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Substitution of an oxygen anion with a hydrogen anion induced the low dimensionalization of magnetic ordering
in a transition metal oxide Sr2VO4. Upon increasing x up to ∼1 in Sr2VO4−xHx , the hydride ions were ordered
linearly, and the magnetic susceptibility was simultaneously suppressed. It was found that this suppression was
attributed to the formation of a quasi-one-dimensional antiferromagnetic spin chain, maintaining that each of the
vanadium cations is two-dimensionally bridged by hydride and oxide ions. Density functional theory calculations
demonstrate that the quasi-one-dimensional property is caused by much enhanced anisotropic exchange couplings
(J1/J2 ∼ 6) originating from the absence of π bonding between H 1s and V 3d orbitals. Utilizing a hydride ion
that has an ionic radius similar to an oxygen anion and only one energetically available orbital of 1s is a different
approach to realization of magnetic low dimensionalization in 3d early transition metal oxides.
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I. INTRODUCTION

Hydrogen is the most abundant element in the universe
and it is also the simplest bipolar element. Recently, the
hydride ion (H−) has been of great interest in the solid-state
community because of its unique electronic structure.
Hydrogen has only one energetically available atomic orbital
(the spherical 1s orbital), which is totally different from
conventional anions such as oxygen and the halogens. It is
expected that this unique electronic nature would provide the
opportunity to realize interesting physical properties in the
compounds. In particular, we think utilization of hydride ion
in transition metal (TM) oxides would be promising for the
emergence of unique properties because the ionic radius of
the hydride ion is similar to that of the oxide ion and there
exists a distinct diversity in the chemical bonding by tuning
the d electron count and available anion orbitals. Several TM
oxyhydride compounds have been studied [1–7], but the role
of the hydride ion in the physical properties is still veiled.

In general, TM oxyhydrides have a perovskite structure
with a 3d TM cation. In the case of simple perovskite-type
oxyhydrides such as ATiO3−xHx (A = Ca, Sr, and Ba) [4,5],
oxygen and hydrogen are statistically located in equivalent
anion sites. In contrast, in layered perovskite-type compounds
such as LaSrCoO3H0.72 [1], there are nonequivalent anion sites
and hydrogen and oxygen are isolated by different anion sites.
In the previous paper [6], we reported the synthesis of composi-
tionally tunable vanadium oxyhydrides, Sr2VO4−xHx , without
accompanying the formation of considerable anion vacancies.
We found hydrogen ordering and the corresponding structural
transition with various O2−/H− contents using a combination
of neutron diffraction, synchrotron x-ray diffraction, thermal
desorption spectroscopy, and first-principles density functional
theory (DFT) calculations. In the low hydrogen substitution
region (x < 0.25), hydrogen anions statistically occupy
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both anion sites in the V-O and Sr-O planes. With higher
hydrogen substitution (x > 0.25), hydrogen anions tend to
occupy the anion sites in the V-O planes. As more hydrogen
is incorporated, the degree of anion order increases and
finally most of the hydrogen anions are located between the
square planes of the oxide ions with a crystallographic phase
transition [see crystal structure in Fig. 3(a)]. Subsequently,
Romero et al. reported a checkerboard-type antiferromagnetic
ground state of Sr2VO3H with a Néel temperature (TN) of
∼170 K by a low-temperature neutron study and muon spin
rotation measurements [7].

Partial substitution of the oxide ion sites with hydride ions
decreases the occupancy in the π -antibonding (π∗) molecular
orbital with formation of strong σ bonds, which decreases the
total energy of the crystal system. The extent of stabilization
is more effective when hydrogen is located in the metal-oxide
plane whose anion site is coordinated to two TM cations.
Therefore, hydride ions are gradually ordered to the V-O
planes with increasing hydrogen amount. Moreover, the
trans configuration of the hydride ion is stereochemically
more stable than the cis configuration, so hydride ions are
finally located between the square planes of oxide ions. This
anion-ordered crystal structure is also found in the Co-based
layered oxyhydride LaSrCoO3H0.72 [1]. This type of hydrogen
ordering forms two types of interaction pathways, TM-O-TM
and TM-H-TM. Therefore, strong anisotropic behavior should
be expected because of the different bonding nature between
TM and O2−/H−.

