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Abstract

Perovskite oxyhydride StVOoH (V37 d2) is a Mott insulator with a two-dimensional
strong correlation due to anion ordering. In this study, we attempted electron dop-
ing by aliovalent substitution. Although Sri_,La, VO3 thin films (z < 0.4) on a
SrTiOs substrate were topochemically reduced using CaHz, the vanadium valence

of the reduced films retained trivalent. Combined with the result of secondary ion



mass spectroscopy, we conclude that Sri_,La;VOsy,Hi_, is obtained, where the api-
cal oxygen site is partially replaced by the hydride anion. First-principles theoreti-
cal calculations highlight the role played by compressive biaxial strain in stabilizing
the charge-compensated Sri_;La,VOay,Hi_; phase, rather than the electron-doped
Sri_,La; VOoH. The present study demonstrates that topochemical reactions combined
with substrate strain provide various opportunities to widen a compositional space in

mixed-anion compounds.

Introduction

The oxyhydride SrVOyH is an anion-ordered perovskite, where hydride anions (H™) com-
pletely occupy the apical site and thus is related to the infinite layer structure SrCuOs,
the simplest parent compound among cupric high-T. superconductors (Figure 1a).'> While
order-disorder of anions in mixed-anion compounds is an important topic and challenge,®
SrVO,H offers a prototypical example of anion order, where the d-electron count (i.e., d?) is
responsible for the ordered arrangement of trans-VO4Hs octahedra (Figure 1b).1’7 Moreover,
strong electron correlation causes the halffilled d,./d,. bands to split, and SrVO.H becomes
a quasi—two—dimensional (2D) Mott insulator. '**

A few attempts have been made to control the Mott insulating state of SrVO,H.®?
One example is the application of high pressure,® which results in an insulator-to-metal
transition at ~ 50 GPa. The quasi 2D nature in both insulating and metallic states is due to
the orthogonal Vg4,—Hi, Vg, arrangement.® The other example is the chemical substitution
of V (B-site) with Ti, corresponding to a filling control. The Ti doping (~5%), however,
results in the loss of anion order and changes the original tetragonal symmetry to cubic,
while receiving an excess amount of H™ to give SrVO; 5Hy 5.

This study reports on the aliovalent Sr (A-site) substitution in order to dope electrons to
the half-filled Mott insulator. We examined a CaH, topochemical reduction of Sri_,La,VOs3

both in powder and epitaxial thin film forms, and found that only the latter can be anion-



exchanged. However, it is unexpectedly observed that the V3T state of Sr;_,La, VO3 after
hydride reduction remains unchanged. Secondary ion mass spectroscopy (SIMS) indicated
the composition of Sri_,La,VOs,,H;_, where the La substitution is compensated by a
partial anion exchange. Using first principles calculations, we discuss the origin of the
charge compensation and the role of biaxial strain from the substrate for the synthesis of

Srl_a;LawVOgﬂHl_w.

Experiments and calculations

Polycrystalline samples of Sry_,La,VOs (x = 0.1,0.2,0.3,0.4) were prepared using high-
temperature solid state reactions from the stoichiometric mixture of SrCOjs, V20j5, and
LayO3 at 1350 °C in an Hy/Ar mixed gas flow (Hy 2%), following the literature.!® Several
intermediate grindings were carried out to ensure the completion of the reaction. These La-
substituted powder samples were used for topochemical reactions with CaH, and as targets
for thin film growth. For the former purpose, we used the same method as described in
Refs. 1 and 9. That is, a mixture of about 0.6 g of Sr;_,La, VO3 powder and about 0.2 g
of CaHs; powder was pelletized, vacuum-sealed in a quartz tube, and then heated multiple
times at 550 — 600 °C for 2 days. After the reaction, the products were washed with a 0.1M
NH,Cl/methanol solution.

