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The antiferromagnetic transition metal oxyhydride SrVO,H is distinguished by its stoichiometric composition
and an ordered arrangement of H atoms. The tetragonal structure is related to the cubic perovskite and consists of
alternating layers of VO, and SrH. d> V(III) attains a sixfold coordination by four O and two H atoms. The latter
are arranged in a trans fashion, which produces H-V-H chains along the tetragonal axis. Here, we investigate
the vibrational properties of SrVO,H by inelastic neutron scattering and infrared spectroscopy combined with
phonon calculations based on density functional theory. The H-based vibrational modes divide into a degenerate
bending motion perpendicular to the H-V-H chain direction and a highly dispersed stretching motion along the
H-V-H chain direction. The bending motion, with a vibrational frequency of approximately 800 cm™!, is split
into two components separated by about 50 cm~!, owing to the doubled unit cell from the antiferromagnetic
structure. Interestingly, spin-phonon coupling stiffens the H-based modes by 50—100 cm™' although super-
exchange coupling via H is very small. Frequency shifts of the same order of magnitude also occur for V-O
modes. It is inferred that StVO,H displays the hitherto largest recognized coupling between magnetism and

phonons in a material.

DOI: 10.1103/PhysRevMaterials.6.024409

I. INTRODUCTION

Transition metal (T) oxyhydrides are a small but steadily
growing family of mixed anion materials which are based
on the rather unlike anions O?>~ and H™. They are of con-
siderable current interest due to unique properties introduced
by the hydride ion, affecting magnetism, electron, and ion
transport as well as catalytic activity [1]. T oxyhydrides are
obtained by hydride reduction of perovskite and Ruddlesden-
Popper phase oxide precursors (according to, e.g., SrVO3 +
CaH, — SrVO;H + CaO + 1/2 H; [2]) or directly from
mixtures of binary oxides and hydrides using high-pressure
synthesis (according to, e.g., StH, + SrO + Cr,O3 — 2
SrCrO,H [3]). The simplest systems derive directly from the
simple cubic perovskite structure, yet—depending on the kind
of T and H content and distribution—different scenarios are
encountered. To illustrate the versatility of T oxyhydrides,
both BaTiO;_,H, (with x up to 0.6) [4,5] and SrCrO,H [3]
are afforded with an average cubic perovskite structure in
which O?~ and H~ display a perfect solid solution behavior
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[Fig. 1(a)]. In contrast, for StVO,H, which has the same stoi-
chiometry as SrCrO,H, the H atoms appear perfectly ordered
in a tetragonal structure, Fig. 1(b) [2]. BaTiOs;_,H, with Ti
in a mixed IV/III oxidation state is paramagnetic (above the
lowest temperature measured, 5 K [4]). StCrO,H containing
Cr(IIl) a3 species (S = 3/2) and SrVO,H containing V(III) d 2
species are both antiferromagnets where strong couplings are
maintained above room temperature. The Néel temperature
Ty of SrCrO,H is 380 K [3] and >430K for SrVO,H [2,6].
A G-type antiferromagnetic (AFM) structure with a ten-atom
unit cell is realized for both SrCrO,H and SrVO,H [2,3] and
is depicted (for H™ ordered SrVO,H) in Fig. 1(c).

The bonding situation of H in T oxyhydrides is still not
well explored. Naturally, the introduction of H in ATO3 oxides
(A=alkali, alkaline earth, rare earth metal) leads to disruption
of the three-dimensional T-O = bonding pattern since T-H
interactions are exclusively o type in nature. T-H bonding
appears comparatively weak and creates an inherent lability
for the hydride ion. This is especially known for BaTiOs_,H,,
for which above 400 °C the exchange of H by deuterium
(D) and N in the presence of D, and N, respectively, has
been observed [4,7,8]. In the case of stoichiometric and or-
dered SrVO,H, with H atoms arranged exclusively in the
trans location of the octahedral environment around V(III),
7 interactions are effectively blocked along the ¢ direction,
rendering this material as quasi-2D. This is, for example,
reflected in the superexchange interactions, which are strong
via the oxide ligands and small, although not negligible, via
the H ligands [9,10]. An interesting conclusion was derived

