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ABSTRACT

Tuning of the oxygen vacancy channels (OVCs) ordering is crucial to control ionic conduction, which has much promise in energy materi-
als and memory devices. Brownmillerite (BM) oxides have been proven to be an ideal playground for exploring the modulation of OVCs
through external stimuli. In the BM-SrCoO, 5 thin films, we observed that in-plane compressive strain promotes horizontal OVCs, while
in-plane tensile strain facilitates vertical OVCs. The modulation of the OVCs can also be made through electric biasing utilizing the piezo-
strain. The selective regulation of the orientation of the OVCs in BM-SrCoO, 5 thin films through strain engineering will significantly
enhance the development and implementation of functional features for ion transport and migration-related functionality.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0249995
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I. INTRODUCTION phase transition.””"” The topotactic phase transition in SrCoOj
between the insulating-antiferromagnet BM-SrCoO, 5 (SCO,5s) and
the metallic-ferromagnet P-SrCoO; (SCO3) end members promotes
these materials in a wide range of applications, such as solid-oxide
fuel cells, neuromorphic computation, Mottronics, memory
devices, and smart window materials.” "

Tuning the physical and chemical properties of orthorhombic
BM oxides is significantly influenced by the regulation of their
OVCs. The BM structure features alternating octahedral (Oy,) and
tetrahedral (Tq4) layers, with the Ty layers containing fully ordered

Oxygen vacancies in transition-metal oxides (TMOs) signifi-
cantly affect electronic device performance. For instance, solid-oxide
fuel cells, memristors, field-effect transistors, and gas sensors are
governed by the chemical potential of oxygen vacancy formation
and their transport. ™ Oxygen vacancies are also thought to be
involved in fatigue and other processes for high dielectrics and ferro-
electric constants.® Understanding the atomistic oxygen transport
mechanisms in TMOs requires knowledge of the distributions of

oxygen vacancies in the system. Oxygen vacancies are not just  oyygen vacancies that create one-dimensional OVCs."*"'* The BM
defects in materials; they play a significant role in influencing the structure has variable lattice constants with respect to the crystal
mechanical, optical, electrical, and catalytic properties of materials.”” axis; hence, it is noteworthy that a different crystal plane of the sub-
High degrees of oxygen vacancy ordering and alternate cation  strate is used to obtain a distinct orientation of the OVCs of the BM
sequences lead to the formation of oxygen vacancy channels (OVCs) films on the substrate. Furthermore, direct evidence of the function
that offer quick pathways for oxygen transport, enhancing the kinet- of oxygen vacancies and surface structure in the surface oxygen
ics of processes such as surface exchange and oxygen ion diffusion.” exchange process may be obtained by the selective exposure of

In this context, brownmillerite (BM) oxides are particularly oxygen vacancies through orientation control.” In addition to its
interesting for their ability to host a high density of well-organized entwined structural, electronic, and magnetic properties, BM-SCO, 5
OVCs at typical perovskite (P) lattice sites through the topotactic demonstrates a fascinating tunable electrical and magnetic phase via
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strain in thin film form.'*™' Various factors, such as surface energy,

the crystallographic orientation of the substrate, and epitaxial strain,
can influence the OVC ordering,”

The OVCs in the BM structure are tilted 45° with respect to
the chain of the T4 units, and by changing its orientation, a greater
ionic conductivity may be obtained along the OVCs.® When the
orientation of the OVCs is regulated to maximize the catalytic
activity and ionic transport, this anisotropic crystal structure can
offer an open-structured surface that is catalytically beneficial. The
OVCs created in these structures facilitate rapid ionic diffusion and
ion storage, offering potential applications in fuel cells, rechargeable
batteries, oxygen separation membranes, and solid-oxide fuel
cells.”** The OVCs have also a significant impact on magnetic
anisotropy and the resistive switching response in memristors.””*
Furthermore, solid solutions based on spin-crossover materials can
also be utilized in solid-oxide fuel cells and solid-oxide electrolysis
cells due to their high oxygen mobility and favorable structural and
electronic characteristics.”” Thus, a deeper comprehension of the
oxygen-diffusion mechanism at the microscopic level would signifi-
cantly enhance the development and implementation of functional
features for energy conversion and anion insertion applications.