Epitaxial thin films of Sr;_,La,VOg3 precursors with a thickness of 15 — 60 nm were
grown on (001)-oriented SrTiO3 (STO) substrates using pulsed laser deposition (PLD).
Sry_,La, VO3 powder specimens (z = 0.1,0.2,0.3,0.4) were used for the epitaxial growth,
except for x = 0 where SryVoO7 was used, prepared by standard solid-state reaction at
800 °C in air. The films were deposited at a substrate temperature of 700 — 750 °C under
vacuum (~ 1 x 107% Pa), using a KrF" excimer laser (A = 248 nm) with an energy density
of 0.6 J/cm? and a repetition rate of 1 Hz. Subsequently, the as-grown film was embedded

together with 0.2 g of CaH, powder in an evacuated quartz tube, and then heated at 550 °C



for 4 days, followed by washing with 0.1 M NH4Cl/methanol as in the case of the powder.
The shorter diffusion length of the anions required for thin film samples allows for lower
reaction temperatures than for powder samples.

X-ray diffraction (XRD) measurements were conducted at room temperature (RT) using
a Rigaku SmartLab diffractometer with a Cu Ka radiation. The valence state was estimated
by the X-ray absorption near-edge structure (XANES) spectroscopy at the V K edge and
X-ray photoelectron spectroscopy (XPS). XANES spectra of Sri_,La,VOs thin films after
hydride reaction, SrVOgs, and EuVO3 were collected at RT on the BLO1B1 beamline at
SPring-8. Here, SrVO3; and EuVO; were used as references of V** and V3*, respectively.®!!
We reconfirmed Eu** (thus V3*) in EuVO3 by the XANES spectrum near the Eu L edge.
For the XANES measurements, the incident X-ray beam was monochromatized by a Si(111)
double—crystal monochromator and the spectra were recorded in the fluorescence mode using
a 19—element Ge solid-state detector. XPS spectra were collected at RT using ULVAC-PHI
MT-5500 (hv = 1253.6 eV; Mg Ko radiation). The binding energy (Eg) of each XPS
spectrum with potential extrinsic Fpy shifts caused by the charging effect was calibrated
with the adventitious C 1s peak at 284.5 ¢V. SIMS measurements were performed using PHI
ADEPT1010 at RT to detect and quantify hydrogen in the films. The primary ion of Cs™
accelerated at 2 keV was used to obtain depth profiles at 81x81 um? areas for each film.

In order to investigate the structural stability, the first—principles calculations were con-
ducted using the projector-augmented—wave method,'? as implemented in the Vienna ab
initio simulation package (VASP).!¥ 16 We used the local-density approximation with the
Perdew-Zunger parametrization'” based on Quantum Monte-Carlo simulations for the homo-
geneous electron gas by Ceperley and Alder.!® For V—d orbitals, we included a +Ucorrection %2
with Ugg = U — J = 6 eV. Given the G—type antiferromagnetic order known for StVO,H,!
the DFT+U calculations incorporated a strong Coulomb repulsion. The following orbitals
for each element were treated as core electrons in the pseudopotentials: [Kr| 4d'° for La, [Ar]

3d' for Sr, [Ne| for V and Ca, and [He| for O. The total energy was examined after optimiz-



ing the crystal structure until the Hellmann-Feynman force acting on each atom becomes
less than 0.01 eV /A. The total energy of H?> molecule was evaluated in the 12 Ax12 Ax12 A

cell. The plane-wave cutoff energy was 550 eV.