Published by the American Physical Society
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(c)

FIG. 1. Crystal structures of cubic SrCrO,H (a) with randomly distributed H ions and of H-ordered primitive tetragonal SrVO,H (five-atom
structure) (b). (c) Tetragonal body-centered AFM structure of SrVO,H (ten-atom structure). Light and dark blue octahedra enclose V ions with
spin-up and -down orientations, respectively. Small green and red circles denote H and O ions, respectively. Large grey circles denote Sr ions.

in the theoretical study by Liu et al. [10], namely, that the
introduction of H actually enhances the V-O superexchange
coupling through more delocalized d orbitals.

To shed more light into the nature of T-H interactions
in T oxyhydrides, we have performed a vibrational property
study of SrVO,H. The techniques used are inelastic neu-
tron scattering (INS), infrared (IR) spectroscopy, and phonon
calculations based on density functional theory (DFT). Of
relevance here, some of us recently reported on a com-
bined INS and DFT study of the similar oxyhydride material
BaTiOs3_,H, [11,12]. The results from that study showed that
the H vibrations, manifested as Ti—-H bending and stretch-
ing modes at around 900 and 1030 cm™!, respectively, are
localized in nature [Fig. 2(a)]. In addition, the extra elec-
trons introduced with Ti reduction conform to a delocalized
electronic band state of the material, as opposed to bound
electron polarons [11,12]. At the same time, the relatively low
vibrational frequencies confirmed a rather loosely bonded H

(a) (b)

in the material. Ordered SrVO,H represents a rather differ-
ent scenario as the linear ... -H-V-H-V-H-. . . chains along
the tetragonal directions would suggest dispersed phonons
[Fig. 2(b)]. A further interesting issue is the influence of
magnetism on phonons/vibrational properties. Indeed, we
show that the AFM spin-phonon interaction introduces large
frequency shifts, particularly for H-dominated modes, even
though the interlayer coupling is very weak.

II. METHODS

A. Material synthesis

SrVO,H powder was synthesized by hydride reduction
of the perovskite SrVO; with CaH,. The procedure essen-
tially followed the original report by Romero et al. [2] with
some slight modifications. 5 g (26.8 mmol) of SrVO;, which
was prepared from SrCO; (ABCR, 99.9% purity) and V,0s
(Sigma Aldrich, 99.6% trace metal basis) according to the

FIG. 2. Illustration of the oscillatorlike vibrational H modes in BaTiOs_,H, (a) and dispersed modes in StVO,H (b). Ti/V, O, H atoms are

depicted as light blue, red, and green circles, respectively.
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method described by Rey et al. [13], was thoroughly mixed
with 1.6 molar equivalents of H of CaH, (0.9 g, Sigma
Aldrich, 99.9% purity) in an Ar-filled glove box. The mixture
was pressed into pellets of 8 mm diameter, which were stacked
and sealed inside a stainless-steel autoclave. The autoclave
was then transferred outside the glove box, pressurized with
20 bar H, and heated in a vertical tube furnace at 600 °C
for two days. To obtain a single-phase tetragonal product,
the procedure had to be repeated two times. This involved
regrinding the pellets and the addition of extra CaH,. As a last
step, the sample was thoroughly washed several times with
batches of 50 ml of 0.1 M acetic acid (HAc) and then with
pure water and ethanol. The so purified sample was dried at
120 °C under dynamic vacuum (< 1072 bar). The final amount
of product was about 3 g. The phase purity of the sample
was examined by powder x-ray diffraction (PXRD). Rietveld
analysis of the PXRD data confirmed that the obtained product
was essentially phase pure and corresponded to SrVO,H as
originally reported by Romero et al. [2]. For details, see the
Supplemental Material [14].