In TM oxyhydrides, TM cations are octahedrally coordi-
nated to both oxide ions with a 2p6 electronic configuration,
and hydride ions with a 1s2 configuration. Although the O 2p

orbitals participate in both σ bonding with TM dx2−y2 and dz2

orbitals and π bonding with TM dxy , dyz, and dxz orbitals, the
H 1s orbital only participates in σ bonding with TM dx2−y2

and dz2 orbitals. The contribution of hydrogen to π bonding is
negligible because the H 2p level is located ∼10 eV above the
H 1s level. For a localized spin system such as a Mott-Hubbard
insulator, there is no significant overlap between TM cations.
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Therefore, the role of the “bridging” anion is important
because the dominant part of the exchange interaction is a
superexchange interaction through the intervening anion. In
the case of the superexchange interaction, one key issue is
the symmetry relation between the occupied d orbitals of the
cation and the p or s orbitals of the anion [8]. From this point
of view, a strong anisotropic exchange interaction can be
achieved by the different orbital nature of the bridging anions,
and low dimensionality may be expected in anion-ordered
oxyhydrides. Here, we demonstrate the role of the hydride
ion in the physical dimensionality of TM compounds by
showing the quasi-one-dimensional (1D) antiferromagnetic
(AFM) spin chain in the three-dimensional crystal structure
of Sr2VO4−xHx with x ∼ 1. Although understanding low
dimensionality in the TM oxide system is crucial for emerging
unique physical properties ranging from high-temperature
superconductors to spintronic devices, the magnetic
dimensionality is generally restricted by the crystal structure
[9–12], because the exchange interaction strongly depends
on the geometrical parameters such as interatomic separation
between magnetic ions. For this reason, utilization of hydride
ions for emerging an anisotropic exchange interaction in
three-dimensional crystal structures provides an idea for
tuning the physical dimensionality in TM oxide systems.

II. EXPERIMENT

Polycrystalline samples of Sr2VO4−xHx were synthesized
by high-pressure solid-state reaction [6]. The electrical re-
sistivity and the specific heat capacity were measured using a
physical property measurement system (Quantum Design Inc.,
USA). The magnetic susceptibility was characterized using
a magnetic property measurement system (Quantum Design
Inc., USA). Muon spin rotation (μSR) measurements were
performed at the M20 channel at TRIUMF (Canada). Syn-
chrotron radiation experiments were performed at BL-8A in
KEK-PF (Proposal No. 2013S2-002). DFT calculations were
performed using the experimental crystallographic parameters
within the full-potential linearized augmented-plane-wave
(LAPW) method implemented in the WIEN2K package [13,14].
The general gradient approximation [15] (GGA) was used
for the exchange-correlation potential with on-site repulsion
(U). The product of the muffin-tin radius (RMT) and the
largest wave number of the basis set (Kmax) was fixed at 6.0,
and the charge density was Fourier expanded up to Gmax =
20 Bohr−1. We employed the following RMT values : RMT-Sr =
2.34 Bohr, RMT-V = 1.92 Bohr, RMT−O = 1.73 Bohr, and
RMT-H = 1.21 Bohr. Self-consistency was carried out for four
types of spin-ordered states using a 2a × 2b × c supercell
containing 56 atoms, and a 6 × 6 × 12 k-point mesh was
used. The energy convergence was set to 10−6 Ry for self-
consistency. To calculate the hopping integral between V and
O, and V and H orbitals, the maximally localized Wannier
functions (MLWFs) for V 3d, O 2p, and H 1s orbitals were
constructed (see Table S1 in the Supplemental Material [16])
using the WANNIER90 [17] and WIEN2WANNIER [18] codes.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the temperature-dependent mag-
netic susceptibility of Sr2VO4−xHx . For x = 0.04, the χ (T )

