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ABSTRACT: A growing number of transition metal oxyhydrides have recently been 6H-type BavVO, H (x=0.3)
reported, but they are all confined to perovskite-related structures with corner-shared BaO

octahedra. Using high pressure synthesis, we have obtained vanadium oxyhydrides Ba('l.

BaVO;_H, (0.3 < x < 0.8) with a 6H-type hexagonal layer structure consisting of face- BaO I.-{I

shared as well as corner-shared octahedra. Synchrotron X-ray and neutron diffraction ‘B;“f

measurements revealed that, in BaVO,,H,;, H™ anions are located selectively at the 3 a
face-shared sites, as supported by DFT calculations, while BaVO,,Hs contains H™ BaO;

anions at both sites though the face-shared preference is partially retained. The selective BaO,H,

hydride occupation for BaVO,;H; appears to suppress electron hopping along the ¢ BaO, —@

axis, making this material a quasi-two-dimensional metal characterized by anomalous BaO,

temperature dependence of the electrical resistivity and strong antiferromagnetic quasi-2D metal
fluctuations. In contrast, the anion disordered BaVO,_,H, in hexagonal (x ~ 0.8) and with AF fluctuations

cubic (x ~ 0.9) forms exhibits a semiconducting behavior. This study offers a wide
opportunity to develop transition metal oxyhydrides having various polyhedral linkages, along with site preference of H/O
anions, aimed at finding interesting phenomena.

1. INTRODUCTION orbitals in H™ bestows important consequence in magnetic

Oxyhydrides, where a transition metal (M) center is interactions and resultant physical properties. S’VO,H (V**;

coordinated to both oxide (O*7) and hydride (H™) ligands, d,) Wlt,h hydride anons. at the ap 1.ca1 51t.e s @ qua51—tW(?—
. . dimensional (2D) Mott insulator with anisotropic magnetic

have recently been developed as a new class of mixed-anion ) ) b ) Th HoV ; on al h
system, with a series of unprecedented chemical and physical lnt.er'flctlonsh( lgui(e 1 })1? he V-H-V lrlteracltlori1 along t1 ec
properties that are not accessible in simple oxides. For example, s 1s much weaker than the V—O-V one in the ab plane
the hydride anion is lighter in mass, is smaller in charge (cf. the owing t? 8the orthogonal arrangeme'nt between V FZg and H 1s
oxide anion), and has a high standard potential of —2.2 V for orbitals.”” Furthermore, a pressure-induced metallic phase was
H™/H,, which makes this ligand mobile and labile. The lability found to be .Of 2D nature, indicating that Hg can effectively
of the hydride in ATi(O,H), (A = Ba, St, and Eu;' > Figure 1a) blocks the interactions along the ¢ axis.” By contrast,
03 o ’ LaSrCoO;H,, (Co'7*; d’3) has strong o-bonding of Co e
allows topochemical anion exchange reactions to occur, leading o7 g ong o ng I
to novel mixed-anion compounds such as ATi(ON), oxy- and H Is orbitals (Figure 1c), which gives rise to a high

nitrides exhibiting ferroelectricity* and SrTi(O,H,0H); with magnetic order temperature.
H™ and H' ions coexisting in the perovskite lattice.

Another important feature of hydride anions that differ- Received:  October 31, 2017
entiates them from any other anions (O*~, F~, N*7, etc.) lies in Revised:  February 10, 2018
its outermost shell that consists of 1s orbitals. The lack of p Published: February 12, 2018
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Figure 1. Reported transition metal oxyhydrides, where gray, red, and
blue spheres represent A, O, and H atoms, respectively, and transition
metal cations lie in the octahedral center. Perovskite structures with
(a) anion disorder (e.g, ATiO;_,H,") and (b) anion order
(SrvO,H"). RP-type perovskites with (c) single octahedral layers
(eg, Sr,VO;H® and LaSrCoO;H,,'’) and (d) double octahedral
layers (e.g., Sr;V,04H,°), alon, [OOI]P. (e) La,Ti,Og73Hgg, with
octahedral layers along [110]9.1 Note that a partial anion order is
observed in LaSrMnO;;H,,"" (c) and Sr;Co,0,33Hygs  (d). All
compounds are composed only of corner-shared octahedra.