B. Inelastic neutron scattering

INS spectra were measured on the direct-geometry time-
of-flight spectrometer MAPS at the ISIS Neutron and Muon
Source, U.K. [15]. A 2.8 g powder sample of SrVO,H was
filled into a rectangular aluminum sample can, which was
sealed by an In wire. INS spectra were measured at base
temperature of 10 K, using four different incident neutron
energies (E;) of 650 (600), 350 (400), 250 (400), and 150
(200) meV (Fermi chopper frequency (Hz) in brackets). Stan-
dard data reduction was performed within MANTID software
[16].

Complementary INS measurements were performed at the
disk chopper spectrometer (DCS) at the NIST Center for Neu-
tron Research, U.S. [17]. A measurement was performed at
430 K using an incident neutron wavelength of 8 A. The gen-
eralized phonon density of states (GDOS) were derived from
the time-of-flight data on the neutron energy gain side within
the incoherent approximation [18] using DAVE software [19].

C. Infrared spectroscopy

IR spectroscopy measurements were performed in trans-
mittance mode over the frequency range 50—4000 cm ™! using
a Bruker IFS 66v/s FTIR spectrometer. A Mylar-6 beam split-
ter was used for measuring in the frequency range 50—450
cm~! (far-IR) and a KBr beam splitter was used for measuring
in the frequency range 400—4000 cm~' (mid-IR). Parts of
the powder sample were homogeneously dispersed to around
2 wt % in 0.2 g KBr powder and to 8 wt % in 0.04 g
polyethylene (PE) and pressed to pellets under a load of 8
tons. The KBr pellet was used for the mid-IR range and the
PE pellet was used for the far-IR range. The spectra of pellets
of pure KBr and PE were used as reference spectra for the
mid-IR and far-IR measurements, respectively. Absorbance
spectra were obtained by taking the logarithm of the ratio of
reference and sample spectra. High-temperature (300-570 K)
mid-IR spectra were recorded using a heating block attached

to the sample chamber module of the IR spectrometer. Low-
temperature (80-300 K) mid-IR spectra were recorded using a
liquid-nitrogen bath cryostat attached to the sample chamber
module of the IR spectrometer.

D. Density functional theory calculations

DFT calculations were performed within the Projector-
Augmented Wave method [20] as implemented in the VIENNA
AB INITIO SIMULATION PACKAGE (VASP) [21,22]. The
Perdew-Burke-Erzernhof (PBE) approximation was chosen
for the exchange and correlation potential and energy [23].
A 2 x 2 x 2 supercell [made of the ten-atom body-centered
tetragonal (bct) unit cell of AFM SrVO,H, which corresponds
to a /2 x +/2 x 2 expansion of the five-atom primitive unit
cell [2], cf. Fig. 1(c)] was used for phonon calculations. The
integration over the Brillouin zone was done on a 2 x 2 x 2
Monkhorst-Pack k-point grid [24] and using the Gaussian
smearing scheme. Strong electron correlations attributed to
the localized 3d orbitals of V were treated using the PBE + U
approach according to the scheme of Dudarev er al. [25].
In all the PBE + U calculations, the effective U was set to
2 eV [26]. The dynamical matrix was obtained via density
functional perturbation theory as implemented in VASP and
calculated with the PHONOPY program [27]. A plane-wave
energy cutoff of 800 eV (VASP) was used in all calculations.
Two structures, one with the AFM arrangement of spins as
well as the nonmagnetic (NM) case were considered. Both
structures were relaxed to their equilibrium volume and shape.
The NM structure based on the ten-atom AFM bct unit cell
turned out to be dynamically unstable with respect to a slight
distortion of the O sublattice. The relaxed AFM structure
(a = 55156 A, ¢ = 73728 A, ¢/a = 1.337, u = 1.73
up) compares very well with the experimental structure
(@ = 55522 A, ¢ = 73138 A, ¢/a = 1317, V = 56.45
A3/f.u., u=1.56 up) [2], thus justifying the choice of the
computational approach and especially the choice of the U
parameter. aCLIMAX was used to generate INS spectra from
the DFT computed eigenvectors and displacements [28,29].

