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Octahedral tilt relaxation decoupled from lattice parameters in epitaxial perovskite oxide films
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Epitaxial strain in perovskite oxide thin films is conventionally understood through lattice parameter mod-
ulation, characterized by the c/a ratio of the pseudocubic cell. However, internal atomic arrangements such
as octahedral tilting can relax independently, a phenomenon that has remained largely unexplored. Here, we
demonstrate that electrochemical operation induces internal structural relaxation in epitaxial Laj7Srg3Co0;
films while in-plane lattice parameters remain pinned to the substrate. Synchrotron x-ray diffraction reveals that
prolonged electrochemical treatment drives the octahedral tilt mode from the as-grown strained configuration
toward the bulk structure without conventional lattice parameter changes. This relaxation is enabled by ionic
oxygen migration during electrochemical reactions, which reduces energy barriers between structural configu-
rations. Our findings reveal a relaxation pathway in epitaxial oxides that operates independently of conventional
lattice parameter relaxation, and demonstrate the importance of monitoring internal atomic arrangements under
operating conditions. This establishes electrochemically driven ionic migration as a versatile tool for controlling
internal structure in epitaxial oxides, opening opportunities for designing strain-engineered functional materials.

DOI: 10.1103/72nx-sczv

I. INTRODUCTION

Epitaxial perovskite oxide films provide a versatile plat-
form to explore functionalities beyond those of bulk crystals
via epitaxial strain [1-4]. Conventionally, epitaxial strain is
understood in terms of lattice parameter modulation caused by
lattice mismatch: the in-plane lattice parameters of the film are
constrained by the substrate, while the out-of-plane parameter
adjusts through Poisson’s effect [5,6]. This framework, often
described by the c/a ratio of the pseudocubic cell, has been
widely used to tune magnetism [7,8], ferroelectricity [9,10],
and transport properties [8,11].

Yet, lattice parameters alone cannot fully capture the
structural complexity of transition metal oxides. Octahedral
tilting and bond-length modulation critically influence elec-
tronic states and macroscopic functionality [12—15]. Despite
their importance [16-24], direct x-ray structure analysis of
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epitaxial films using a sufficient number of Bragg reflections
remains limited [25]. The broader landscape of lattice relax-
ation in perovskites therefore remains incomplete.

Epitaxial films are inherently metastable, with their as-
grown structure representing a kinetically trapped configu-
ration [26]. Structural relaxation toward more stable states
can occur when energy barriers are reduced. Within ox-
ide thin films, such barrier reduction may be facilitated by
ionic migration under electrochemical conditions, as seen
in oxygen-vacancy diffusion and related processes [27-29].
Whether electrochemically driven ion migration can trigger
internal structural rearrangement—specifically changes in oc-
tahedral tilting—while maintaining epitaxial coherence with
unchanged lattice parameters remains an open question.

La;_,Sr,CoO; (LSCO) provides an ideal platform to in-
vestigate this question. LSCO is a prototypical perovskite
exhibiting rich structural complexity, including multiple oc-
tahedral tilt modes [30,31], and has been extensively studied
as both a correlated oxide [32-34] and an oxygen-evolution
catalyst [31,35-43]. During electrochemical operation, lattice
oxygen participates in the catalytic reaction [35,37], creating
conditions for oxygen ion redistribution. LSCO thin films are
also known to undergo sudden catalytic deactivation during
prolonged operation [36], yet whether internal structural evo-
lution contributes to this phenomenon has remained largely
unexplored.

Published by the American Physical Society
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Here we examine epitaxial LSCO thin films before and af-
ter extended electrochemical treatment. Our structure analysis
reveals a previously unrecognized relaxation mechanism: the
octahedral tilt mode evolves toward the bulk structure while
in-plane lattice parameters remain pinned to the substrate.
This finding demonstrates that ionic migration under electro-
chemical conditions can drive internal structural relaxation
without conventional lattice parameter changes, establishing
a pathway for strain accommodation in epitaxial oxides inde-
pendent of conventional dislocation-mediated relaxation. This
finding has broad implications: it demonstrates that electro-
chemical operation can be used to deliberately control internal
structure in epitaxial films, providing a postgrowth tuning
mechanism, which is inaccessible through conventional ther-
mal or mechanical processes.

II. EXPERIMENTS

Forty-nanometer-thick epitaxial Lag;Srg3CoOs (LSCO)
films were grown on SrTiO3; (STO) (001) substrates (10 x
10 x 0.5 mm) by the pulsed laser deposition (PLD) method.
A Nd:YAG laser was used to ablate the LSCO target with
a fluence of 1.3 Jem™2 and a repetition rate of 2 Hz. The
growth temperature was 873 K under an O, pressure of 0.1 Pa.
The film thickness was controlled by the deposition duration
(approximately 40 minutes).