Result and discussion

Synthesis

Powder XRD diffraction profiles for Sri_,La, VO3 precursors (0 < z < 0.4) indicated the
target phase formation up to x = 0.4 without any impurities (Supporting Information,
Figure S1). The lattice parameter a estimated by Le Bail analysis increases linearly as

2122 consistent with previous reports.??* However, all

x increases from z = 0 (SrVOs;),
of the reactions with CaHs on powder samples have failed except for z = 0, with several
impurity phases included. For example, the XRD pattern of x = 0.1 after 4 days of reduction
showed tetragonal and cubic phases, along with impurity phases such as VO, and LaSrVOy
(Figure 2). The cubic phase appears to be slightly reduced SrggLag;VOs_s, whereas the
lattice parameters of the tetragonal phase, a = 3.9354(3) A, ¢ = 3.6740(4) A, are very close
to a = 3.9331(4) A and ¢ = 3.6771(3) A for StVO,H." Since this difference in the lattice
parameters is of the same order of magnitude as that between SrVOs (3.8424(2) A?5%2) and
Sroglag1 VO3 (3.8483(3) A), we cannot exclude the possibility that SrggLag;VO2H is only
partially produced. However, this tetragonal phase completely disappeared in the 10-day
(2 days x 5) reaction. Note that in StV 95Ti9.0503, increasing the reaction time with CaHs
results in cubic SrVgo5Tip05015H15.°

The failure of the topochemical reduction of powder led us to use single—crystal films since
metastable materials are often stabilized under biaxial substrate strain.? 2" Precursors of
Sr1_,La, VO3 (z < 0.4) epitaxial thin films were synthesized on the (001)-STO substrate,

showing the excellent orientation along the ¢ axis (Supporting Information, Figure S2). Fig-

ure 3 shows out—of-plane 6 — 26 XRD patterns of Sr;_,La, VO; films (z = 0.0, 0.2, 0.4) before



and after the reaction with CaHy. The x = 0 precursor shows a peak at 47.7°(corresponding
to the 002 reflection), while it shifts to 49.4° after the reaction (Figure 3a) in consistent with
the previous result of STVO,H films on STO.* The lattice parameter after the reaction is
¢ =3.68 A. A similar peak shift is observed with increasing = (Figure 3b), but only slightly
for = 0.4 (Figure 3c).

In Figure 4a we show the 6 — 260 XRD results of the samples after the reaction with
CaH,. With increasing z, a systematic shift of the 002 peak toward the lower angle is
observed, suggesting a continuous expansion of the ¢ axis by La doping. There was no
sign of impurity phases. The reciprocal space mappings (RSM) around the 103 reflection
(Figures 4b—f) shows that the ¢, values corresponding to the 103 peak are located in the
vicinity of that of the STO substrate, indicating that the film grows coherently, i.e., under
the biaxial strain from the STO substrate. Other reflections such as 101, 112, and 213 (not
shown) are also compatible with the tetragonal symmetry. These facts suggest that unlike
powder samples, the thin film samples are converted topochemically to the SrVO,H-type
structure by the hydride reduction combined with the biaxial substrate strain. The substrate
employed appears critical for hydride introduction since when a (Lag 3Sro.7)(AlgesTag35)O03
(LSAT) substrate is used for z = 0, an oxygen-depleted phase results.*?

As can be seen in Figure 4d, the evolution of the cell parameters as a function of x is
highly anisotropic, i.e., a is nearly unchanged while c increases linearly. It is remarkable that
the volume change in the oxyhydride films with x is much steeper than that of the parent
Sry_,La, VO3 solid solution (Figure 4h). If the target phase of Sr;_,La,VOoH is formed,
one may naively expect the x evolution of the volume to be similar to that of Sr;_,La,VOs,
since the La substitution (x) corresponds to the same amount of electron injection in each

series.



Chemical compositions

Figures 5a—c¢ show SIMS depth profiles of H, V, La, O ions in the oxyhydride films at x = 0,
0.2, and 0.4. A large amount of hydrogen is observed in all films and the uniform distribution
of hydrogen and La is evident from the constant intensity along the depth direction of the
film region. Compared to x = 0, the change of the depth profile of elements is slower in La-
doped films, which could be due to the surface roughness of films because the depth profile
of the Ti ion, plotted also in Figure 5, is almost independent of x. Figure 5d shows the
ratio of 'H/*0 secondary ion intensities, where the values of 'H/*O represent the relative
change due to the lack of available standards. One can see that the "H/!O ratio decreases
with increasing x, meaning that the hydrogen content decreases with La substitution. Thus,
the composition of the films is likely to be Sry_;La,VO3_,H,, not Sri_,La, VO,H.

