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Unusual valence state and metal-insulator transition in BaV;, O5s probed
by hard x-ray photoemission spectroscopy
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We have studied the electronic structure of BaV(yO,5 across the metal-insulator transition with V trimerization
by means of hard-x-ray photoemission spectroscopy (HAXPES) and mean-field calculations. The V 2 p HAXPES
indicates V23*-V3* charge fluctuation in the metallic phase, and V>*-V>* charge order in the insulating phase.
The V25+-v3+ charge fluctuation is consistent with the mean-field solution where a V 3d a,, electron is shared
by two V sites with face-sharing VOg octahedra. The valence-band HAXPES of the metallic phase exhibits
pseudogap opening at the Fermi level associated with the charge fluctuation, and a band gap ~200 meV is
established in the insulating phase due to the switching of charge correlation.
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I. INTRODUCTION

Metal-insulator transitions (MITs) in transition-metal com-
pounds (TMCs) are generally driven by electron-electron
and electron-lattice interactions of the transition-metal d
electrons [1,2]. While MITs with Mott localization in in-
teger valence TMCs are governed by an on-site Coulomb
interaction between d electrons, MITs with charge ordering
in noninteger valence TMCs may have different causes,
such as Wigner crystallization by intersite electron-electron
interactions, dimerization/trimerization by electron-lattice in-
teractions, and polaronic or Jahn-Teller-type lattice distor-
tions. For example, the electron-lattice interaction is essential
to stabilize the stripe-type charge order in perovskite-type
La,_, St Ni?*/3*0Q,, where NiOg octahedra share the corners
with their neighbors [3-5]. On the other hand, the intersite
Coulomb interaction between d electrons plays an essential
role for the zigzag-type charge order of NaV,*/5+ Os where
VOs pyramids share the corners in the ladder structure [6-8].

The physics of charge orders in TMCs is very rich and de-
pends on their coordination geometry, valence state, and driv-
ing forces involved. Among the various charge ordering phe-
nomena in noninteger valence TMCs, the charge order of V>*+
and V37 is very rare, and a new physics is expected in a V>*/3+
TMC. A V>*/3*+ mixed valence oxide with the composition of
BaV(0;5 was discovered by Liu et al. [9-11] and was found
to exhibit interesting physical properties, including a structural
transition around 120 K [12-14]. Kajita et al. have identified
the structural transition at 123 K in single crystal BaV(Oys
that is driven by V trimerization [15] and V 3d orbital order
[16]. The structural transition is accompanied by a resistivity
drop of two orders of magnitude in going from the low to high
temperature phases, and the transition may correspond to a
MIT, although the resistivity gradually decreases with increas-
ing temperature even in the high temperature phase. The unit
cell of BaV¢Oys consists of four layers, each of which is con-
structed from “boat” units with five edge-sharing VOg¢ octahe-
dra [Fig. 1(a)]. While the VOg¢ octahedra in the first and second
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(third and fourth) layers share the edges, those in the second
and third (first and fourth) layers share the faces. Below the
transition temperature, the V trimers are formed, as indicated
by thick solid lines in the lower panel of Fig. 1(b). The “boat”
units are connected by the trimers in the insulating phase.

V trimerization by V 3d orbital ordering is known to
occur in LiV3* O, with a V triangular lattice layer where the
VOg octahedra share the edges with their neighbors [18-20].
However, the V trimerization in BaV (05 is accompanied by
enhanced magnetic susceptibility in contrast to the reduced
one in LiV3t O, due to the formation of three singlet
bonds in the trimer. Since the average valence of V is +2.8,
BaV (05 is expected to show an interesting interplay between
V2+/3+ charge order and the V trimerization. In particular,
Hund coupling plays an important role in the electronic
configurations of V2+ and V3t as shown in Fig. 1(c), which
may contradict with the singlet bond formation. Although
details of the crystal structure of BaV190;s have been reported
in the literature, the electronic structure and the valence state
of BaVyO;s have yet to be studied by spectroscopic methods,
except for optical and x-ray absorption spectroscopy [15,16].
In order to clarify the electronic structural change across the
MIT and to reveal the relationship between the V trimerization
and the rare V2*/3* charge order, we have performed hard
x-ray photoemission spectroscopy (HAXPES) of BaV¢Oys.
The valence-band spectral change is consistent with the
MIT around 120 K. The V 2p spectrum is split into two
components above and below the MIT temperature, indicating
V 3d charge fluctuation and charge order, respectively.
Based on the proposed charge/orbital model, the relationship
between the present system and the classical systems such as
LiVO, and V, O3 will be discussed.