curve shows two anomalous points, at 100 and 10 K [Fig. 1(a),
inset], which are known as the orbital ordering [19] and mag-
netic transition [20] (AFM ordering), respectively. When H−
is introduced into the oxygen site, the magnetic susceptibility
in the range 2–300 K increases with increasing x until x ∼ 0.3,
and then dramatically decreases until x = 1.00. The χ (T )
curve of x = 1.00 (Sr2VO3H, 3d2) shows the lowest magnetic
susceptibility throughout the whole temperature range. We
found a small anomalous point at around 160 K, which is close
to TN (∼170 K) [7], and magnetic suppression above 160 K
with a large deviation from Curie-Weiss behavior [Fig. 1(b),
inset]. There is no significant difference between the zero-field
cooling (ZFC) and field cooling (FC) curves. This magnetic
behavior of Sr2VO3H is different from that reported in a previ-
ous study [7]; i.e., it shows the lack of both a signature related
to AFM ordering and magnetic suppression above 160 K in the
χ (T ) curve with a considerable difference between the ZFC
and FC curves. Considering that the magnetic susceptibility
for x = 1.00 is about an order of magnitude smaller than the
results in the previous study in the whole temperature range,
these differences appear to arise from contamination of the
secondary phases or a small deviation of the hydrogen content
because of the different synthetic route. Figure 1(c) shows the
temperature-dependent electrical resistivity of polycrystalline
Sr2VO4−xHx . All of the samples show a positive slope with a
linear relationship between log ρ and 1/T . Assuming that the
electrical conductivity is caused by band electrons thermally
excited across the band gap, the gap size is estimated to be 109
meV by Arrhenius fitting (ρ = ρ0e

−Eg/2kBT ). This is in good
agreement with the Mott-Hubbard gap, that is, the intersite
d-d transition between vanadium cations in inelastic neutron
[21] and optical studies [22,23]. In the first stage, Eg decreases
to 96 meV with increasing x and then begins to increase up
to 186 meV at x = 0.50 [Fig. 1(d)]. For x > 0.50, Eg does
not collapse and the samples show the higher resistivity than
our measurement range. The existence of an electrical band
gap indicates that Sr2VO4−xHx is a localized spin system,
therefore, increase of the effective magnetic moment (μeff)
should be expected with increasing x. A Curie-Weiss fit to
the magnetic susceptibility data in the high-temperature region
(200–300 K) (Fig. S1 [16]) gives the μeff value for each sample,
as shown in Fig. 1(d). Although μeff increases from 1.3 μB/V
for x = 0.04 to 1.8 μB/V for x = 0.31, μeff starts to decrease
from 1.8 μB/V for x = 0.31 to 0.3 μB/V for x = 0.83. This
trend coincides with the hydrogen-ordering process; i.e., as
hydride ions start to order into the V-O planes, the magnetic
susceptibility is largely suppressed with increasing electrical
band gap. Considering that the valence state of the vanadium
cation in Sr2VO4−xHx changes from V4+ (3d1) to V3+ (3d2)
with increasing x, suppression of the magnetic susceptibility
is rather unusual. As we will show below, the ground state of
Sr2VO3H (3d2) shows AFM ordering (high-spin state, S = 1)
and there is no structural transition such as V-V dimerization
(Fig. S2 [16]). Thus, the possibility of spin crossover or the
formation of the spin singlet is ruled out for this magnetic
suppression.

Figure 2(a) shows the magnetic susceptibility curve of
Sr2VO3H in the high-temperature region. The curve shows
magnetic suppression with a broad maximum (Tmax = 382 K)
which appears to be a specific feature of a one-dimensional
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FIG. 1. (Color online) Magnetic susceptibility and electrical resistivity of polycrystalline Sr2VO4−xHx as a function of x. (a, b) Temperature-
dependent magnetic susceptibility when H = 7 T. The inset shows the zero-field cooled (ZFC) and field cooled (FC) magnetic susceptibilities
for x = 0.04 and 1.00. (c) Temperature-dependent electrical resistivity data and their Arrhenius fit (red line) in the range 200–300 K. For
x > 0.50, the resistivity of each sample is beyond the range of our measurement system. (d) Electrical band gap (Eg) and effective magnetic
moment (μeff ) as a function of x. Hydrogen anions statistically occupy each oxygen anion site in the low hydrogen substitution region (x < 0.25)
and are gradually ordered in the V-O plane with increasing hydrogen content, and a crystallographic transition (tetragonal to orthorhombic)
occurs between x = 0.50 and 0.69.

antiferromagnetic spin-chain systems [11,24–36]; we will
compare this data with a theoretical calculation below. As the
temperature decreases, the magnetic susceptibility is gradually
suppressed from 382 K and shows a large deviation from
Curie-Weiss behavior. As shown in Fig. 2(c), the observed
muon spin oscillation frequencies (ν) are consistent with
the magnetic suppression of ∼160 K in the χ (T ) curve,
and the magnetic moment is estimated to be 2.13 μB per
vanadium atom, which is reasonable value for a V3+ ion with a
3d2 electron configuration. The nonmagnetic volume fraction
(fp) gradually decreases from 180 to 120 K (�T ∼ 60 K)
and fp at 2 K is only 0.14. Even though magnetic sup-
pression appears in the χ (T ) curve, no magnetic-ordering
signal is present above 180 K in the μSR data, which
suggests the formation of short-range AFM ordering, such
as a one-dimensional Heisenberg antiferromagnet (1D-HAF)
spin-chain system. The observed upturn in the low-temperature
region, which is common for quasi-1D magnetic systems
[11,30–32,35,37,38] possibly originates from the Curie-Weiss
contribution arising from finite-length chains and/or paramag-
netic impurities.