In earlier studies in SrCoOj systems, researchers employed
liquid ion gating (ILG) to switch the OVCs from horizontal to ver-
tical.” In this study, we divulge that the OVCs can be changed via
strain tuning by growing the thin films on various single crystal
substrates, producing different strain conditions on the BM-SCO, 5
thin films. It is observed that BM-SCO, 5 thin films grown on sub-
strates such as (LaAlOs)g3(SraTaAlOg)g; (LSAT) and SrTiO;
(STO), which produce in-plane compressive strain, result in hori-
zontal OVCs in the system, referred to as H-SCO,s. """
However, for the SCO thin film deposited on substrates like [Pb
(Mg1/3Nby/3)O03]0.70-[PbTiO3]030 (PMN-PT) and BaTiO; (BTO),
which induce in-plane tensile strain, the OVCs transformed to a
vertical orientation, termed V-SCO,s. The V-SCO, s phase is con-
firmed through crystallographic, magnetic, and electronic charac-
terizations. Our study offers a clean engineering approach for
modulating OVCs in BM oxides.

Il. EXPERIMENTAL

We deposited the thin films of BM-SCO, 5 of thickness range
of 20-25nm on (001) oriented LSAT, STO, PMN-PT, and BTO
substrates using the pulsed laser deposition (PLD) method
equipped with a KrF excimer laser, (A ~ 248 nm, 20 ns pulse width)
(Coherence, USA). We choose such a thickness range to produce
strained thin films. The BM-SCO, 5 target prepared via solid-state
reaction route was used for the thin film deposition. The deposition
parameters were as follows: substrate temperature of 750 °C, base
pressure of 2x 107" Torr in the chamber before deposition, an
oxygen partial pressure of 150 mTorr during the deposition, a laser
fluence of 2 J/cm® and a target to substrate distance of 5cm. The
grown films were cooled at the same 150 mTorr of O, partial pres-
sure. For comparison, we have also prepared a thin film of P-SCO;
on the STO substrate from the corresponding BM-SCO, 5 film fol-
lowing the route mentioned in Ref. 13. The crystalline phase was
identified by a Bruker D2 Phaser x-ray diffractometer equipped
with Cu K, (A =1.5406 A) radiation. The in-plane phi scans and
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the oblique pane 6—26 x-ray diffraction (XRD) were carried out by
using a Bruker D8-Discover high-resolution x-ray diffractometer
equipped with Cu K, radiation. The ambient condition x-ray
absorption spectroscopy (XAS) studies across the Co L;, and O K
edges were carried out at 300K in the surface sensitive (probing
depth ~5nm) total electron yield (TEY) mode by measuring the
sample drain current at the beamline BL-01, Indus-2 at RRCAT,
Indore, India. The energy resolution during the XAS measurements
across the Co L;,-edges and O K-edge was estimated to be ~300
and ~250 meV, respectively. The electric bias-dependent XAS mea-
surements were performed at the BEAR beamline, Elettra, Trieste,
Italy, in the TEY mode at the Co Ls,-edges and O K-edge at 300 K.
The spectra were taken at grazing incidence by fixing the angle
between the sample surface and the incident beam to 45°. The
photon energies were calibrated using the known energy peak posi-
tions of the Co L;,-edges and the O K-edge of Co;0,4, which are
779.5 and 529.9 eV, respectively. We employed magnetic measure-
ments utilizing a 7T SQUID-VSM system from Quantum Design,
Inc. in the USA. The applied magnetic field was parallel to the
film’s surface.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the 6—26 XRD patterns of the BM-SCO, 5
thin films deposited on (001) oriented LSAT, STO, PMN-PT, and
BTO substrates along with P-SCOj; thin film deposited on the STO
(001) substrate. For the films deposited on LSAT and STO, we
observed twofold superstructure peaks such as (002), (006), and
(0010) in addition to (004) and (008) peaks, which are caused by
the oxygen defects ordering. Such a unique XRD pattern is the fin-
gerprint of the presence of the BM phase with alternate repetition
of O, and Ty units along the crystallographic c-axis, namely,

H-SCO,5.>'""" Interestingly, the films deposited on BTO and :
PMN-PT substrates do not exhibit such twofold superstructure |

peaks. However, the three Bragg reflections obtained in the XRD
patterns of the thin films on BTO and PMN-PT substrates do
match with the V-SCO, 5 phase.28 It should be noted here that
such an XRD pattern is also very similar to the P-SCO; phase
among the members of the SrCoOy series. However, these thin
films were prepared simultaneously in the same deposition condi-
tion, and getting oxygen-reach P-SCO; phase formation requires a
two-step process: the preparation of the BM-SCO, 5 phase followed
by further oxidizing it in an ambient O,-atmosphere after deposi-
tion in the PLD chamber.” *' Thus, obtaining the P-SCOj; phase in
the one-step deposition process is highly unlikely. We have further
confirmed the V-SCO, 5 phase of the films on BTO and PMN-PT
substrates later in the manuscript. The calculated ¢ lattice parame-
ters of BM-SCO, 5 thin films on LSAT, STO, BTO, and PMN-PT
substrates are 3.963, 3.935, 3.805, and 3.797 A, respectively. In addi-
tion, the out-of-plane strain on LSAT, STO, BTO, and PMN-PT
substrates is calculated as 0.96, 0, —3.05, and —3.35%, respectively.
The BM-SCO, s thin films, which are subjected to in-plane
compressive strain on LSAT and STO substrates, or even relaxed
BM-SCO, 5 thin film, show the H-SCO, 5 phase.””’** The detailed
structural studies of the thin films on LSAT and STO substrates can
be found elsewhere.”””” However, there is no report in the literature
on the BM-SCO,s film grown on a substrate that produces
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(a) = substrate (001) in-plane tensile strain. BTO and PMN-PT have in-plane lattice
v: subtrats (003} parameters of 3.994 and 4.024 A, respectively, which is larger than