II. EXPERIMENT

Single crystals of BaVyO;5s were grown as reported in
the literature [15]. HAXPES measurements were performed at
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FIG. 1. (a) Crystal structure of BaV,yO;s at 300 K created by
VESTA [17]. The unit cell consists of four layers with z = 0, i, %, and
—1(3). (b) Schematic drawing of the VOg octahedra in BaV,O;s.
VOg octahedra share the edges in each layer and five octahedra form
a boat unit. VO4 octahedra share the faces between the first (z = 0)
and fourth (z = —%) layers and share edges between the first (z = 0)
and second (z = %) layers. (c) Electronic configurations of V** and
V3. The V 3d 1, orbitals are split into a;, and two e orbitals under
the trigonal ligand field. (d) Schematic drawing of the temperature
dependence of resistivity reported by Kajita et al. [15]. The circles
indicate the temperatures for HAXPES measurements.

BLO9XU of SPring8 which has the same optics as BL47XU
of SPring8 [21]. The crystals were fractured at 300 K under
an ultrahigh vacuum of 10~® Pa. The photon energy was set to
7930 eV and the photoelectrons were collected and analyzed
by Omicron Scienta R4000-10kV. The pass energy was set to
200 eV and the total energy resolution was about 270 meV.
The binding energy was calibrated using the Fermi edge of the
Au reference.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the valence-band HAXPES
spectra across the transition at 123 K. The band gap of ~0.2 eV
opens at 75 K in the insulating phase. The magnitude of the
band gap is consistent with the optical spectra reported by
Kajita et al. [15]. At 300 K, the band gap is destroyed and finite

PHYSICAL REVIEW B 95, 075151 (2017)

(a) LR RN R RN R R AL LR RRR R RERRY RRRR
BaV,, 0,5 valence-band HAXPES '
~ 1
£ O 2paV ds.p — 300K !
= — 75K .
,Q. 1
] 1
S 1
>y 1
'E 1
g I
= 1
e 1
1

MIREERIAREN FRRRARRRR] ARRRI RRRTE AERRARRER] v el FEETNATR

12 10 2 0

6 4
Binding Energy (eV)
rrr T I TrrrrrrrT I TrrrrrrrT I TrrrrrrrT

BaV, 0,5 V 3d HAXPES

— 300K
— 75K

~_~
=3
~

Intensity (arb. units)

3 2 1 0
Binding Energy (eV)

I I I I I I I
BaV,,0,5 O 1s HAXPES

— 300K
— 75K

~_~
]
~—

Intensity (arb. units)

| | | | | | |
540 S38 536 534 532 530 528
Binding Energy (eV)

FIG. 2. (a) HAXPES spectra for the entire valence band of
BaV;0;5 taken at 300 and 75 K. (b) HAXPES spectra near the
Fermi level of BaV;(,0O;5 taken at 300 and 75 K. (c) O 1s HAXPES
spectra taken at 300 and 75 K.

spectral weight exists at the Fermi level, indicating that the high
temperature phase can be viewed as a metallic state. However,
the resistivity gradually decreases with increasing temperature
in the high temperature phase and deviates from a simple
metallic behavior. Indeed, the spectral weight at the Fermi
level is relatively small compared to the intense V 3d band
around 1 eV below the Fermi level, and a kind of pseudogap
remains at the Fermi level. Such an anomalous metallic
state with pseudogap behavior has been reported in various
transition-metal oxides [1], and, in the present system, it should
be related to charge fluctuation observed by V 2p HAXPES,
which will be discussed later. Here, we speculate that the
resistivity gradually decreases with increasing temperature
due to a decrease of the charge or orbital fluctuations in the
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FIG. 3. V 2p HAXPES spectra taken at 300 and 75 K. The fitted
results are shown by the dashed curves. The low- and high-energy
components for V 2ps, are indicated by the dotted and dotted-dashed
curves, respectively.

anomalous metallic phase. The line shape of the V 3d 1,
peak is somewhat similar to that of the Co 3d 1,, peak of the
triangular lattice in Co oxides with a positive and large Seebeck
coefficient [22]. However, the Seebeck coefficient is almost
zero around room temperature in BaV 05 [13,23], indicating
that substantial V 3d spectral weight should exist just above the
pseudogap and that the electron contribution may be canceled
with the hole contribution. The O 1s HAXPES of the metallic
phase exhibits substantial asymmetry at 300 K due to the
screening effect of the V 3d conduction electrons.