The χ (T ) curve above TN was fitted using the S = 1 1D-
HAF spin-chain model with the following equation [26,27]:

χspin = Ng2μ2
B

kBT

[
2 + 0.0194x + 0.777x2

3 + 4.346x + 3.232x2 + 5.834x3

]
, (1)

where x = |J |/kBT , and g = 2.00. To fit the susceptibility
data, we assume that the observed susceptibility consists of
three terms [30,31]:

χ (T ) = χ0 + (1 − f )(χspin) + f (χCW), (2)

where χ0 is the temperature-independent term including the
diamagnetic contribution of the ion core, χspin is the spin contri-
bution of the V3+ ions, and χCW is a Curie-Weiss component
arising from finite-length chains and/or paramagnetic impu-
rities. The experimental curve fits well (standard deviation
χ2 = 2.376 × 10−13) to the 1D-HAF model (red dashed line),
with χ0 = −3.316 × 10−4 emu/mol V and exchange cou-
pling constant J = −29.1 meV (|J |/kB = 338 K, |J |/Tmax ∼
0.88). The contribution of the Curie-Weiss component is
3.4% (f = 0.034) and the Curie-Weiss temperature θ =
−18 K. Assuming that the origin of the Curie-Weiss contribu-
tion is the paramagnetic impurity phase containing V3+ or V4+
ions, the secondary phase corresponding to 3.4 or 9.1 mol %
of the total V ions should be detected by neutron diffraction
measurement. However, such a significant amount of mag-
netic impurities was not observed in the Sr2VO3H sample
(Sr2VO3H = 93 wt %, and SrO = 7 wt %) [6]. Therefore, the
finite-length chain effect in the main phase is more likely to
be the cause of the Curie-Weiss contribution [30]. Figure 2(b)
shows the temperature-dependent spin susceptibility (χspin)
curve of Sr2VO3H with the theoretical curves by S = 1
1D-HAF model for various values of J. When T > TN, χspin
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FIG. 2. (Color online) Low-dimensional behavior of Sr2VO3H.
(a) Temperature-dependent magnetic susceptibility of Sr2VO3H (x =
1.00) in the high-temperature region. The red dashed curve shows the
theoretical trace of the 1D-HAF spin-chain system including 3.4%
Curie-Weiss component (χCW). The inset shows the temperature-
dependent heat-capacity (Cp) data for Sr2VO3H with and without
an external magnetic field (0 and 7 T). (b) Spin susceptibility
(χspin) for Sr2VO3H (blue open circles) and the theoretical curves
(dashed lines) of the S = 1 1D-HAF spin-chain model for various
exchange coupling constants J. (c) Temperature-dependent muon spin
oscillation frequencies (ν) and nonmagnetic volume fraction (fp) for
Sr2VO3H. The inset shows zero-field and transverse-field time spectra
of Sr2VO3H at various temperatures.

is reproduced well by the 1D-HAF model with J = 338 K,
while significant deviation from the theoretical model was
found below TN where long-range AFM ordering develops.

The inset of Fig. 2(a) shows the temperature dependence
of the heat capacity. The λ-shaped magnetic heat-capacity

FIG. 3. (Color online) Crystal structure and ordered spin states
of Sr2VO3H. (a) Crystal structure of the anion-ordered layered
oxyhydride Sr2VO3H. Note that the H− ions occupying O2− sites
are ordered linearly. The coordinate system for the DFT calculation
is marked by blue arrows with x, y, and z. (b–e) Schematic
representations of the four ordered spin states AFM1 (checkerboard),
AFM2 (stripe), AFM3 (stripe), and FM of Sr2VO3H. J1, J2, and J3

indicate the exchange coupling constants through the V-O-V, V-H-V,
and V-V interaction pathways, respectively.

