%RCID

trans-formations, suggesting that electron beam does no
fundamen-tally change energy landscape of the system bu
rather alleviates some of the energy barriers.

METHODS

Thin Film Synthesis and STEM Sample Preparation. The
LaCoQs/SrTiO3 superlattices and LaCa@hin films were grown on
SrTiOg and La.3Sr.7Al0.65T 20,3903 (LSAT) substrates, respectively, by
pulsed laser deposition under identical processingitons with 200
mTorr Cp at 650°C and maintained with 200 Torro@as down
to room temperature. Film growth was monitored with in situ
RHEED. Prior to deposition, SrTgsubstrates were subjected to
the typical HF-etch process and subsequent anneal at°COf2®
2 h to get the atomicallylat TiOp-terminated surface. LSAT
substrates are annealed at 10Q0for 2 h to improve the surface
quality. Samples for STEM analysis were prepared in cross

t
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sections oriented along the 100 and 110 pseudocubic directions

using precision polishing followed by Ar ion milling.

STEM Imaging and Analysis. Aberration corrected STEM
imageswere recorded using Nion UltraSTEM 200, operate@Q#t
kV and equipped with a Gatan fitnum electron energy loss
spectrometer (used for collecting thickness infdfomain Figure S).

To performin situ observation of oxygen vacancy ordering, we
collected the sequential images via continued soérise regions of
interest in LaCo@ film or superlattice. The details of scanning
conditions for data sets corresponding to efeglire are given in the
Table S1 Regardless of the zone axis orientation of thé®ISTO
superlattice sample, similar behavior was obse¢sedMovie S1 and
Movie S3. Moreover, vacancy ordering was also observedguain
100 kV Nion UltraSTEM under similar scanning conafig. Atom
coordinates were determined via cemiémass rénement method;
see more details iBupporting Information

ASSOCIATED CONTENT

Details of experimental conditions for dynamic STEM

imagaing, EELS thickness measurement of Wrdering
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