Despite a rapid growth of transition metal oxyhydrides over
the previous S years, ">'*"*7'° these structures have been
exclusively limited to perovskite-related compounds having
vertex-linked octahedral networks with a M—H—M angle of
~180°, which may thus limit correlated properties. ATiO;_ H,
(A = alkaline earth elements and Eu),'” SrCrO,H," and
BaScO,H" adopt a perovskite structure with anion disorder
(Figure 1a), while SrVO,H® is the anion ordered version
(Figure 1b). LaSrCoO;H,,"’ Sr,vO,_H,”"> and LaSrM-
nO;;H,,"" crystallize in a single-layer (n = 1) Ruddlesden—
Popper (RP) layered perovskite structure (A,,,B,Xs,,;) with
perovskite slabs stacked along [001], (Figure 1c). The n = 2
analogues, Sr;V,04H,° and SryCo,0,33Hogs' are also
reported (Figure 1d). LaZTiZO6I73Ho_0216 with the perovskite
slabs along [110], is another addition (Figure le), although the
hydride content is fairly small. It would be therefore interesting
to look for transition metal oxyhydrides with face-shared or
edge-shared octahedra that enable much smaller M—H-M
bridging angles leading to versatile magnetic interactions and
thus exhibiting interesting properties.

Herein, we report the high pressure synthesis of BaVO;_H,
(0.3 < x < 0.8) which adopt a 6H-type hexagonal structure
composed of face-shared octahedra as well as corner-shared
ones. In BaVO, - H,;, H™ anions are located exclusively at the
face-shared sites, while further H™ incorporation leads to the
occupation of both corner- and face-shared sites. This anion
order/disorder results in a remarkable difference in their
physical properties; we found, from resistivity and nuclear
magnetic resonance (NMR) measurements and DFT calcu-
lations, that BaVO,,H,; is a quasi 2D metal with strong
antiferromagnetic (AFM) spin—spin correlations, whereas
BaVO,,Hys and its cubic polymorph BaVO,,H,, (also
obtained in this study) show semiconducting behavior, as a
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result of strong disruption of electron hopping of V t,,
electrons via the H 1s ligands.

2. EXPERIMENTAL PROCEDURE

Starting reagents, BaO (99.99%, Aldrich), V,0; (99.99%, Aldrich), and
BaH, (95%, Aldrich, BaH,(A)), were used as received for high
temperature and high pressure reactions. We later used BaH,
(BaH,(B)) which was prepared by heating elemental Ba (99%,
Kojundo) under H, flow (99.99%, Sumitomo Seika) at 575 °C. These
reagents were weighted in a N, filled glovebox, according to yBaH, +
(1 —y)BaO + 1/2 V,0;5 (y4 = 0.6, y5 = 0, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.8,
where y, and yp represent fractions of BaH,(A) and BaH,(B),
respectively), mixed thoroughly in an agate mortar, and sealed in a
NaCl capsule inside a pyrophyllite cell with graphic heater. The cell
was compressed to a pressure of 3 or 7 GPa using a cubic anvil press,
heated at 1000 °C for 30 min, quenched to ambient temperature
within § min, followed by a slow release of pressure. Polycrystalline
samples were recovered from the sample cell as a dense and well-
sintered pellet.

We characterized the purity and crystal structures of the samples by
powder X-ray diffraction (XRD) measurements using a D8
ADVANCE diffractometer (Bruker AXS) with Cu Ka radiation.
High resolution powder synchrotron XRD (SXRD) experiments were
performed at room temperature (RT) using a Debye—Scherrer camera
with an image plate as a detector, installed at SPring-8 BLO2B2 of the
Japan Synchrotron Radiation Research Institute (JASRI). Incident
beams from a bending magnet were monochromated either to 4 =
0.42907 or 0.42073 A. Sieved powder samples (<32 ym) were loaded
into Pyrex capillaries with an i.d. of 0.2 mm. The sealed capillary was
rotated during the measurements to reduce the effect of preferred
orientation of crystallites. Powder neutron diffraction (ND) data was
collected at RT using the high resolution powder diffractometer BT-1
with 1 = 1.54060 A at the NIST Center for Neutron Research
(NCNR) and at the IBARAKI Material Design Diffractometer
(iMATERIA)'® at the Japan Proton Accelerator Research Complex
(J-PARC). The collected SXRD and ND patterns were analyzed by the
Rietveld method using RIETAN-FP program'® for SXRD and ND
(NIST) data and Z-Rietveld programzo’21 for ND (J-PARC) data.

Cation compositions of the obtained materials were measured with
energy dispersive X-ray spectroscopy (EDX) using an Oxford X-act
detector mounted on a Hitachi S-3400N scanning electron micro-
scope. Hydrogen release behavior upon heating was monitored by a
Bruker MS9610 quadrupole mass spectrometer (QMS), where the
sample was heated with an Ar flow of 300 mL/min up to 700 °C.
Thermogravimetric (TG) measurements were conducted with a
Bruker AXS TG-DTA 2000S under flowing oxygen at 300 mL/min
up to 700 °C. A platinum pan was used for a sample holder, and Al,O,
was used as a reference.