(Cp) peak usually associated with the paramagnetic to AFM
transition is not observed with and without an external
magnetic field (0 and 7 T). This heat capacity behavior is
consistent with a 1D Heisenberg spin-chain system [24,39–
41]; i.e., drastic entropy loss does not occur at TN because
most of the magnetic entropy above TN is lost because of
the enhanced spin fluctuation by 1D short-range magnetic
ordering.

To investigate the origin of the magnetic low dimension-
alization, we set the four types of spin-ordered states shown
in Fig. 3 and calculated the spin-exchange coupling constants
for three exchange interaction pathways using the Ising spin
Hamiltonian:

Ĥ = −
∑
i<j

Jij ŜizŜjz, (3)

where Jij is the spin-exchange coupling parameter between
spin sites i and j , and Ŝiz and Ŝjz are the operators for the z

components of the spin angular momentum at spin sites i and
j , respectively. The total energy differences between these
spin-ordered states for various on-site Hubbard interactions
U (1.5–4.5 eV) and the resultant exchange coupling constants
J are summarized in Table I. For each U , the AFM1 model
gave the lowest total energy, which is in agreement with the
experimental observations. Another important result is that the
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TABLE I. Relative total energies �E (meV/unit cell) of the FM, AFM1, AFM2, and AFM3 spin models and exchange coupling constants
J (meV) for various values of U (eV).

U FM AFM1 AFM2 AFM3 J1 J2 J3 J1/J2

1.5 0 −299.46 −30.11 −252.93 −65.29 −9.58 1.03 6.82
2.5 0 −255.79 −34.84 −217.30 −54.78 −9.17 0.23 5.98
3.5 0 −216.85 −28.33 −184.50 −46.63 −7.59 0.25 6.15
4.5 0 −185.54 −23.23 −158.13 −40.05 −6.33 0.26 6.33

total energy difference between the AFM1 and AFM3 models
is quite small, while the total energy of the AFM2 model is
much higher than that of the AFM3 model, and it is similar
to the total energy of the FM model. These results indicate
that the AFM spin configuration along the V-O-V direction
is energetically more stable than the FM spin configuration
regardless of the spin configuration along the V-H-V direction;
i.e., the formation of a 1D AFM spin chain along V-O-V is
energetically stable while the interchain exchange interaction
is not dominant in determining the magnetic stability. Both
the V-O-V (J1) and V-H-V (J2) exchange interactions show
antiferromagnetic interactions (negative J ), and there is a large
anisotropy between the two exchange energies, with a J1/J2

ratio of ∼6 for the different values of U . These results indicate
that the antiferromagnetic superexchange interaction between
vanadium cations through the oxide ion is much stronger than
that through the hydride ion. Although the interatomic distance
between vanadium cations in V-H-V (3.68 Å) is shorter than
that in V-O-V (3.89 Å), the value of J1 is six times larger,
indicating that the superexchange interaction strongly relies on
the identity of the intervening anion, not the spatial distance,
in the present case.

As mentioned earlier, the symmetric relationship between
magnetic ions and bridging anions plays a key role in
the superexchange interaction between magnetic ions. The
hydride ion has only a spherical 1s orbital, which is strikingly
different from an oxide ion, which has energetically available
2p orbitals with an anisotropic shape. This different orbital
nature causes different symmetric relationships with vanadium
cations. Table II shows the hopping integrals between V 3d

and O 2p, and V 3d and H 1s orbitals using MLWFs based
on the results of a GGA + U calculation (Figs. S3 and
S4 [16]). For an oxide ion in the V-O planes [O1; see
the crystal structure in Fig. 3(a)], hopping is dominant be-
tween V dxy and O px, V dyz and O pz, and Vdx2−y2 and O py

orbitals, which form d-p π - and d-p σ -exchange interactions.
In contrast, for a hydride ion, hopping between H s and
V dz2 orbitals is dominant, which gives rise to only the

d-s σ -exchange interaction. The hopping integral of d-s σ

bonding for a hydride ion is 2.2 eV, which is larger than that of
the d-p σ bonding for an oxide ion (1.7–1.8 eV), and d-p π

bonding for an oxide ion has the smallest value of ∼1 eV. This
result is reasonable because the exchange interaction of σ

bonding is stronger than that of π bonding and the interatomic
distance between V and H is shorter than that of V and
O. Considering the stronger hopping integral between H 1s

and V 3d orbitals than between O 2p and V 3d orbitals, the
superexchange interaction along the V-H-V direction seems to
be stronger than that along the V-O-V direction, which is the
opposite conclusion from the calculated exchange interaction.
However, the orbital occupancy should be considered because
the exchange interaction strongly depends on the occupancy
of the interacting orbitals.