III. RESULTS

A. Inelastic neutron scattering

It is instructive to first provide a qualitative vibrational
analysis of SrVO,H. The NM primitive tetragonal unit cell
contains five atoms, giving rise to 15 normal modes of vibra-
tion (three acoustic and 12 optical ones). The optical modes
at the I' — point distribute as follows when arranged in order
of decreasing energy: V-H stretch, A,,; V-H bend, E,; V-O
in-plane (x, y) stretch, E,; V-0 in-plane (x, y) bend, E,; V-O
out-of-plane (z) puckering, A,,; V-O out-of-plane (z) bend,
B»,, and three Sr—O vibrations [E,(x,y) and A,(z)]. The
modes involving V-O and V-H vibrations are illustrated in
Fig. 3.

Figure 4 shows the INS spectrum of SrVO,H measured
at T = 10K over a broad spectral range, as obtained from
the MAPS spectrometer using different E;. The spectrum is
dominated by a split peak around &~ 800 cm~'. This peak
is assigned to V-H bending, in accordance with previous
studies on BaTiO3;_,H, [11,12] and, as we will show later,
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FIG. 3. Illustration of the optical modes involving V-O and V-H vibrations for the five-atom NM SrVO,H structure. V, O, H atoms are

depicted as light blue, red, and green circles, respectively.

the split arises from the doubling of the unit cell because
of the AFM structure. The broader peaks at &~ 1700 cm™!,
~ 2500 cm™', &~ 3400 cm™', and &~ 4250 cm~! are then
overtones resulting from transitions to higher order states.
The intensity at 1050 cm™! is attributed to a phonon wing,
i.e, a combination band formed from the V-H bending mode
and low-energy Sr—O lattice modes. A distinct V-H stretching
mode is not clearly visible, which may be due to a large
phonon dispersion that leads to a more complex line shape
in the vibrational density of states (vDOS). At the same time,
we recognize the complex shape of scattered intensity in the
region 1400-1900 cm~!, which possibly contains a contribu-
tion from the V-H stretching mode, and provide a detailed
analysis later. Scattered intensity in the low-energy region
(up to 600 cm™!) is contaminated with a contribution from
the Al sample container at &~ 150 and ~ 290 cm~! (marked
in Fig. 4). The broad peak at 200 cm™' is attributed to Sr—
O lattice modes, and the 450 and 550 cm™! peaks to V-O
vibrations. The inset in Fig. 4 shows the GDOS at 7' = 430K,
as obtained from an INS measurement at the DCS instrument.
This spectrum was background subtracted and thus provides
a high-quality spectrum of the low-energy region. The GDOS
suggests a quadratic Debye increase from acoustic phonons
up until the first peak around 125 cm~'. This peak is most
likely the first Van Hove singularity, which occurs at acoustic
phonon energies at the Brillouin zone boundary. In addition,
the lowest energy optical phonon at the I" point is most likely

—— MAPS T=10K
—— DCS GDOS T = 430 K

100 200 300 400 500 600
Energy transfer (cm™!)

Intensity (arb. units)

500 1000 1500 2000 2500 3000 3500 4000

Energy transfer (cm™1)

FIG. 4. INS spectrum of SrVO,H as measured on MAPS at 10 K.
The spectrum is a compilation of spectra measured with different
incident neutron energies. The inset shows a zoom of the low-energy
region together with tentative assignments of the peaks.

close in energy and would also give a peak in the GDOS.
These low-energy modes mainly involve displacements of the
Sr atoms. At higher energies, there are several optical phonon
peaks which mainly involve Sr—O and V-O vibrations, as
marked in Fig. 4.

The momentum transfer (¢) dependence of the INS spec-
trum is illustrated in Fig. 5, which shows the S(g, E) map as
measured using an incident neutron energy of 350 meV, to-
gether with the spectra integrated over low ¢ (0 < g < 8 A1)
and high ¢ (8 < g < 12 A1), respectively. All peaks showed
an increasing intensity with increasing ¢, thus indicating that
they correspond to phonon peaks, and we do not find evidence
of magnetic excitations in the (g, E') range as probed here.
However, at the same time we cannot exclude (AFM) spin
wave excitations, since our data did not allow reliable analysis
of scattered intensity in the low-energy region. For a complete
compilation of S(g, E) maps, we refer to the supplemental
material, Fig. S2.