DFT calculations were performed using the progector augmented
wave method as implemented in the VASP code.”**® An exchange-
correlation term was treated with the Perdew—Burke—Ernzerhof
functional.”* We considered all possible structures of the symmetrically
independent O/H configurations of a hexagonal unit cell (Figure 2a)
with compositions of BagVsO5_,H, (where n L, 2, ., 6).
Symmetrically nonequivalent configurations (selected using spglib
library®®) amount to 1496, and the number of the models for each
composition are given in Table SI. We constructed 1496 input
models, and for each model the total energies were minimized until
the energy convergences were less than 10 eV during self-consistent
cycles. The atomic positions and lattice constants were relaxed until
the residual atomic forces become less than 0.02 eV A™'. Strong
correlation effects of 3d orbitals were taken into account within the
framework of the GGA+U method.”® The parameter of effective U
potential for V 3d chosen was 3.0 eV.*”*® Plane-wave cutoff energies
were set to 550 eV. Integration in reciprocal space was performed with
a 5§ X 5 X 2 grid. Furthermore, we analyzed the relationship between
formation energies and structural parameters using a linear regression
method. A database of the formation energies and the structural
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Figure 2. (a) Schematic crystal structure of 6H-type BaVO,_H,. (b)
A 2D network of V1 and V2 connected via O2. Local geometry around
vanadium cations for (c) h-BVOH3 (x = 0.3) and (d) -BVOHS (x =
0.8), determined from the neutron refinement. Gray, light blue, green,
red, and blue balls represent Ba, V1, V2, O, and H atoms, respectively.

parameters was constructed from the calculations of 1496 independent
configurations.

The electrical resistivity down to 2 K was measured by means of a
standard four-probe method using a physical property measuring
system (Quantum Design, PPMS). Rectangular samples cut from the
as-prepared pellets were used. Gold wires were attached to the samples
with silver paste. Magnetic susceptibilities were measured on a
Quantum Design MPMS-XL SQUID magnetometer, with an applied
magnetic field of 0.1 T from 2 to 300 K. We used a conventional spin—
echo technique for NMR measurements. >V NMR spectra (the
nuclear spin of I = 7/2 and the nuclear gyromagnetic ratio of Slyjam =
11.193 MHz/T) were obtained by sweeping magnetic field in a fixed
frequency of 99.1 MHz. The nuclear spin—lattice relaxation rate 1/T)
was determined by fitting the time variation of the spin—echo intensity
after the saturation of nuclear magnetization to a theoretical function
for I = 7/2.

3. RESULTS AND DISCUSSIONS

The laboratory XRD pattern of y, = 0.6 synthesized at 3 GPa
and 1000 °C (where BaH,(A) was used) was readily indexed
using a hexagonal unit cell with a = 5.66 A and ¢ = 13.77 A
(Figure S1). No peaks associated with impurities or super-
structures were found. The obtained pattern resembles with
those of a 6H-type perovskite structure consisting of alternate
stacking of two face-shared octahedral layers and one corner-
shared octahedral layer along the hexagonal ¢ axis (Figure 2a),
as found in other transition metal oxides BaTiO;_; (a high
temperature form) and BaCrO3.29’30 A QMS measurement
upon heating under an argon gas flow revealed a significant
amount of H, being released at 250—450 °C (Figure S2). A
similar H, release behavior has been seen in other oxyhydrides
including ATi(O,H),,' ™ BaScO,H,"® and SrCrO,H."* A SH-
type BaVO,;_; (0 < d < 0.2), which consists of alternate
stacking of three face-shared octahedral layers and two corner-
shared octahedral layers (Figure S3), was previously prepared
in ambient pressure.”’ Under high pressure, only the cubic
perovskite (3C) phase of BaVO; was synthesized (1350 °C at
15 GPa).”” These facts suggest that the application of pressure
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and the probable incorporation of hydride anions contribute to
stabilize the 6H-type structure.

The SXRD pattern (Figure 3a) contains the hexagonal phase,
together with several unknown peaks whose intensities are less

(a) SXRD h-BVOH3
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Figure 3. Observed and calculated (a) SXRD (4 = 0.42907 A) and (b)
ND (4 = 1.54060 A) patterns at RT for BaVO,,H,; (h-BVOH3). Red
overlying crosses and green solid curves represent the observed and
the calculated intensities, respectively. The blue solid lines at the

bottom indicate the residual curves. Green ticks indicate the peak
positions of h-BVOH3.

than 1% of the main peak. We refined the experimental profile
using the 6H-type structure (space group P6;/mmc), where Bal
atoms were placed at Wyckoff position 2b (0, 0, 1/4), Ba2 at 4f
(1/3,2/3,2), V1 at 2a (0, 0, 0), V2 at 4£ (1/3, 2/3, z), Ol at 6h
(x, 2%, 1/4), and O2 at 12k (x, 2x, z). Hydride anions were not
considered here. The isotropic displacement parameters B, of
the same elements were set to be equal. The refined occupancy
factor of oxygen atom at the O1 site g(O1) was ~0.7, while no
appreciable vacancy was detected at the O2 site (g(02) =
0.98(1)). Thus, in the following analysis g(O2) was fixed at
unity. The refinement was converged, providing agreement
indices ofRP = 4.59%, R, = 6.44%, Ry = 3.14%, Ry = 2.03%,
and GoF = 3.02 (Figure 3a and Table 1). The g(O1) of 0.68(1)
gives a composition of BaVO, ;). TG measurement under
oxygen gas flow gave a composition BaVO,¢, (Figure 4S),
which is well consistent with the SXRD result. EDX analysis
confirmed the cation ratio to be Ba/V = 1.