Figures 4(a)–4(d) show the total and partial density of states
(DOSs) for Sr2VO3H. The partial density of states (PDOSs)
show the energy overlap of relevant orbitals that participate in
π - and σ -exchange interactions, which is consistent with the
results of the hopping integrals in Table II. By calculating
the spin occupancy for each V d orbital, we found that
most unpaired spins are occupied in the V dxz (48.1%) and
dyz (45.4%) orbitals, and only a small portion are distributed
in the V dz2 (2.5%) and V dx2−y2 (1.9%) orbitals as shown
in Table II. This finding means that most unpaired spins are
associated with the π -exchange interaction with the oxide ion
along the V-O-V chain direction, and only a small portion of
unpaired spins participate in the σ -exchange interaction with
oxide and hydride ions. Therefore, anisotropic superexchange
interactions are formed and a 1D AFM spin chain developed
along the V-O-V direction despite the larger σ -hopping
strength between V and H because the spherical s orbital
of the hydride ion is orthogonal to the V dxy , dyz, and dxz

orbitals, as shown in Figs. 4(e) and 4(f). These results suggest
an alternative approach for tuning the physical dimensionality
using heteromorphic mixed anions which is totally different
from the conventional route, that is, control of the orbital
overlap between neighboring ions.

TABLE II. Hopping integrals (eV) between V 3d and O 2p, and V 3d and H 1s orbitals in Sr2VO3H (spin up/down) and the number of
unpaired spins for each V 3d orbital [Occ.(%)].

O1 px O1 py O1 pz O2 px O2 py O2 pz H1 s Occ.

V1 dxy 1.15/1.18 0.00/0.00 0.00/0.00 0.00/0.00 1.02/1.02 0.00/0.00 0.00/0.00 2.1
V1 dxz 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 1.04/1.21 0.00/0.00 48.1
V1 dyz 0.00/0.00 0.00/0.00 1.17/1.34 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 45.4
V1 dx2−y2 0.00/0.00 1.82/1.82 0.00/0.00 1.69/1.70 0.00/0.00 0.00/0.00 0.06/0.06 1.9
V1 dz2 0.00/0.00 0.69/0.78 0.00/0.00 0.58/0.67 0.00/0.00 0.00/0.00 2.20/2.15 2.5

064414-5



JOONHO BANG et al. PHYSICAL REVIEW B 92, 064414 (2015)

FIG. 4. (Color online) Calculated electronic structure of Sr2VO3H. (a–d) Total DOS and atomic PDOSs for the AFM1 model using MLWFs
based on the results of a GGA + U calculation with U = 3.5 eV. The total DOS is the sum of the PDOSs of V, O, and H (excluding Sr). The
direction along the V-H bond is set to the z axis. (e, f) Schematic diagram of the orbital interaction to explain magnetic low dimensionalization
by hydride ion substitution. Hydride ion substitution breaks the π -exchange interaction between the TM and an oxide ion.

IV. SUMMARY

We reported low dimensionalization of magnetic ordering
in TM oxides driven by change in the valence orbital symmetry
of a bridging anion. Formation of a quasi-1D AFM spin
chain occurred through the second-nearest neighbor of the
vanadium cation with hydrogen ordering in Sr2VO4−xHx with
x ∼ 1. Substitution of a hydride ion for an oxide ion can
break the π -exchange interaction between the TM ion and
the oxide ion, causing an anisotropic exchange interaction. In
the case of early TM oxides in which only the dxy , dyz, and
dxz orbitals are occupied, the absence of an exchange pathway
through TM-H-TM can introduce low dimensionalization in
the three-dimensional crystal structure when the substituted
hydride ions are ordered low dimensionally. For TM oxides
with electrons occupying the dx2−y2 and dz2 orbitals, the
σ -exchange interaction through TM-H-TM works effectively,

so the low-dimensionalization effect described above is neg-
ligible. Thus, we may understand the strong AFM ordering
(TN > 350 K) [1] reported for Co-based oxyhydrides by the
high occupation of unpaired spins in dx2−y2 and dz2 orbitals,
which forms the strong superexchange interaction through
the Co-H-Co pathway in addition to the Co-O-Co pathway.
The present finding indicates the possibility achieving unique
electronic and magnetic behavior of TM compounds by
utilizing heteromorphic mixed anions.
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