The intensity of a vibrational band with energy E in INS
is for a powder sample, within the incoherent approximation,
proportional to the simplified expression [30]:

S(q.nE) o exp[—(qUia)’], ey

where n is the order of the vibrational transition (n = 1 for
fundamentals, n = 2, 3, ... for overtones and combination
bands), u? is the isotropic mean square displacement of the
considered vibration, U2, is the total isotropic mean square
displacement, and oy, is the incoherent neutron scattering
cross section. It follows that the INS intensity increases as g*"
(¢* for fundamentals) for low ¢ and then becomes damped
by the Debye-Waller factor at higher g, with a maximum
occurring at ¢ = +/(n/U2,). This means that for overtones
and combination bands, the intensity maximum will occur for
higher g values.

By inspecting the S(g, E) map in Fig. 5(a), it is clear
that the intensity of the complex-shaped peak between 1400
and 1900 cm~' has a maximum occurring at higher ¢ than
the H-V bend vibration around 800 cm~!. This is consistent
with the assumption that the main intensity between 1400 and
1900 cm~' comes from overtones and a combination band
of the split H-V bend peak. However, inspecting the spectra
integrated over the low-g and high-g regions, respectively
[Fig. 5(b)], we see that for the low-g spectrum, the small
shoulder peaks at 1530 cm~! and 1790 cm~! are more pro-
nounced and that their relative intensity to the main peak at
1680 cm~! is larger. This indicates that the shoulder peaks
at 1530 cm™! and 1790 cm~! originate from fundamental

(g ui)znainc
n!
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FIG. 5. (a) S(q, E) intensity map of SrVO,H as measured on MAPS using an incident neutron energy of 350 meV. (b) The spectra in
(a) integrated over high and low ¢q regions, respectively. Note that the energy resolution is not sufficient to resolve the split of the H-V bending
mode around 800 cm™'. (c) S(g) integrated over the different energy regions corresponding to H-V bending mode (769-875 cm™!), H-V
bending overtone (1553—1737 cm™"), and over the smaller shoulder peaks between 1463 and 1535 cm™! and between 1746 and 1835 cm™!,
which we assign to stretching mode components. Note that the integrated intensity of these latter shoulder peaks also overlaps slightly with the

main overtone intensity, and the higher energy shoulder overlaps in addition with a phonon wing peak around 1900 cm™".

transitions and we tentatively assign them to the V-H stretch
vibration, which, similarly to the V-H bending mode, is ex-
pected to be split due to the AFM structure.

B. Infrared spectroscopy

Figure 6 shows the IR absorbance spectrum of SrVO,H,
with the INS spectrum overlaid. The IR absorbance spectrum
reveals three main bands within the frequency range of 400—
4000 cm~!; a broad band between 500 and 700 cm ™!, with a
maximum at 580 cm ™', a sharp band at 840 cm ™', and a broad
between 1000 and 1650 cm~!, with a maximum at around
1500 cm™!. In addition, the presence of a sharp band is hinted
at &~ 420 cm~!. The lowest energy bands are assigned to
V-0 vibrations. The sharp 840 cm~! band coincides with the
higher energy part of the split peak in the INS spectrum and
is thus assigned to the V-H-V bending mode. The broad band
between 1000 and 1650 cm~! is assigned to V-H stretching
motions. Note that its maximum roughly coincides with the
low-energy shoulder of the complex shaped INS band in the
1400-1900 cm~! range, thus strengthening the assignment of
this intensity to the H-V stretch component in the INS spec-
trum. The slight differences in frequency of the bands in the IR

Absorbance (arb.units)

|
|
! |
400 600 800 1000 1200 1400 1600 1800 2000
Wavenumber (cm~1)

FIG. 6. Background subtracted mid-IR spectrum measured at
room temperature (red line) compared to the INS spectrum measured
on MAPS (blue line). The dashed lines mark the peak intensity of the
four main bands in the IR spectrum.