In order to examine the hydrogen content, we performed
Rietveld analysis of the constant wavelength ND pattern
(Figure 3b). Based on the result of X-ray refinement, we
assumed a full oxygen occupation at the O2 site, while a
fractional occupancy of hydrogen and oxygen was considered at
the O1 site, imposing a constraint of g(O1) + g(H1) = 1. Here,
we assumed no vacancy at the anion sites since the vacancy
creation could be unfavorable in high pressure condition, as
seen in our previous study on (layered) perovskite oxy-
hydrides."*"> The z coordinate and By, for the vanadium sites
were fixed since the neutron scattering length of V is almost
zero. The refinement was converged successfully as shown in
Figure 3b and Table 1 (Rp = 2.39%, R, = 3.02%, Rg = 5.63%,
Ry = 4.38%, and GoF = 1.01). The refined occupancies of the
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Table 1. Crystallographic Parameters for the Hexagonal BaVO,,H,; (h-BVOH3) from SXRD (Upper) and Constant

Wavelength ND (Lower) Refinements”

atom site g X
Bal 2b 1 0
Ba2 4f 1 1/3
V1 2a 1 0
V2 4f 1 1/3
() 6h 0.68(1) 0.4806(7)
0.670(4) 0.4846(6)
02 12k 1 0.1682(4)
1 0.1671(5)
H1 6h
0.330(4) 0.4846(6)

y z B, /A?

0 1/4 0.428(8)
0.13(8)

2/3 0.59006(4) 0.428(8)
0.5913(3) 0.13(8)
0 0 0.35(2)
2/3 0.1518(1) 0.35(2)
0.9612(7) 1/4 0.55(5)
0.9692(6) 0.77(3)
0.3364(4) 0.4178(2) 0.55(5)
0.3341(5) 0.4177(1) 0.77(3)
0.9692(6) 0.77(3)

“Space group: P6y/mmc; Z = 6; a = 5.66726(6) A, and ¢ = 13.7827(1) A for SXRD and a = 5.6696(1) A and ¢ = 13.7891(4) A for ND. R, = 4.59%,
R,, = 6.44%, Ry, = 3.14%, Ry, = 2.03%, and GoF = 3.02 for SXRD and R, = 2.39%, R, = 3.02%, Ry = 5.63%, R; = 4.38%, and GoF = 1.01 for ND.

Values in parentheses indicate one standard deviation.

face-shared anion site are g(O1)/g(H1) = 0.670(4)/0.330(4)
corresponding to the 1/3 occupation of H™. The value of
g(01) agrees well with the one from SXRD. Refining g(O2)
gave a value close to 1 (g(H2) =~ 0), again in agreement with
the result of SXRD. Thus, we conclude that the H™ anion is
exclusively located at the face-shared site (Figure 2c) and the
composition is BaVO, g04yHos30(4)- The compositions ob-
tained from TG (BaVO,g,), SXRD (BaVOMS(I)), and ND
(BaVO, g70(4)Ho330(4)) are very close to each other, suggesting
that the anion vacancy, if it exists, is quite small. Accordingly,
we set the final composition as BaVO,;H 3, hereafter denoted
as h-BVOH3.