To clarify the composition of the oxyhydride films, XANES and XPS measurements were
carried out. Figure 5a shows the V K—edge XANES spectra of these films, along with SrVO3
and EuVOj as references for V4 and V37T, respectively.*!! Importantly, the absorption edge
position of V K-edge of all the films is close to that of EuV O3, indicating the trivalent
vanadium state for all the hydride films. The invariant vanadium valence by La substitution
is also confirmed by the V 2p core-level XPS measurements (Figures 6b,c), where 2ps /5 (2p1/2)
peaks are observed at 516 eV (523 eV) for all the hydride films. This result is in contrast to
Sri—;La, VOs precursor films, where a shift of the 2p3/s (2p1/2) peak toward the lower energy
is observed with increasing La concentration, meaning electron doping to SrVOj; (Supporting
Information, Figure S3). These results, together with the SIMS experiment, indicate that
the chemical composition of the oxyhydride films obtained by the present hydride reaction
is Sri_,La, VOs,,Hi_, with an unchanged V3* valence.

In SrVO,H, the highly compressible H™ ions® allow to shorten the Sr—O distance and relax
the otherwise underbonded Sr?T state, which leads to a large contraction of the c axis.” The
significant expansion of the ¢ axis (Figure 4g) observed in Sr;_,La,VOq,,H;_, thin films

is reasonable since the apical site is partially occupied by less compressible O?~ ions. In



the Sr;_,La,VOq, Hi_, films (z < 0.4), the tetragonal structure with the relationship of
¢ < a(= b) is maintained (Figure 4g), ensuring that H™ ions are preferentially occupied at
the apical site. However, simply extrapolating the lattice constants results in a cubic crystal
structure at about x = 0.5, suggesting that at least small H/O anti-site disorder is present
in close to this solid solution. In relation to this, we have recently observed that in the
transient phase of StVO>H under tensile strain, some of the H™ ions are at the equatorial

site. 28

Role of biaxial substrate strain for the O /H exchange in the La-doped
SrVO.,H

As shown above, hydride reduction of Sry_,La,VOs is only successful in thin films under
biaxial substrate strain, and Sry_,La,VOo, . H; . is obtained with the invariant valence of
V3+. Although the result is different from our initial motivation, the successful topochem-
ical synthesis of the La-doped solid solution (albeit with extra oxygen) is remarkable given
the fact that the SrVO,H structure has been known as a line phase. Recalling that the
anion-ordered structure of St'VOoH (V3 d?) is stabilized by filling two electrons into the
low-lying d,./d,. orbitals in the trans-VO4H, octahedra,' if divalent V>* ions are present,
electrons will be doped into the unoccupied d,, orbital, resulting in the destabilization of
the trans—geometry. Interestingly, a partial occupation of the oxygen at the apical site is
seen in lanthanoid—substituted SrFeO,, with a similar c-axis expansion.?’ In this case, the
strong covalency in Fe!O, square-planar coordination accounts for the Stz LngFeOq iy /o
composition obtained from Sry_,Ln,FeO3_s, where Ln is a lanthanide ion.

Although our original goal of doping electrons into StVOsH is not accomplished, the co-
doped charge—compensated Sry_,La,VOs,,.H;_, shows a dimensional crossover in magnetic
interactions. The H™ ion in the SrH layer of StVOyH does not have m—symmetry to interact
with the V d,./d,. orbitals, which makes the VO, layer magnetically two-dimensional.®

When H™ at the apical position is replaced partially by O*7, the Vg;—Og,~ V4, interaction



along the c axis is added. Therefore, a dimensional crossover from 2D to 3D is expected to
occur in Sry_,La,VOs, . H; ., with increasing z.