the same of BM-SCO, s, which is 3.925 A in the pseudo-tetragonal
notation.”” Thus, the BM-SCO, 5 films on such substrates should
experience in-plane tensile strain, which we confirmed from the
oblique angle 6—26 XRD pattern of the BM-SCO,s/PMN-PT
system across the (405) reflections of both the film and substrate as
shown in Fig. 1(b). The calculated in-plane strain (g) in the
BM-SCO,s film on the PMN-PT substrate is ~2.42%.
Furthermore, we also performed an in-plane phi scan as shown in

| )
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CuK,
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°
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P(002)
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V|
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\
BM(:m?_-l f_
.BM(ZZO)

- _ — 3 g Fig. 1(c); the film’s reflections coincide with the substrate’s reflec-
O 8 ) - 2.6/ . RS TURR
S g e g g v tions indicating cube-on-cube growth of the V-SCO, 5 film on the
E E N - N = I PMN-PT substrate. Figure 1(d) shows the schematic view of the
<& H-SCO, J/STO H-SCO, 5 to V-SCO,; 5 phase transformation due to strain. In-plane
- |3, . v compressive strain stabilizes the horizontal OVCs, H-SCO,s,
= = H-scF,Is‘ALT whereas in-plane tensile strain stabilizes the vertical OVCs,
I T T T T T T V-SC02_5.
10 20 30 40 50 60 70 80 The magnetization (M) vs temperature (T) measurements are
20 (degree) crucial in determining the phases of grown thin films. We recorded
(b)[PMN-PT (405 V-SCO, /PMN-PT| (C)[V-SCO,,/PMN-PT the M-T measurements at field (H)=1000 Oe of H-SCO,s,
V-SCO,5, and P-SCO; as shown in Fig. 2(a). The P-SCO; film
shows usual ferromagnetic behavior with Curie temperature,
5 E Tc ~250K; and the H-SCO, 5 and V-SCO, s show almost negligi-
z z ble moment as compared to the P-SCO; phase due to the expected
5 5 antiferromagnetic nature of the H-SCO,s and V-SCO,s phases
= V.SCO2.5 (405) = with the Neel temperature of Ty ~ 570 K.”'*** We also recorded
the M-H hysteresis behavior at T=5K of the thin films as shown
in Fig. 2(b). Consistent with M-T data, M-H also revealed the fer- &
I |  EMNer romagnetic nature of the P-SCOj; thin film and the antiferromag- g
0 e e 26-!,(6de Z:e) 80 [82; B4 .:2000-150 100 50 0 S0 100 150i:200 netic nature of H-SCO,5 and V-SCO,s thin films. Thus, the 2
¢ #ldeares) magnetic measurements further confirm that the film grown on 3
C) PMN-PT is, indeed, V-SCO, 5 and not P-SCOs. S
asod o lasos seeal | laoze Figure 2(c) displays the Co L;;-edges XAS of the H-SCO,5, 3
| | I T V-SCO; 5, and P-SCO; thin films. The Co L;,-edge XAS yields the %
28 a9 P50 Lo 41A spin—orbit split components L, (Co-2p;;; — Co-3d) and L; ©
YOOI g’: gv (Co-2p3/, — Co-3d), which correspond to the transition of elec-
m i = trons from the Co-2p core level to the unoccupied states of Co-3d.
w0 The features and the peak positions of H-SCO, 5 and V-SCO, 5 are
B T,:lunits i quite similar and are distinct from the P-SCO; film. Moreover, the
] L;-edge peak position is about 1 eV higher in the P-SCO; film than
! in the H-SCO, 5 and V-SCO, 5 films. In addition, the 2p spin-orbit
splitting, the separation between L; and L, features, is lower in
;: 0 i £>0 P-SCO; relative to H-SCO, 5 and V-SCO, 5 films. These observa-

tions confirmed a change state difference of ~1 unit of Co between

. 9,23
FIG. 1. (a) X-ray diffraction (XRD) patterns of BM-SrCoO,5 and P-SrCoQj thin P-SCO; and H-SCO, 5 (and/or V-SCO,5) thin films.” We also