During the course of this study, we noticed that BaH,(A)
included a sizable amount of BaO. Thus, we later used a phase
pure BaH,(B) for further preparations. The laboratory XRD
pattern of yz = 0.8 synthesized at 3 GPa and 1000 °C using
BaH,(B) is similar to that of h-BVOH3 (Figure SS), but it has a
larger unit cell of a = 5.70 A and ¢ = 13.81 A, indicating further
incorporation of H™. A cubic phase was also found, assigned to
a perovskite BaVO;_H, (x = 1; a ~ 4.01 A), as will be
discussed later. The QMS of this specimen showed a release of
H, at around 250—650 °C (Figure S6), with the ion current at
the peak roughly twice of that of h-BVOH3, supporting a
greater H™ content. This is further supported by the TG
measurement which gave a composition of BaVO,,; (Figure
S7). EDX analysis confirmed the cation ratio of Ba/V = 1:1.
The Rietveld analyses of SXRD and ND data (Figure 4) were
performed using the 6H-type structure, with the cubic
perovskite BaVO;_ H, added as a secondary phase, and the
results are summarized in Table 2. As opposed to h-BVOH3,
the ND analysis probed H™ both at the face- and corner-shared
sites (Figure 2d), with the anion occupancies of g(O1)/g(H1)
= 0.524(2)/0.476(2) and g(02)/g(H2) = 0.766(4)/0.234(4).
The SXRD analysis is consistent with this observation: g(O1) =
0.57(1) and g(02) = 0.90(1). The compositions obtained from
ND (BaV02.056(6)H0A944(6))) SXRD (B3V02A37(3)); and TG
(BaVO,,;) are scattered to some extent possibly due to the
presence of the cubic BaVO;_H, impurity (12 wt %). In any
event, the hydride amount is much greater than that in h-
BVOH3. We will use an averaged composition of BaVO,,H;
(h-BVOHS). Note that its hydride content is somewhat smaller
than the nominal composition, implying that excess hydrogen
(or H, pressure) is necessary to stabilize the oxyhydride phase,
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Figure 4. Observed and calculated (a) SXRD (4 = 0.42073 A) and (b)
time-of-flight ND patterns at RT for BaVO,,H,s (h-BVOHS). Upper
and lower green ticks indicate the peak positions of h-BVOHS and the
cubic perovskite BaVO;_,H, (a mass fraction of 12%), respectively.

a tendency that has also been observed in other oxy-
hydrides.'>'*

When yg was varied (yz = 0, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.8),
we also obtained the 6H-type structure (Figure SS), except for
ys = 0 which resulted in Ba;V,04* and unknown impurity
phases. A systematic evolution of lattice parameters is only seen
for 0.2 < yg < 0.5 (Figure S). A gradual increase of the cell
parameters from yg = 0.2 to 0.5 indicates that the hydride
content increases with yz. The yz = 0.2 sample has lattice
parameters close to h-BVOH3 (y, = 0.6), suggesting that h-
BVOH3 (x &~ 0.3) roughly gives a lower limit of the hydride
content in BaVO,_H, for the 6H-type phase. Likewise, the
saturation of cell parameters above yz = 0.5 suggests an upper
solubility limit of x ~ 0.8 (h-BVOHS).

We have already shown that the sample of h-BVOHS
contains a small amount of cubic perovskite (3C) phase with a
= 4.00 A. This cubic phase can be isolated by elevating pressure
to 7 GPa (yg = 0.6 at 1000 °C), as shown in Figure S8. BaVO,
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Table 2. Crystallographic Parameters for the Hexagonal BaVO, ,H, s (-BVOHS) from SXRD (Upper) and Time-of-Flight ND

(Lower) Refinements”

atom site g x
Bal 2b 1 0
Ba2 4f 1 1/3
V1 2a 1 0
V2 4f 1 1/3
o1 6h 0.57(1) 0.483(1)
0.524(2) 0.497(3)
02 12k 0.90(1) 0.1677(7)
0.766(4) 0.1641(5)
H1 6h
0.476(2) 0.497(3)
H2 12k
0.234(4) 0.1641(5)

y z B, /A?

0 1/4 0.55(1)

0.35(6)

2/3 0.58692(6) 0.55(1)

0.5886(3) 0.35(6)

0 0 0.46(2)

2/3 0.1577(1) 0.46(2)
0.966(1) 1/4 1.2(1)

0.994(3) 0.10(4)
0.3353(7) 0.4160(4) 1.2(1)

0.3282(5) 0.4167(2) 0.10(4)

0.994(3) 0.10(4)

0.3282(5) 0.4167(2) 0.10(4)

“Space group: P6,/mmc; Z = 6; a = 5.70649(S) A and ¢ = 13.8055(1) A for SXRD and a = 5.70620(3) A and ¢ = 13.8067(2) A for ND. R, = 4.28%,
R, = 7.27%, Ry = 2.90%, Rg = 1.62%, and GoF = 5.32 for SXRD and R, = 1.83%, R, = 2.28%, Ry = 6.86%, R = 9.01%, and GoF = 1.36 for ND.
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Figure S. Lattice parameters and volume of the 6H phase of
BaV(O,H); as a function of yg, where the samples were prepared in a
starting mixture of ygBaH, + (1 — y3)BaO + 1/2 V,0;. Upper and
lower dashed lines respectively represent the values for --BVOHS8 and
h-BVOH3. h-BVOH3 was synthesized using BaH,(a).