In order to theoretically investigate the effects of the O /H exchange in La-doped SrVO;H
and the role of the biaxial strain from the substrate, first—principles calculations were per-
formed. For this purpose, we calculated the total energies of Sry_,La,VOo,.H; , and
Sr;_,La,VOoH under biaxial strain and estimated the energy difference AE before and
after the reducing reaction of “Sr;_,La,VOs,  H; , + xCaHy — Sr;_,La,VOsH + xCaO +
x/2Hy”. To simplify the calculation, we used a deficient hydrogen content z = 1/64 (~
1.6%) less than the experimental minimum, where AE is given by E(LaSrg3VesO129Hgs) —
E(LaSre3VesO128Hgs) — E(CaHs) + E(CaO) + 0.5E(Hy). The H™ ion was assumed to be
located only at the apical site of the VO,Hy (or VOsH) octahedron. The negative value of
AFE means that the oxide occupation at the apical site is favored. Note that to apply the
biaxial strain computationally, the in-plane lattice parameters were fixed to the substrate
lattice parameter ag (i.e., a = b = ag, a« = = v = 90°), while other structural parameters
were optimized. A similar approach for the estimation of the total energy under biaxial
substrate strain has been used in the previous study.?3°

Figure 7 shows calculated results of AFE via the substrate strain Aa(= (ag —a)/ag), esti-
mated from a of bulk StVO,H.! When compressive strain is applied, AE shows the negative
value, suggesting that LaSrg3VesO129Hes (Lag.0165r0.9s4 VO2.016Ho.9s4) becomes more stable
than fully anion-ordered LaSrs3VeisO128Hea (Lago16Sr0.0s4a VO2H). This result is compatible
with the experimental result since the STO substrate gives compressive strain (Aa < —0.7%).
Conversely, this result suggests that the tensile strain of about 1% may be favorable for the
growth of LaSrgzVesO108Hes (Lag.0165r0.0s4 VO2H). However, since the energy dependence
of the electron-doped TLag 016510984 VO2H is parabolic (not shown), it is possible that the
electron-doped Sr;_,La,VO.H phase is destabilized by applying a larger tensile strain. From
these results, we can conclude that the compressive strain tends to induce the partial occu-

pation of 0%~ at the apical site of La—doped SrVO,H, stabilizing Sr_,La, VO, H;_, rather



than Sry_,La,VOsH. Note that when the compressive strain is too large, the total energy of
Sr_,La;VOa,,Hi_, becomes much larger (Supporting Information, Figure S4). This may
explain why Sr;_,La,VOsy.,.H;_, could not be synthesized on the LSAT substrate that can

provide a larger compressive strain than STO (Figure S4).

Conclusion

We have studied the aliovalent La®" substitution for the quasi-2D Mott insulator StVO,H
(V3T d?) for electron doping. The hydride reaction of Sr;_,La, VO3 (0 < z < 0.4) involving
H~/O%* exchange is successful only for the thin films on the SrTiOsz substrate under com-
pressive strain. However, the trivalent state of vanadium (V3T) is unexpectedly preserved for
all the reduced films and gives a Sr1_,La, VO, .H;_, composition, where oxide anions at the
apical site is incompletely exchanged. This invariant valence of V3T, i.e., the robustness of
d? state, suggests that the S = 1 Mott insulating state in hydride films Sr;_,La,VOq,,H;i_,
is preserved. Theoretical calculations verified the experimental results of the epitaxial sta-
bilization of Sr;_,La,VOs,,H;_, and the role of substrate strain. Although topochemical
reactions have been performed using epitaxially grown thin films, 31735 little attention seems
to have been paid to the effect of substrate strain to stabilize metastable phases that can-
not be obtained in bulk, apart from the orientation of crystal axes.?**6 However, recent
studies show the compositional and structural modification of mixed-anion compounds with
strain, such as the control of anion-vacancy layers in SrV(O,N)3_,.283738 Together with these
studies, this work sheds light on the strain engineering of structures by taking an advan-
tage of topochemical reactions assisted by substrate strain, which can significantly change
the energy landscape of precursor oxides and lead to novel compounds using topochemical

anion-exchange reactions.
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Associated content