Electrochemical treatments were performed on a piece of
the LSCO film. A beaker-type electrochemical cell (VB1500,
EC FRONTIER, Japan) was used for this process. The work-
ing electrode was the LSCO/STO film mounted in a sealed
sample holder (AE9-3, EC FRONTIER, Japan). A platinum
wire and an Ag/AgCl electrode served as the counter and ref-
erence electrodes, respectively. The electrolyte was 0.1 mol/L.
KOH aqueous solution. All electrodes were connected to a
potentiostat (Electrochemical Measurement System HZ-7000,
HOKUTO DENKO, Japan), and the electrochemical measure-
ments were conducted in the stand-alone mode. Open circuit
potential (OCP) measurements, cyclic voltammetry (CV)
measurements, and chronoamperometry (CA) measurements
were performed sequentially on the sample. The potential
scan rate for the CV measurements was set to 20 mV/s. The
CA measurement was carried out at +0.7 V for 1 hour. This
treated sample is referred to as PO7-1h. An additional sample
without electrochemical treatment was prepared as a control
sample and referred to as the pristine (PR) sample.

The out-of-plane lattice parameters and epitaxial qual-
ity of the two films were characterized by x-ray diffraction
(X’Pert MRD system with PIXcel3D two-dimensional detec-
tor, Malvern Panalytical, Netherlands). A Cu x-ray source was
used, and all the measurements were performed in the air at
room temperature.

Bragg reflection intensities over a wide reciprocal space
range for structure analyses were measured using the x-ray os-
cillation photograph method at BL-8B of the Photon Factory,
KEK, Japan. The energy of the incident x-ray was 16 keV.
The sample surface was inclined at approximately 2° to the
incident x-ray beam, and all measurements were performed
in air at room temperature. A large two-dimensional pixel ar-
ray detector (PILATUS3 S 1M, DECTRIS, Switzerland) was
used. Images were collected at 0.1° intervals around the w axis

over a total range exceeding 90°. The measurements covered
up to v/h2 +k?=4.7 and [ = 2.5 for PR and 2 for PO7-1h,
using pseudocubic indexing. In order to extract integrated
intensity of the film Bragg reflections from the oscillation
photographs, substrate Bragg reflections were masked. The
photographs were then converted to reciprocal space vol-
ume maps. The intensities of reflections coming from 1 x
1 x 1 unit cells were obtained by three-dimensional fitting,
while those of other reflections were obtained by numerical
integration.

Structure analyses were performed by using Bayesian
inference and the exchange Monte Carlo (MC) method, im-
plemented in our modified version of CTR-structure [44,45].
The cost function E(®) = —]lvlnP(®|Iobs), where P(O |1 ,,s)
denotes the conditional probability of structure parameters
© under the condition of observed intensity I, and N de-
notes the number of data points, was monitored throughout
the MC calculations. The structure ® providing lowest E
is the most probable structure [44,45]. The structure model
of the 2 x 2 x 2 LSCO unit cell was constructed based on the
Glazer classification [46,47] of octahedral tilting.

X-ray absorption spectroscopy (XAS) measurements were
performed at the BLO7U and BLO8U beamlines of Nan-
oTerasu, Japan. The spectra from O K edge (520-570 eV)
and Co Ls, edge (770-810 eV) were acquired in partial flu-
orescence yield (PFY) mode by monitoring the O K,, and Co
L,» emission lines using a silicon drift detector; The probing
depth in the PFY mode is 50-100 nm, which exceeds the film
thickness. Therefore, Co XAS provides the information of the
entire film, and O XAS measures a noticeable amount of sub-
strate as well as the entire film. All spectra were normalized by
setting the pre-edge intensity to zero and the average postedge
intensity to unity.