has been known to exist at much higher pressures of around 15
GPa,** with a shorter a axis of 3.94 A, indicating that our
sample is more reduced in terms of the titanium valence. In
fact, TG measurement yielded BavVO, ;, (Figure S9), and QMS
signified a substantial amount of H, upon heating (Figure S10).
Thus, we conducted Rietveld refinement of SXRD and ND
(Figure 6) using the ideal perovskite structure (Pm3m) of
BavO,_H, (Figure la), which yielded BaVO, s5(6/Hoo4s(6)-
We will hereafter use c-BVOH9 (BaVO, H,,) unless indicated
otherwise. The bond valence sum (BVS) value for V is +2.7,
which is similar to that of h-BVOHS8 as shown later. The
calculated density of cBVOHY, 5.77 g/cm?, is higher than 5.69
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Figure 6. Observed and calculated (a) SXRD (4 = 0.42073 A) and (b)
time-of-flight ND patterns at RT for the cubic BaVO,;Hy (c-
BVOHY), adopting the ideal perovskite structure (Pm-3m), with a =
3.99830(3) A, g(0) = 0.728(4), By (Ba) = 0.446(6), By (V) =
0.55(1), and B,,(O) = 0.74(5) for SXRD and a = 3.99901(2) A,
2(0)/g(H) = 0.684(2)/0.316(2), B,,(Ba) = 0.20(3), B,,(V) = 0.55,
and By,,(O/H) = 0.28(2) for ND. Agreement indices are R, = 4.99%,

= 8.11%, Ry = 2.25%, Ry = 1.31%, and GoF = 4.07 for SXRD and
R, = 2.22%, R, = 2.64%, Ry = 5.67%, Ry = 9.92%, and GoF = 127 for
ND.

g/cm’ for the almost isocompositional h--BVOHS, justifying the
formation (and stabilization) of the former under higher
pressure. Similar hexagonal-to-cubic perovskite transitions by
pressurization were reported previously in oxides.*™*> We
would like to point out that StVO,H (Figure 1b) forms the
infinite-layer structure. For perhaps, the ionic size of Ba is too
large to adopt the infinite-layer structure. Similarly, the infinite-
layer oxide SrFeO, undergoes a transition upon Ba-for-Sr
substitution,36 leading to a structure that is analogous to the
Brownmillerite structure.’”
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The local structures of h-BVOH3 and h-BVOHS are
presented in Figure 2¢,d. V—O (and V—H) bond lengths of
1.893—2.060 A are comparable with other oxides with VO
octahedra.”***® The V—H bond is similar to that of
Sr,VO,_H, (x < 07)" but is longer than 1.83 A for
S1,.,1V,05,1H, (n = 1, 2, 00), which is not surprising given the
complete H/O order and the resultant compression of the
hydride anion.”” We calculated the BVS values for V1 and V2
in h-BVOH3/h-BVOHS8 wusing literature parameters”’40 and
obtained +3.4/+2.8 and +3.6/+2.6, respectively, in reasonable
agreement with those expected from the hydride compositions
(V37*/V32*). The bridging angles £V1—02—V2 for corner-
shared octahedra are slightly smaller than 180°: 175.7° in h-
BVOHS3 and 176.2° in h-BVOHS8. The £V2—01-V2 angle for
face-shared octahedra in h-BVOHS3 is 84.7°, which is larger than
76.4° for h-BVOHS. This change results from the “asymmetric”
coordination environment around V2 in h-BVOH3. Namely,
the site-selective hydride occupation at O1 leads to a more
pronounced V2 displacement toward the O2 triangular plane.

In h-BVOH3, all of the H™ anions occupy the face-shared
site. Similarly, oxygen vacancy has been created selectively at
the face-shared site (vs corner-shared site) in related structures
such as 6H-BaTiO, 4,” 4H-BaMnO,_; (6 < 0.35),*' and 6H-
BaFeO,,,."* Such selective creation of vacancy in these oxides
may be understood in terms of a weaker bonding for the face-
shared M—O—M with ZM—0O—M = 80° than for the corner-
shared one with ZM—0O—M = 180°. We note that in ref 41 the
authors referred to the Ba—O bond length as a key parameter
for the preference. However, this scenario cannot explain what
happened to our case (h-BVOH3) since all of the Ba—O bond
lengths are fairly close (2.835—2.898 A). Also note that a SH-
type BaMO, ¢ phase (M =V, Cr, and Fe) has oxygen vacancy at
the corner-shared site, as a result of an oxygen vacancy order
giving double layers of MO, tetrahedra (Figure S$3).*"*>**
These examples imply that, like anion-deficient oxides, hydride
positioning in hexagonal perovskite-based oxyhydrides can be
tailored in various ways.

In order to obtain further insight into the location of hydride
anion as a function of hydride content, we calculated energies
of all possible independent 1496 configurations
of BagV40y,_H, (n=1, 2, .., 6; Table S1) and obtained the
most stable configurations for each n as shown in Figure 7 and
Table 3. For n 1 (corresponding approximately to
BaVO, ;Hy 17), there are two independent configurations, and
the configuration with H™ at the face-shared (6h) site (Figure
7a) is more stable than the one at the corner-shared site by 170
meV. For n = 2 (BaVO, 4;H, 3;), we compared 14 independent
models, and the most stable configuration (Figure 7b) is where
H™ anions are positioned only at the 6h site, in excellent
agreement with the structure found in h-BVOH3
(BaVO, g70(4yHo330(4))- The second most stable one also has
H™ anions only at the 6h site, while H™ anions are found both
at the 6h and 12k sites for the third and fourth ones, whose
energies are greater by 305 and 492 meV relative to the most
stable configuration (Figure S11 and Table 2).