1

and INS spectra can be related to the different measurement
temperatures and the different parts of phonon wave vectors
that are probed (IR spectroscopy only probes phonons at the
I' point). We also note the complex and broad line shapes
of the V-O and H-V stretching modes. The broad nature of
these bands is at present unclear, but we speculate that it is
an effect of electrical anharmonicity, and hence different IR
activity, in different local structural environments, in addition
to just inhomogeneous band broadening because of different
vibrational frequency in different local structures.

The far-IR spectrum is shown as Supplemental Material
Fig. S3, and reveals an additional sharp peak at around 185
cm™!. This peak is most likely related to a Sr—-O mode and
is also in agreement with the lowest energy peak in the INS
spectrum. The far-IR spectrum also reveals smaller peaks at
around 310 cm~', 355 cm™!, and 420 cm™', the latter one
which is also seen in the mid-IR spectrum in Fig. 6. These
peaks are assigned to V-O modes.

C. Density functional theory calculations

We first considered computing phonons for NM SrVO,H
to obtain an overall impression of the vibrational properties
for this compound (cf. Fig. 3). However, we found that the
simple five-atom unit cell structure is not dynamically sta-
ble but displays imaginary phonons. The analysis of these
phonons suggested a distortion of the O substructure in the
tetragonal plane which can be expressed as minute clock- and
counterclockwise rotations of every other square in the planar
4* net, which is shown as Supplemental Material Fig. S6. This
results in a body-centered tetragonal cell, with @’ = +/2a and
¢’ = 2c¢ (space group symmetry /4/mcm), that is analogous to
the AFM cell (the corresponding primitive cell has a double
size (10 atoms) with respect to the simple five-atom structure).
The distorted structure is by 0.153 eV /f.u. more stable than
the dynamically unstable five-atom structure. Taking AFM
into account stabilizes StVO,H additionally by 0.741 eV /f.u.
The equilibrium volume is 56.07 A3/f.u. and 57.60 A®/f.u.
for the AFM and NM structures, respectively. The (ten-atom)
dynamically stable NM and AFM structures (Dgy,) give rise
to 27 optical modes of which 14 are IR and 11 Raman active
(and two inactive). These distribute over six V-H modes, 12
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FIG. 7. Calculated phonon dispersions for the St'VO,H NM-10 atom (left) and AFM structure (right). H-based modes are highlighted in
green and V-O in-plane modes are highlighted in red for the AFM structure where they are separated from the V-O out-of-plane modes.
(b) Vibrational density of states (vDOS) for the SrVO,H NM-10 atom (lower panel) and AFM (upper panel) structures, decomposed into
atomic contributions. (Note that the H-VDOS in the region 1000-1750 cm™! is scaled by a factor of 2). The location of H~ and V-O in-plane

modes at I" are indicated by vertical line.

V-0 modes, six Sr—O and 3 Sr—Sr modes. For simplicity we
keep the classification of modes according to Fig. 3 also for
the double cell structures. For the double cell structure, the
V-H stretching mode splits into a A, and A, component (of
which A,, is observed in IR) and the V-H bending mode splits
into a £, and a E, component (of which E, is observed in IR).
The V=0 in plane (x,y) stretching modes split into A, E,
and B, components.

Figure 7 compares the calculated phonon dispersion for the
ten-atom SrVO,H NM and AFM structures [Fig. 7(a)] and the
corresponding vDOS [Fig. 7(b)]. As expected, we find the V—