III. RESULTS AND ANALYSES

The working electrode current as a function of potential
(i.e., CV) is presented in Fig. 1(a). The current density in-
creased sharply around 4-0.6 V, indicating that the threshold
potential for the oxygen evolution reaction (OER) of this film
is approximately 4-0.6 V. Figure 1(b) shows the result of CA
measurement at +0.7 V. The current density dropped rapidly
to almost zero after about 700 s, indicating that the OER
had stopped. This piece of sample was labeled as PO7-1h.
A similar current drop during OER has also been reported
previously [36], demonstrating that this catalytic deactivation
is intrinsic. The abrupt current drop indicates that the catalyst
undergoes a substantial change during operation, although
the origin of the deactivation cannot be identified from the
electrochemical data alone [36]. To determine whether this
deactivation is accompanied by structural changes, detailed
x-ray diffraction measurements were performed on the two
samples: pristine (PR) and P07-1h.The out-of-plane lattice
parameters and epitaxial quality of the two films were charac-
terized by x-ray diffraction. Peak profiles of the pseudocubic
002 Bragg reflections for the PR and PO7-1h samples are
shown in Fig. 2(a). Reciprocal space maps measured around
the 103 peaks for both samples are shown in Fig. 2(b).
The maps demonstrate that the in-plane lattice parameters
are locked to that of the substrate (3.905 A), regardless of
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FIG. 1. (a) CV curve. The potential region where the OER occurs
is highlighted. The blue dashed line indicates the potential (4-0.7 V)
used for the CA measurement. (b) CA curve. The current density
dropped at approximately 700 s.

the electrochemical treatment. The out-of-plane pseudocubic
lattice parameters (cpe) for thfe PR and PO7-1h samples are
3.80875(15) A and 3.8437(2) A, respectively. A lattice expan-
sion of 0.9% was observed for PO7-1h, strongly indicating that
a structural change occurred in this film after the prolonged
electrochemical treatment.

Since the lattice expansion in oxide films is often regarded
as a signature of oxygen vacancy introduction [48,49], we per-
formed x-ray absorption spectroscopy (XAS) measurements
to examine the Co oxidation state, as shown in Fig. 2(c). The
Co L3, edge showed no significant evidence of enhanced
oxygen vacancy concentration in the PO7-1h sample. This
indicated that the lattice expansion observed in PO7-1h origi-
nated from a different mechanism rather than from increased
oxygen deficiency. The only noticeable change in the XAS
spectra was an increase in the signal around 529 eV, which
corresponds to the f,, unoccupied states; PO7-1h exhibited a
larger #,, unoccupied state density than PR. The increase in
signal around 529 eV was found only at the position where the
electrochemical treatment was applied, showing the effects
of the electrochemical operation on the electronic state (see
the Supplemental Material [50] for details). Co L-edge XAS
indicated that the oxidation state of Co was very close to 3+
with a slight trace of the 44 component. The nominal valence
of Coin La;_,Sr,Co0O;3_s is 3 + x — 24. Therefore, the upper
limit of § in this LSCO film is estimated to be x/2 = 0.15.

Wide-range reciprocal space maps atthe / = 1 and [ = %
planes for the PR and PO7-1h samples are presented in Fig. 3.
The diffraction patterns are plotted on a logarithmic scale
for the hk1 planes and on a linear scale for the hk% planes.
Thermal diffuse scattering was observed around the strong
substrate Bragg peaks in panels (a) and (d). In addition, dif-
fuse streaks are clearly visible on the hk% planes shown in
panels (b) and (e), originating from the STO substrate [51].
Other than the diffuse scattering from the STO substrate, film
Bragg reflections were observed in the vicinity of the substrate

Bragg reflections and at the positions characterized by the
wave vector (%, %, %)pc. All these film Bragg reflections can
be indexed by a 2 x 2 x 2 unit cell. The reflection condi-
tions for these two samples were identical: the even-even-even
(reciprocal lattice points for the pseudocubic cell, eee) and
odd-odd-odd [(%, %, %)pc positions, ooo] reflections exhibit
finite intensities, except for the hhh reflections (h = 2n + 1).
The observed diffraction condition indicated that the detailed
structure taking into account the octahedral tilt was described
by a2 x 2 x 2 unit cell without any cation displacement [16].
Based on this, we used Glazer notation [46,47] to represent the
octahedral tilting modes. According to the reflection condi-
tions, the tilt mode in Glazer notation is described by a= b~ ¢,
while they may exhibit higher symmetry. The octahedral tilt
angles along the a, b, and ¢ directions are denoted as ¢,, @5,
and ¢, respectively, as illustrated in Fig. 4(a).

Structure analyses were performed based on the Bragg
intensities derived from the reciprocal space maps. The total
numbers of eee and ooo reflections used in the MC analysis
for the PR (P0O7-1h) sample were 20 and 58 (22 and 44).
The number of eee reflections is limited due to overlap with
intense substrate Bragg reflections. The structural parameters
refined in this analysis were the scale factor, the octahedral tilt
angles (¢,, ¢p, and ¢.), and the isotropic atomic displacement
parameters [Biso(A), Biso(B), and Bjso(0)]. The (001) surface
of the STO substrate has fourfold rotational symmetry about
the ¢ axis and mirror symmetry with respect to the (100)
and (110) planes. In contrast, the structure models of LSCO
film under a~ b~ ¢~ tilting mode do not necessarily possess
these symmetries, which can result in possible twinning. The
intensity distribution of the ooo reflections from the LSCO
film was found to exhibit the same symmetry as the STO (001)
surface. Therefore, a uniform twin ratio was assumed in the
MC analyses.