One can see from Figure 7c—f that, with further increasing n,
additional H™ anions are also occupied at the corner-shared
(12k) site, as experimentally observed for --BVOHS. The most
stable configuration of the “terminal” composition BagVsO,Hg
(n =6, x = 1) has 2 and 4 hydride anions respectively at 6h and
12k sites, meaning the loss of site preference, which is
inconsistent with ~-BVOHS that retains the partial face-shared
preference (g(H1) = 0.476 and g(H2) = 0.234). Nevertheless,
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Table 3. Numbers of H™ in Face-Shared (6h) or Corner-
Shared (12k) sites and Those of cis- or trans-Coordinate
Octahedra in the Most Stable Structures of BagV,0,5_,H, in
Figure 7

n in BagVgOpe H,
no. of H™ at 6h
no. of H™ at 12k
no. of cis-VO,H,
no. of trans-VO,H,
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our DFT calculations for n > 3 (Table 3) shows an interesting
implication on the local structure of the VO,H, octahedra, that
is, the preference of the trans configuration (vs the cis
configuration). For n 3 (BavO,H,;), the most stable
configuration has one trans-coordinate octahedron in the unit
cell (Figure 7c), while the second and third ones have one cis-
coordinate octahedron with energies higher by 137 and 220
meV (Figure S12 and Table S3). Similar trends are also
observed for n = 4—6.

In order to further examine trans/cis coordination preference
(impossible to probe by conventional Rietveld refinements), we
carried out a regression analysis of the energy calculations,
where all 1496 configurations were statistically taken into
account (see the Supporting Information). Figure S14 shows
that the coefficients for trans and cis configurations of VO,H,
octahedra take large negative and positive values, respectively,
meaning that the former configuration is favorable. Note that
the preference at the face-shared site (vs corner) is also seen
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from its large negative coefficient. The theoretically suggested
trans preference in VO,H, octahedra for 3 < n < 6 can be
rationalized by the crystal field splitting of V 3d orbitals with d
electron count n’ of 1.5—2, as shown in Figure 7g. The trans
preference of electronic origin is more explicitly seen in
SrVO,H (d?) with the complete anion order (Figure 1b).° This
study, in contrast, suggests the same trend even in the case
where n’ is noninteger (1 < n’ < 2).

Now we have three oxyhydrides of BaVO;_,H,, with
different structural types (6H vs 3C), different hydride contents
(x = 0.3 vs 0.8 for 6H), and anion order/disorder. These
features may bring about certain differences in physical
properties. Indeed, electrical resistivity experiments (Figure
8a) have revealed that the physical property of h-BVOH3
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Figure 8. Temperature dependence of (a) electric resistivity and (b)
spin—lattice relaxation rate 1/T,T for h-BVOH3, h-BVOHS, and c-
BVOH9. The inset in (a) magnifies the resistivity for h-BVOH3 below
S0 K, fitted to p = py + AT “ (@ = 0.75). NMR spectra signified no
magnetic transition down to 1.5 K for ~-BVOH3 and to 10 K for h-
BVOHS and ¢-BVOH9 (Figure S17).

differs significantly from those of --BVOHS and ¢-BVOH9. The
electrical resistivity of the sintered pellet of i-BVOH3 shows a
metallic behavior, in marked contrast to the other two
compounds with higher electrical resistivities and semiconduct-
ing temperature dependences. Arrhenius fitting above 200 K
gave activation energies of 0.05 and 0.12 eV for h-BVOHS and
c-BVOH? (Figure S15). The resistivity of --BVOH3 up to 50 K
was fitted by p = p, + AT® (inset of Figure 8a), where py, 4, and
a represent the residual resistivity, the temperature coeflicient,
and the exponent. Remarkably, the exponent « is estimated as
0.75, which is smaller than what is expected from a Fermi liquid
(a = 2), implying an anomalous metallic state.

The magnetic susceptibility of h-BVOH3 (Figure S16) is
almost temperature independent, a behavior typical for a
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paramagnetic metal, although it slightly increases at low
temperatures. On the other hand, 4-BVOHS8 exhibits more
pronounced temperature dependence, indicating the localized
nature of spins. A Curie—Weiss fitting above 200 K gives a
Curie constant of C = 0.16 emu/K mol, giving the effective
moment of p4 = 1.1 pp. This value is much smaller than ~2.8
py assuming completely localized d electrons (V*'*; d'¥). This
suggests that the d electrons are localized but not completely in
accordance with the p—T data, although clarifying in-depth
transport property is difficult given the use of powder specimen.
The magnetic susceptibility of c-BVOHY is qualitatively similar
to h-BVOHS, with C = 0.20 emu/K mol. Note that a small
anomaly in susceptibilities of -BVOHS and ¢-BVOH9 at 21 K
that come from a tiny magnetic impurity as NMR spectra
(Figure S17) did not show any change across this temperature.