films on different substrates such as (LaAlOs)o5(Sr.TaAlOg)y (LSAT), SITiO; examined the O K-edge XAS of the H-SCO,5 V-SCO,s, and
(STO), Pb(Mgy;3Nbo/3)03-PbTiO5 (PMN-PT), and BaTiO3 (BTO) of (001) orien- P-SCO; thin films as shown in Fig. 2(d). The O K-edge XAS yields
tations. The brownmillerite and perovskite peaks are denoted as BM and P, the transition of an electron from the O-1s core level to the unoc-
respectively. Here, H-SCO, 5 and V-SCO, 5 stand for BM-SrCoO, 5 with horizon- cupied O-2p states hybridized with different bands of Co and Sr, as

tal and vertical oxygen vacancy channels (OVCs), respectively. (b) The oblique
plane (405), 6—26 XRD patterns of the V-SCO, s/PMN-PT thin film. (c) In-plane
phi scan of the V-SCO,s/PMN-PT thin film and PMN-PT substrate. The film's

indicated in Fig. 2(d).”™ The first broad feature at position
530.4 eV is the O-2p-Co-3d hybridized band. The second feature at

reflections coincide with the substrate’s reflections indicating the cube-on-cube 534.9¢eV is the O-2p-Sr 4d hybridized band, and a broad feature
growth of the V-SCO, 5 film on the PMN-PT substrate. (d) Schematic representa- (537-546 €V) is attributed to the O-2p-Co 4sp and O-2p-Co 4s
tion of strain tuning of OVCs in BM-SCO,5 between the H-SCO,5 and hybridized states.”>>*

V-SCO, 5 phases. The in-plane compressive (e <0) and tensile strain (> 0) So far, we have seen that the switching between H-SCO, 5 and

stabilize H-SCO, 5 and V-SCO, 5 phases, respectively. Lattice parameters of the

BMLSCO, - bulk and the single erystal Substrates are menfioned. V-SCO, 5 phases can be done through the substrate induced epitax-

ial strain tuning. PMN-PT is a ferroelectric material, so its lattice
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parameter can be changed with an electric field.”® The change in

the lattice parameter of the PMN-PT substrate might also shift the
strain state on the V-SCO, s thin film with electric biasing. Thus,
the inverse piezoelectric strain could switch the OVCs in the
BM-SCO, 5 systems by tuning the electric bias. To look into this
aspect, we performed electric bias-dependent XAS in an Au/
V-SCO, s/PMN-PT system across the Co L;,-edges and O K-edge
at room temperature as shown in Figs. 3(a) and 3(b). The sche-
matic of the sample configuration for the bias-dependent XAS
measurements is shown in the inset in Fig. 3(a) where Au serves as
the top electrode and Mo-sample holder as the bottom electrode. It
can be seen in Fig. 3(a) that the Co L;,-edges remain almost unaf-
fected with bias application of 6 V across the sample. However, the
O K-edge shows considerable changes in Fig. 3(b). This is attrib-
uted to the local structural rearrangements in the V-SCO, s thin
film upon electric biasing, which is caused by the PMN-PT sub-
strate’s inverse piezoelectric effect induced strain in the V-SCO, 5
thin film. The induced strain affects the hybridization between the
O, Co, and Sr orbitals. Our study showcases the possible pathway
to switch the OVCs in BM-SCO, s systems through ferroelectric
strain tuning. This observed local strain effect is different from the
interface change rearrangement effect due to electric biasing
observed in the other oxide thin film systems on ferroelectric
substrates.”””"

The orientation of the polyhedral of Oy, and Ty units in the
BM structure depends strongly on the crystal symmetry and strain
state.””**”” Regulating the lattice strain can change the orientation
of the OVCs in the BM thin films by reducing the system’s free
energy. The H-SCO, 5 and V-SCO, 5 phase stabilization in in-plane
compressive and tensile strained conditions, respectively, could be
due to the modulation in the energy barrier, allowing V-SCO, 5 O,
to migrate directly from the substrate into the OVCs without
needing to traverse the O, layers.

IV. CONCLUSIONS

In summary, it is demonstrated that the rearrangement of the
OVCs can be made through substrate induced strain engineering in
the BM-SrCoQ, 5 thin films. Horizontal OVCs, H-SCO, s, are stabi-
lized by in-plane compressive strain, whereas vertical OVCs,
V-SCO, s, are stabilized by in-plane tensile strain. The modulation
of the OVCs can also be made through electric biasing utilizing the
piezoelectric substrate. The selective rearrangements of the OVCs
in BM-SrCoO, 5 thin films will make this system a promising can-
didate for future energy technology and memory applications.
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