The tilt angles ¢,, ¢p, and @, derived from the MC analysis
are shown in Figs. 4(b) and 4(c), which display the probability
density distributions for these parameters. The corresponding
values for bulk La; _,Sr,CoO3 (x = 0.3) [52,53] are plotted as
open symbols for comparison. The tilt angles (¢,, ¢s, ¢.) for
the PR and PO7-1h samples were [7.0(5)°, 0.0(11)°, 3.8(3)°]
and [5.1(5)°, 5.1(5)°, 4.8(4)°], respectively, indicating that
their tilt modes were a~bh°c™ and a~a~ ¢, respectively. Since
x-ray diffraction is sensitive to the periodic structure, the ob-
served tilt-mode transition reflects a change in the entire film
rather than a surface-limited structural modification. The fit-
ted isotropic atomic displacement parameters were Bjs,(A) =
3.4(4) A2, Biw(B) = 3.3(9) A2, and By, (0) = 2.28(15) A2
for PR, and Bis,(A) = 3.9(5) A2, Bi,(B) = 3.3(9) A%, and
Bis0(0) = 2.4(3) A? for PO7-1h. These values are larger than
those of bulk perovskites (for LaCoO3 at 300 K, 0.28 Az,
0.29 A2, and 0.47 A? for La, Co, and O, respectively [54])
by a factor of five to ten, but are comparable to the values
reported for perovskite thin films or ultrathin films (~2 A2
[25,43]). The larger Bjs, values for the cations compared with
the oxygen site may result from the limited number of eee
reflections used in the MC analysis. In particular, scattering
from the B-site ions contributes only to the eee reflections,
resulting in larger uncertainty in the B-site parameters.

MC analyses fixed at a~b°c~ and a~a~ ¢~ modes were
also performed to the datasets of the PR and PO7-1h samples,
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FIG. 2. (a) 6-26 profiles across pseudocubic 002 Bragg reflections for the (black) PR and (red) PO7-1h samples. (b) Reciprocal space maps
around STO 103 reflection. Both samples indicate that the films are fully strained to the substrate. (¢) XAS spectra measured at (top) Co Ls »

edge and (bottom) O K edge.

respectively. The resulting plots of the cost functions E(®) =
—%,lnP(®|I obs) are presented in Figs. 4(d) and 4(e). The
inferred structural parameters show a clear preference for the
the a~b°c~ distortion mode in the PR sample and the a~a~ ¢~
distortion mode in the PO7-1h sample, with the difference ex-
ceeding the uncertainty associated with the analysis. Figures
4(f) and 4(g) demonstrate the observed intensity Iops + 10%
vs calculated intensity I + 102 (10% was added to show
forbidden reflections on the log-scale plot) based on the re-
sulting structure model of the PR (a~ 5%~ mode) and P07-1h

- _ = Wl —Teare|
(a~a” ¢~ mode) samples. The R values (R = Zb—ﬁml) of

the PR and PO7-1h samples are 0.108 and 0.129, respectively.
These values are comparable to the previous report on the
perovskite oxide thin film using isotropic atomic displacement
parameters [55].

The structural parameters of the bulk [52,53], PR, and
PO7-1h samples are summarized in Table I. The film struc-
tures differ from that of the bulk by having in-plane Co-O
bond lengths (d’s) approximately 2% longer. This elongation
is caused by tensile strain from the substrate. The structural
response to tensile strain observed here differs markedly from
that reported for LaNiOj thin films [18,25]. In LaNiOs, tensile
strain reduces ¢, and increases ¢, = ¢}, to accommodate the
Ni-O bond length within the shortened ¢ axis. In contrast,
both PR and PO7-1h exhibited large ¢, values despite the
substantial tensile strain. This difference may originate from
the flexibility of Co-O bond lengths, which arises from the
high degree of freedom in the electronic states of Co.

IV. DISCUSSION

We first discuss the increase in the 529 eV feature observed
in the O K-edge XAS spectra from the structural point of

view. The structural refinement revealed an expansion of the
CoOg octahedra, corresponding to an increase in the average
Co-O bond length. This structural change can be interpreted
as an increase in the high-spin component of the Co ions. The
high-spin component provides unoccupied f,, states, which
promote electron transfer from oxygen ligands to Co ions,
thereby increasing the ligand-hole concentration [56]. The
enhanced pre-edge intensity around 529 eV is consistent with
this picture.