H stretching modes highest in energy (the IR active A,, mode
is at around 1250 cm™!) and highly dispersed along directions
containing a z* contribution. In particular, the dispersion along
I' — Z is larger than 300 cm~!. In contrast, the degenerate
V-H bending modes are virtually dispersionless and localized
at around 750 cm ™. It is now clear that the split feature of the
bending mode in the INS spectrum is a consequence of the
unit cell doubling. The IR active E, component is at higher
wave numbers. The four V-0 in-plane stretching modes ad-
join to the V-H bending modes and are located in the region
down to 500 cm™~'. There are noticeable differences between
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FIG. 8. Comparison of the measured (black line) and aClimax-
simulated (red line) INS spectrum of SrVO,H. The simulated
spectrum is scaled by 8% to match the experimental spectrum in
the region of the V-H bending modes (700-900 cm~'). The upper
part of the figure shows the aClimax simulated spectrum without
scaling (blue line), together with the computed vDOS for H (green
line). The green curve inset in the experimental spectrum suggests
the real shape of the H-VDOS for the V-H stretching mode (with
a dispersion over 300 cm~! and starting at 1500 cm™'). The dis-
crepancy between simulated and experimental spectra in the ranges
18002000 and 2600-3000 cm ™! is attributed to the slight mismatch
of the H-VDOS for the V-H stretching mode. The upper right inset
emphasizes the 1400-1900 cm ™' region where bending mode over-
tones and stretching modes overlap. Their approximate locations at
I' are indicated.

the phonon dispersions of the NM and AFM structures. This
is partly because of the slight structural distortion of the NM
structure, but we infer that the differences are largely a con-
sequence of AFM. The magnetic order of SrVO,H causes a
pronounced stiffening of the V-H stretching modes and also a
significant stiffening of the V-H bending modes along with
an increase of the E, — E, split feature. Also the energies
and order of the V-O modes are largely influenced by the
AFM, whereas modes involving Sr ions appear essentially
unaffected [Fig. 7(b)].

The coupling of spins to optical phonons is a well-known
phenomenon and has been investigated earlier for perovskite
and spinel-like materials [31-37]. In the conventional formu-
lation of the spin-phonon coupling effect, coupling occurs if
the exchange integrals are sensitive to a normal coordinate,
leading to magnetic contributions to the harmonic energy of
the lattice [38]. Typically, frequency shifts are in a range of
several cm~! to several tens of cm™! [39]. A record high
frequency shift of 40 cm~! has been recently reported for

NaOsOj [40]. It appears that frequency shifts are larger for
SrVO,H, possibly exceeding 100 cm~! for both V-H and
V-0O-based modes.

We conjecture that magnetism couples to phonons in
SrVO,H on an unprecedented scale and the reason for this
should originate from the changes in hybridization due to
spin ordering as described in Ref. [39]. We notice that the
spin exchange parameters within the V-O plane are large
(23.54 meV [10] /42.7 meV [9]), so one would expect sizable
spin-phonon coupling for the V-O-based modes. However,
the interlayer exchange is an order of magnitude smaller, yet
V-—H -based phonons are strongly influenced by spin-phonon
coupling. This may be attributed to the large displacement
of H resulting in substantial stiffening of the corresponding
force constants and, thus, one could generally expect large
spin-phonon coupling effects for magnetic hydrides. In prin-
ciple, quantification of these effects could be done within a
general approach suggested in Ref. [32], which incorporates
material-specific information from first principles into spin-
phonon coupling models.

We now turn to a comparison of the DFT-computed vibra-
tional frequencies with the INS spectrum of SrVO,H. This
is shown in Fig. 8. For most parts, the computed frequencies
are underestimated. However, when scaling their frequency
by 8%, the V-H bending modes fall in the same range as
in the experimental INS spectrum. The aClimax-simulated
spectrum based on the scaled energies reproduces the experi-
mental intensity of the bending modes very well. This implies
that also the contribution of their overtones (2 x 790 cm™!,
2 x 840 cm™!) and combination (790 + 840 cm~') to the
complex scattering intensity between 1400 and 1900 cm™!
should be properly described (provided that anharmonicity is
negligible). Deviations of the aClimax-simulated spectrum in
this region can then be attributed to a slightly erroneously
calculated V-H stretching mode, which is estimated to dis-
perse from 1500 to 1800 cm~! instead of from 1550 to
1875 cm™! (after scaling). The inset in Fig. 8 illustrates the
scattering intensity in the region 1400-1900 cm~! as a super-
position of stretching mode components and bending mode
overtones/combination.