Figure 3 shows the V 2p HAXPES spectra taken at 300
and 75 K (indicated by the thick solid curves). At 300 K, the
low binding energy side of the V 2ps3,» branch reaches 512 eV.
In the V 2p HAXPES of various metallic V oxides such as
SrVO; [24], VO, (metallic phase) [25], and V, Oz (metallic
phase) [26], the V 2p;,, peak was commonly observed to
be very broad and extended from ~519 to ~512 eV. The
HAXPES studies have established that the broadening of the
V 2pj3,, peak represents the bulk electronic structure and is
assigned to the core-hole screening effect by the conducting
V 3d tp, electrons. It should be recalled that, while metallic
systems such as SrVO; and V; O3 have the integer number of
the V formal valence, BaVyO;s has the noninteger V formal
valence. Therefore, in the metallic phase of BaV (05, both the
mixed valence effect and the core-hole screening effect should
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be considered for the interpretation of the V 2p spectrum.
On the other hand, in the V 2p HAXPES taken at 75 K
(insulating phase), the V 2 p3 » peak becomes less broad, which
is consistent with the absence of a core-hole screening effect
by conducting electrons.

In order to extract quantitative information on the mixed
valence, the V 2p spectrum of the insulating phase is fitted to
six Gaussians (four for 2 p3/, and two for 2py ») plus a Shirley-
type background, as indicated by the dashed curve. First, since
the 2p;,» main peak overlaps with the charge-transfer satellite
for the 2p3 > peak in V oxides [27], we focus on the analysis of
the 2 p3/, part. The 2 p3,, peak would be decomposed into V2t
and V>* contributions considering the fact that the average
V valence of BaVoO;s is +2.8. The 2p3/, peak can be
decomposed into the low-energy part (with two Gaussians) and
the high-energy part (with two Gaussians), which are indicated
by dotted and dashed-dotted curves, respectively. The low- and
high-energy components (which correspond to V2* and V3*
components) are located at ~513 and ~515 eV, consistent with
the values reported in the literature [28—30]. The intensity ratio
of V2* to V> is about ~0.2. This value agrees with the ratio
expected for the charge order of V2:V3* = 1:4.

In the next step, the V 2p spectrum of the metallic phase
is fitted to six Gaussians (four for 2p;,, and two for 2p; ;)
plus a Shirley-type background, as indicated by the dashed
curve. In the 2p;3,, branch, three Gaussians are required to fit
the complicated line shape of the low-energy part, which is
probably due to the screening effect by conducting electrons.
On the other hand, a broad Gaussian is enough for the
high-energy part. In the present fit result, the intensity ratio
of the low-energy component to the high-energy one is ~0.6,
which is much larger than the expected value of 0.2. Although
the complicated line shape of the low-energy part brings
ambiguity to the estimation of the intensity ratio, one can safely
conclude that the ratio is closer to 0.6 rather than 0.2. Since the
high-energy component should correspond to a valence higher
than +2.8, it is reasonable to assign it to V3*. Considering
an average valence of 42.8 and an intensity ratio of 0.6,
the V valence for the low-energy component is estimated to
be V> (namely, V?>°:V3* = 2:3). As mentioned above,
the low-energy part assigned to V>3* exhibits a complicated
line shape unlike the high-energy V3" peak given by a simple
Gaussian. This indicates that the V 3d electrons in the V*>*
part mainly contribute to the conductivity and to the core-hole
screening. On the other hand, the V 3d electrons in the V3t
part are essentially localized even in the metallic phase. Here,
we speculate that sites 1 and 3 of the boat unit [see Fig. 1(b)]
with face-sharing VOg neighbors are V> and that sites 2,
4, and 5 are V3T, Such a charge pattern is indeed supported
by mean-field calculations on a multiband Hubbard model, as
will be discussed later.