The most significant finding of this study is the uncon-
ventional nature of the observed relaxation. Conventional
structural relaxation in epitaxial films typically manifests as
changes in the in-plane lattice parameters from the substrate
value toward the bulk value. In contrast, the relaxation ob-
served here under electrochemical conditions involves no

TABLEI. Structural parameters of bulk La;_,Sr,CoO; (x = 0.3)
[52,53], PR, and PO7-1h samples. Pseudocubic lattice constants (apc,
by, ¢pe), Co-O-Co bond angles (6,,5,), and Co-O bond lengths (d, »,.)
along the a, b, and ¢ axes, and CoOg octahedral volumes are listed.

Structural parameters bulk [52,53] PR P0O7-1h
Ape A) 3.83057 3.905 3.905
by A) 3.83057 3.905 3.905
Cpe A) 3.83057 3.80875(15) 3.8437(2)
6, (deg) 166.6(3) 172.1(8) 166(2)
0, (deg) 166.6(3) 164.1(10) 166(2)
0. (deg) 166.6(3) 165.9(10) 165.2(13)
d, (A) 1.928(1) 1.9572(9) 1.968(4)
d, (A) 1.928(1) 1.972(2) 1.968(4)
d. (A) 1.928(1) 1.919(2) 1.938(3)
CoOg volume (A%) 9.5556(16) 9.87(2) 10.00(3)
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where either £ or k is integer.

such lattice parameter changes but instead reflects rearrange-
ments of the internal atomic structure. This demonstrates a
fundamentally different relaxation pathway enabled by elec-
trochemical driving forces.

We now discuss the mechanism underlying this distinct
relaxation behavior. Epitaxial films are inherently metastable.
During film growth, a kinetically stabilized structure forms
at the interface. The octahedral tilt mode in the as-grown
film represents a local minimum of the free energy, sepa-
rated from other local minima and the global minimum by
potential barriers, as illustrated in Fig. 4(h). Electrochemically
induced relaxation occurs when these barriers are reduced.
During the OER, oxygen ions in LSCO participate in the
water-splitting reaction through a lattice oxygen mechanism
[35,37]. This oxygen-ion migration, even without net oxygen
loss, transiently modifies the local coordination environ-
ment and reduces the energy barriers separating different tilt
configurations. The system can thus access alternative struc-

tural states while maintaining epitaxial coherence with the
substrate.

This relaxation mechanism is likely not limited to LSCO
but may be general to epitaxial perovskite oxides under
electrochemical conditions. Moreover, the principle of elec-
trochemically driven barrier reduction may extend beyond
perovskites to other epitaxial oxide systems where ionic
migration occurs under operating conditions. This suggests
that internal structural relaxation could be a widespread but
previously overlooked phenomenon in functional oxide thin
films.

In oxide electronics, electron transfer integrals and ex-
change interactions depend sensitively on B-O-B bond angles
and octahedral connectivity, influencing a wide range of
functional properties. Even within a single material compo-
sition, different tilt modes imposed by substrates can lead
to distinct electronic band structures and transport proper-
ties [18,57]. The electrochemically driven tilt-mode transition
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and PO7-1h (a”a™¢™) represent different local minima separated by a potential barrier. Electrochemically induced oxygen movement (cyan
arrows) lowers this barrier, enabling tilt-mode transition between the two configurations.

demonstrated here introduces a route for postgrowth elec-
tronic structure tuning.

V. CONCLUSION

We have demonstrated a form of structural relaxation in
epitaxial perovskite oxide thin films driven by electrochemical
operation. Epitaxial Lag75r93CoO3 films grown on SrTiOs;
substrates exhibit a CoOg octahedral tilt mode distinct from
that of bulk LSCO. After prolonged electrochemical treat-
ment, the tilt mode and tilt angles converge to those of the bulk
while the in-plane lattice parameters remain unchanged, es-
tablishing that electrochemical processes can induce internal
structural relaxation without conventional lattice parameter
relaxation.

The mechanism involves ionic oxygen migration dur-
ing electrochemical reactions, which reduces energy barriers
between structural configurations. This relaxation pathway
represents a dimension of structural control in functional
oxide thin films inaccessible through conventional ther-
mal or strain-driven processes. This work establishes the
importance of monitoring internal atomic arrangements,
not just lattice parameters, when designing and operat-

ing functional thin films for energy conversion and other
applications.
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