IV. DISCUSSION

The vibrational properties of StVO,H are distinguished by
the narrowly and widely dispersed V-H bending and stretch-
ing modes, respectively. The analysis of its INS spectrum is
somewhat obstructed by the overlap of the bending overtones
with the stretching fundamental. We compare our results on
SrVO,H with previous INS studies on BaTiO3_,H, possess-
ing an average cubic perovskite structure. Because of the
low concentration (x = 0.1 — 0.2) and disorder of H, H-based
vibrations in BaTiO3;_,H, rather correspond to localized os-
cillators than dispersed phonons [11,12]. The location of the
bending vibration of BaTiOs;_,H, (at 900 ecm™!) is some-
what higher than the corresponding mode in SrVO,H. Upon
bending, the H ions displace toward the alkaline earth metal
(A) ions in the tetragonal plane. We note that the interatomic
distances Sr—H and Ba—H are 2.78 and 2.83 A, respectively,
which does not reflect the difference in the ionic radii of Sr>*
(1.13A) and Ba®>* (1.35A)—i.e., from the sum of ionic radii a
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smaller (larger) distance would be expected for St—H (Ba—H).
This could indicate weaker A—H interactions in SrVO,H and
thus explain the somewhat lower frequency of its bending
mode. By contrast, if assigning the center of the stretching
band to an oscillator frequency, it is about 1450 cm~! and
1600 cm~! for NM and AFM SrVO,H, respectively. This
is considerably higher than for BaTiO;_.H, (1030 cm™!)
and suggests considerably stronger V-H bonding interactions.
This observation is in agreement with the theoretical work of
Liu et al., finding increased T-H bond strength when going
from V to Fe due to the increased electronegativity of T [10].

We further concluded that the optical phonons of SrtVO,H
are largely influenced by spin-phonon coupling. At the same
time, there is no direct experimental proof of this since it was
not possible to measure spectra through the magnetic phase
transition. The Néel temperature of StVO,H is extraordinar-
ily high, most likely above or around 600 K, and probably
coinciding with the decomposition of the material. Large
spin-phonon coupling was deduced from DFT calculations
by comparing AFM SrVO,H with a NM reference structure.
However, this comparison is somewhat hampered because
hypothetical NM SrVO,H at zero Kelvin adopts a slightly dis-
torted structure. Interestingly, there are further representatives
of strontium vanadium oxyhydrides, namely, the structurally
related Ruddlesden-Popper phases Sr, VO3;H and Sr3V,05H;
[2], which may allow experimental characterization of spin-
phonon coupling and thus consolidation of this phenomenon
in magnetic hydrides. As SrVO,H, these materials are also
AFM but the Néel temperatures are considerably lower, ~
170 and = 240 K, for Sr,VO3H and Sr3V,0sH5, respectively
[2]. Spectroscopic studies, including INS, could thus be per-
formed in a temperature range far below the decomposition
temperature.

V. CONCLUSIONS

The vibrational properties of the AFM oxyhydride
SrVO,H have been studied by using a combination of INS,
IR absorbance spectroscopy, and DFT calculations. Combined
analyses of the experimental and theoretical data showed
that the H-based vibrational modes are divided into a de-
generate V-H bending mode centered around 800 cm~! and

a highly dispersed V-H stretching mode in the range 1500
—1800 cm™~!. Phonon calculations revealed a large coupling
between magnetism and optical phonons in StVO,H. This is
prominently featured by a 50 cm~! split of the V-H bending
vibrational mode into two components and frequency shifts of
the H-based modes by 50—100 cm~!. Frequency shifts of the
same order of magnitude occur also for V-O modes, which
are located in the range 300—700 cm~!. The extent of spin-
phonon coupling for V-H based modes appears surprising
because the superexchange interaction via H is comparatively
small. In conclusion, our study suggests that magnetic hy-
drides are an interesting playground for fundamental studies
of spin-phonon coupling in materials. As a starting point
for future exploration, the related Ruddlesden-Popper phases
Sr,VO3H, and Sr3V,0sH, with Néel temperatures below
room temperature represent attractive targets.
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