Supporting Information Available

Additional information on results of powder X-ray diffraction and X-ray photoelectron
spectroscopy measurements of Sri_,La,VOgs precursors, and the calculated total energy of

SrlmeaxV02+mH1,$.
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Figure 1: (a) Crystal structure of St'VOoH (space group P4/mmm). (b) local coordination
geometry of trans-VO4Hs (top), and crystal filed splitting of StVOyH (bottom). On-site
Coulomb interaction further splits the half-filled d,./d,. band, leading to a Mott insulating
ground state in SrVO,H.
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Figure 2: Powder XRD data of SrggLag VO3 after the reaction with CaHs for 0, and 4 and
10 days. Orange and green lines at the bottom represent the peak positions of SrVO3 and
SrVO,H, respectively. Asterisks indicate impurity peaks such as VO, V503, and LaSrVQy,
which appeared after reduction. The presence of oxidized impurities in addition to the
reduced product is attributed to the partial decomposition of the parent phase.
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Figure 3: Out—of-plane 6-260 XRD scans around the 002 peak of Sr;_,La,VO3 thin films
(x = 0.0, 0.2, 0.4) before and after the reaction with CaH,. STO substrate peaks are marked
with asterisks.
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Figure 4: (a) Out—of-plane 6-260 XRD patterns of Sr;_,La, VO3 films (z = 0.0, 0.1, 0.2, 0.3,
0.4) on the STO substrate after the reaction with CaH,, Sry_,La,VO3;_,H,. The composition
of y of H™ content in the samples is discussed in the main text. Inset displays the scan over
a wide 260 rage for the representative of the sample with x = 0.2, showing only 00/ peaks
without any sign of impurity phases. STO substrate peaks are marked with asterisks. (b)-(f)
X-ray RSM variations for nominal x, around the 103 reflections of the films and substrate.
(g)-(h) The lattice parameters a and ¢, and volume V', plotted as a function of La content
x. The broken line in (h) represents the volume change of the parent oxide Sr;_,La,VOsj.
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Figure 5: (a)—(c) SIMS depth profiles of Sry_,La,VOs films (z = 0.0, 0.2, 0.4)on the STO
substrate, reacted with CaHs. (d) Secondary ion intensity ratio of 'H/'®O in the film region
as a function of the nominal La content of z. Note that the values of "H/'O here represent
relative changes because of the lack of available standards.
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Figure 6: (a) V K-edge XANES spectra of CaHs-reacted Sry_,La,VOs3 films (z = 0.0, 0.2,
0.4) and reference samples (SrVO3; and EuVO3). The vanadium valence has been shown to
be tetravalent in SrVO3* and trivalent in EuVOs.'" A hump around 5483 eV in the La-doped
films may be originated from the strong white line at the La L3 edge.?**! (b) XPS V 2p
core-level spectra of the films with z = 0.0, 0.2, 0.4. Peak positions are independent on La
concentration. Dashed lines represent fits with a single Voigt function for a V 2p;,, and
2ps3 /2 spectrum, respectively, implying a few distribution of vanadium valence. (c) XPS La
3d core-level spectra of La-doped films (z = 0.2, 0.4). The multiplet splitting peaks at 3ds /2
(3d3/2) around 835 eV (852 V) at the La 3d core-level indicate the La®* state.
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Figure 7 Energy difference AE = E(LaSr63V640129H63)—E(LaSr63V640128H64)+E(CaH2)—
E(Ca0) — 0.5E(Hy), plotted as a function of the biaxial strain form the substrate, Aa(=
(ap — a)/ag), estimated from the in-plane lattice parameter a of bulk StVO,H.! aq is the
in-plane lattice parameter of the substrate. The line is the guide to the eye.