What is the origin of the remarkable difference in the
transport property between h-BVOH3 and h-BVOHS8? To
answer this, let us consider for simplicity a hypothetical 6H-
type oxide BaVOj; though the electron doping rate is smaller. In
general, the d electron hopping interaction in oxides is mostly
mediated by the O 2p orbital and hence is sensitive to the
oxygen bridging angle. Clearly, the orbital overlap by indirect
transfer between V t,; orbitals through the O 2p orbital is much
greater for the corner-shared octahedra with a nearly linear
V1-02—-V2 bond than for the face-shared ones with a heavily
bent V2—O1-V2 bond. Thus, the transport property of this
hypothetical oxide should be anisotropic, with a superior in-
plane conductivity expected within the V1—02—V2 network
(see Figure 2b). In fact, the calculated band structure of 6H-
BaVO, (d") has a quasi 2D feature (Figure S18) and in-plane
conductivity at 300 K is 1 order of magnitude higher than the
out-of-plane conductivity (Figure S19), although we admit that
the magnitude of the anisotropy may vary with the electron
doping rate.

When the O1 site is partially replaced by hydride anion (as
occurred in h-BVOH3), the d electron hopping between face-
shared octahedra (i.e., along c) will be significantly interrupted
by a nearly orthogonal arrangement between H 1s and V t,,
orbitals and by chemical disorder along this axis, whereas the
in-plane conduction path remains intact, and hence conduction
electrons may be effectively confined within the V1-02—-V2
slab. In addition, the electrical conductivity in “6H-BaVO;”
with electron doping rate of 0.3/vanadium is highly anisotropic
(Figure 19S), implying a quasi 2D metallic state in h-BVOH3.
In contrast, the hydride anions in /-BVOHS are also occupied
at the O2 site, and this may interrupt the in-plane conductivity,
leading to a semiconducting behavior (Figure 8a). We also
found that the degree of anisotropy in 6H-BaVOj is reduced
when the electron doping rate is increased (see the result for
0.8/vanadium in Figure 19S). It was deduced that the
semiconducting behavior of ¢-BVOHY is also a reflection of
the interrupted electron hopping by the hydride ligand, along
with chemical disorder.

To gain microscopic information on the electronic states of
these oxyhydrides, we performed *'V NMR experiments and
again observed a distinct feature in h-BVOH3. As shown in
Figure 8b, 1/T,T for h-BVOH3 increases with lowering
temperature, which manifests strong AFM fluctuations. Such
strong AFM fluctuations are mostly likely resulting from the
enhanced two dimensionality since a similar behavior has been
observed, e.g, in the parent compounds of iron-based
superconductors such as BaFe,(As,P),."**® It is thus possible
that the anomalous metallic state observed in the electrical
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resistivity measurement is linked to the AFM fluctuations. In
fact, @ = 0.75 in h-BVOHS3 is close to the expected value of a =
1 for a system with 2D AFM fluctuations.”” BaFe,(Asy,P,3),
has a similar value.”® In contrast, the 1/T,T curves for h-
BVOHS and ¢-BVOHY are almost temperature independent.
Together with resistivity and susceptibility data, we consider
that the AFM fluctuations of h-BVOH8 and c-BVOH9 are
much weaker.

4. CONCLUSION

Using high pressure synthesis at 3 GPa, we synthesized a novel
oxyhydride BaVO,_H, (0.3 < x < 0.8) with a hexagonal 6H-
structure having both face- and corner-shared octahedra.
Structural characterizations and DFT calculations have revealed
that, at x = 0.3 (h-BVOH3), H™ anions are located exclusively
at the face-shared sites. It is likely that this selective hydride
occupation makes its transport properties quasi 2D and is
responsible for its anomalous metallic behavior with strong
AFM fluctuations. On the other hand, x = 0.8 (h-BVOHS)
contains H™ anions at both face- and corner-shared sites with a
partial preference for the former. Additionally, a trans
preference in the VO,H, octahedron is theoretically suggested
in a H™ rich region. h-BVOH8 and its cubic polymorph
stabilized at 7 GPa exhibit a semiconducting behavior with
weak spin—spin correlations. In oxides, various types of
stacking patterns of corner- and face-shared octahedral layers
are known such as 2H, 4H, and 9R structures (Figure
38). 1972 Thus, it is expected that a large family of
hexagonal oxyhydrides will be prepared in the future, and they
might exhibit novel physical properties that might be linked to
the stacking sequence as well as the selective hydride
distributions.
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