22



TOC graphic and synopsis

“For Table of Contents Use Only”
Strain-assisted topochemical synthesis of La-doped SrVOsH films
Hiroshi Takatsu, Masayuki Ochi, Morito Namba, Haobo Li, Aurelien Daniel, Takahito

Terashima, Kazuhiko Kuroki, and Hiroshi Kageyama

SryLa,vVO3; Powder X

Topochemical reaction

Thin film - =
Topochemical reaction o
+ biaxial strain

0f o°
PR s 2V R CaHZ = °,q rd
Sr/La r—‘o © .0' .o P o(—H-

° _(partially O2)
o %0

52* RS~ 550°C soF—e gt

= Infinite-layer like

Substrate tetragonal structure

We have succeeded in growing La-doped SrVOsH under compressive biaxial strain, where
the vanadium valence of the reduced films retained trivalent, giving the composition of
Sry_,La,VOs, . H; .. First principles theoretical calculations showed that the charge com-
pensated phase of Sry_,La,VOs,.H;_, is more stable than the electron-doped Sr;_,La,VO.H
under compressive biaxial strain. The present study demonstrates that topochemical reac-
tions combined with strain engineering open a new avenue for crystal growth and design of

complex oxides and mixed-anion compounds.
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Abstract

In this supporting information, we present powder X-ray diffraction (XRD) data of
Sr1_,La,; VO3 polycrystalline precursors (x = 0.1, 0.2, 0.3, 0.4) grown by the high—
temperature standard solid-state reaction. We also present the out—of-plane 6-26

XRD scan data and X-ray photoelectron spectroscopy (XPS) data of Sri_;La,VO3
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single-crystalline precursor films (0.0 < z < 0.4). The calculated total energy of
Sr1—La;zVOay,Hi_, via the biaxial strain from the substrate is also shown, where

the composition with x = 1/64 (~ 1.6%) was examined.

Characterization of Sr;_,La,VQO3 precursors

Polycrystalline samples

Prepared Sr;_,La, VO3 polycrystalline precursors (x = 0.1, 0.2, 0.3, 0.4) were checked by a
laboratory X-ray machine at room temperature (RT). The data of all samples show the same
XRD pattern of SrVOs,5%"5? indicating that the samples crystalize into the cubic structure
(space group Pm3m) in the entire x range synthesized (Figure S1). No traces of impurity
peaks and phase segregation were confirmed within the present experimental accuracy. The
lattice parameters, estimated by Le Bail analysis, linearly increases with increasing x, which

3,94

is consistent with previous results and ensures the successful mixture of the samples in

the present study as well.

Single-crystalline thin film samples

Figure S2 shows out—of—plane 6—20 XRD scans of Sr;_,La, VO3 single-crystalline thin films
(0.0 < z < 0.4) grown on the (001)-oriented SrTiO3 (STO) substrate. The observation
of only 00/ peaks without any sign of impurity phases indicates the excellent orientation
of the epitaxial thin films along the c axis. We also confirmed that the 00/ peaks shift to
the lower angle with increasing x, like the polycrystalline samples (Figure S1 and its inset).
The slope of the change with respect to = for the c lattice parameter is almost the same as
that of the polycrystalline samples (Figure S2 inset), suggesting the formation of the target
single-crystalline thin films. A reduction of the ¢ axis in the thin films is due to the biaxial
tensile strain from the STO substrate, although it may be also affected by slight oxygen

deficiencies. These Sry_,La, VO3 precursor thin films were used for the reaction with CaH,
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(see the main text for more details).

Figure S3 shows a V 2p core-level XPS spectrum before and after the hydride reaction
of the Sri_;La,VOj thin films with CaH,. Before the reaction, the 2ps/; (2p1/2) peak sys-
tematically shifts toward the lower energy with increasing La contents of = (Figure S3a).
On the other hand, the peak shift by La doping is not observed after the reaction of the
films with CaH, (Figure S3b). The shift observed in the samples before the hydride reaction
is about 0.3 and 0.6 ¢V at x = 0.2 and 0.4 from the peak at z = 0.0, respectively. Since
the energy interval between V3t and V4t is about 1.5 eV, 557 these shifts agree with what
we can simply expect from La doping that gives AE = 1.5x. These energy shifts can be
reproduced by fitting with the two Voight functions represented by contributions of the V3+
and V4T spectra (dashed lines in Figure S3a), where the peak positions of V3T and V4T were
fixed at 515 and 516.5 eV, as found in the previous results.5> 57 These results well support
the formation of Sr;_,La,VOgs thin films. The XPS results of thin films after the hydride

reaction are discussed further in the main text.

Total energy of Sr;_,La,VO,,.H;_, via biaxial strain

Figure S4 shows the calculated result of the total energy of Sry_,La,VOo, Hi , with x =
1/64, plotted as a function of ag, where the upper axis shows the biaxial substrate strain,
Aa(= (ag—a)/ap), estimated from the in-plane lattice parameter a of bulk SrVO,H.5® Here,
ag is the substrate lattice parameter. One can see that the total energy takes a minimum
around ao = 3.95 A, which is close to the lattice parameter of the SrTiOs (STO) substrate
(3.905 A).sg This result suggests that Sr1_,La,VOs,,.H;_, is potentially obtained, stabilized
by the biaxial strain from the STO substrate. On the other hand, Sr;_,La,VOs,,H;_, may
not be obtained on a (Lag3Sro7)(AlgsTagss)Os (LSAT) substrate, since the total energy
around ag = 3.868 A, which corresponds to the lattice parameter of LSAT,%? is larger than

that around 3.95 A(Figure S4), implying that Sry_,La,VOqy,,H;_, is unstable for much
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larger compressive strain.
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Figure S1: Powder XRD patterns of Sr;_,La, VO3 polycrystalline precursors (z = 0.1, 0.2,
0.3, 0.4) at RT. The data of SrVOj; is a calculated result using structural parameters from
Ref. S2. Inset is the lattice parameter a plotted as a function of x. The data for x = 0.0 are
taken from the previous literatures. 352
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Figure S2: Out—of-plane 620 XRD patterns of single-crystalline Sr;_,La, VO3 precursor
thin films (0.0 < z < 0.4) on the (001)-oriented STO substrate. STO substrate peaks are
marked with asterisks. The inset shows the lattice parameter of the ¢ axis, estimated from
the 002 peak, as a function of z. The slope of the change with respect to = is almost the same
as that of polycrystalline samples (Figure S1 inset). The reduction of the ¢ axis, compared
with the polycrystalline samples, is due to the biaxial tensile strain from the STO substrate
to precursor thin films of Sri_,La,VOs3.
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Figure S3: XPS V 2p core-level spectra of Sri_,La,VOs3 thin films (xz = 0.0, 0.2, 0.4) before
and after the reaction with CaH,. The data are shown near the 2ps,, peak. A clear peak
shift is observed in precursor films (Figure S3a), while the peak position is independent of
films after the reaction (Figure S3b). Solid lines represent fits with Voigt functions, where
the spectra of the precursor phase of x = 0.0 and the sample after the hydride reaction were
fitted with a single function, while the spectra of the precursor z = 0.2 and 0.4 samples were
fitted by two Voigt functions represented by contributions from the V3T and V4t spectra
(dashed lines).
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Figure S4: Calculated total energy under biaxial strain for Sr;_,La,VOs,,H,, where the
composition with z = 1/64 (~ 1.6%) was examined (i.e., LaSrg3Vg4O0129Hg3). The upper
axis represents the substrate strain Aa(= (ag — a)/ag), estimated from the in-plane lattice
parameter a of bulk StVO,H.%® aq is the in-plane lattice parameter of the substrate.
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