The fit results indicate that the charge order with
V2+:V3* = 1:4 in the insulating phase is switched to the
charge fluctuation with V23*:V3* = 2:3 in the metallic phase.
As for the charge order state with V23t = 1:4, one of the
five V sites is expected to be V2T in the boat unit. When site
2 of the boat unit is V>* [see Fig. 1(b)], the V trimers are
formed by V3%, just as LiVO,. Such a V trimer with V3* is
expected to be S = 0 in total and the magnetic susceptibility
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FIG. 4. (a) Charge order of BaV,,0;s in the insulating phase
suggested from the V 2p HAXPES and model mean-field calculation.
The right panel illustrates the V>* and V% sites at the face-sharing
V-V bond. The V 3d a;, orbital is occupied by an electron at the
V?* site. (b) Charge fluctuation of BaVyO;s in the metallic phase
suggested from the V 2 p HAXPES and model mean-field calculation.

The right panel illustrates the V>*¥ sites at the face-sharing V-V bond.

The V 3d a;, orbitals form a molecular orbital to accommodate an
electron.

should be reduced below the transition temperature. If site 3
of the boat unit is V2%, as illustrated in Fig. 4(a), one of the
trimerized sites should be V>* and the V>*-V3* arrangement is
realized in the V-V bond along the ¢ axis (the face-sharing VOq

octahedra). As illustrated in Fig. 4(a), the a;, and eg orbitals

are all occupied at the V> site with § = % while only eg

orbitals can be occupied at the V3* site with § = 1. Such an
orbital configuration favors ferromagnetic coupling between
the V2+ and V37 sites due to the transfer of the a; ¢ €lectron
and the intra-atomic Hund coupling between the a;, and e

electrons. The transfer of the a;, electron from the V2 to V3*
sites is expected to be the lowest-energy charge excitation. This
picture is consistent with the smaller optical gap along the ¢
axis than those along the a or b axis [15]. The ferromagnetic
interaction due to the a;, electron can be viewed as a Zener
double exchange interaction [31]. Also, the ferromagnetic
bond mediated by the a;, electron transfer is somewhat similar
to the ajgeg -ey ey orbital state in the face-sharing V-V bond of
V, O3 where the V spins are ferromagnetically coupled [32].
In the above charge order model (CO model), one VZ*+ and
two V3% form the trimer and a kind of Zener double exchange
interaction provides a ferromagnetic coupling between the V>*+
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and V>* sites. This picture is consistent with the enhancement
of magnetic susceptibility below the MIT. The V>*-V3* bond
with ferromagnetic coupling favors the shorter bond, which
is consistent with structural distortion in the insulating phase
[15]. On the other hand, the magnetic interaction between the
two neighboring trimers is expected to be antiferromagnetic.
In the metallic phase, the V>*-V>* charge order at the
face-sharing V-V bond is suppressed, and the V> +-V*5* bond
would be realized as illustrated in Fig. 4(b). In the bond order
model (BO model), the V 3d ay, orbitals form a molecular
orbital spanning the two V sites to accommodate an electron
whereas the e electrons are localized at each V site. In the fit

results for the V 2p HAXPES, the V' component is very
broad and the binding energy is smaller than the V>* peak in
the insulating phase. Most probably, the broad V>°* peak is
derived from the screening effect of the a;, electron shared
by the two V sites. When a V 2p core hole is created in one
of the two V sites, the a, electron shared by the two sites is
transferred to the core-hole site and the well screened structure
appears as the lowest-energy part of the V 2p HAXPES.

The BO state is indeed obtained in the mean-field calcu-
lations on the V 3d-O 2p multiband Hubbard model which
were originally proposed to describe orbital order [33] and
charge order [34] in perovskite-type transition-metal oxides.
The mean-field calculations on the multiband Hubbard model
have been applied to possible charge ordered states in Li, CoO,
with edge-sharing CoOg¢ octahedra [35]. In the V 3d4-O 2p
multiband Hubbard Hamiltonian for BaV¢O;s, the V 3d-V
3d Coulomb interactions and the O 2p-V 3d, O 2p-O 2p, and
V 3d-V 3d transfer integrals are described by Kanamori and
Slater-Koster parameters, respectively. A typical parameter set
for Kanamori parameters for V oxides is u = 6.1 eV, u' =
4.66 eV, j = 0.72 eV, and that for Slater-Koster parameters
is (pdo) = —1.8 eV, (pdm) =0.81 eV, (ppo) =0.6 eV,
(ppm) = —0.15¢eV, (ddo) = —0.3 eV, and (ddm) = 0.15eV
[33]. The bare V 3d energy level relative to O 2p (¢4 — €,,) is
setto —3.0eV, namely, the O 2p to V 3d charge-transfer energy
(eq —€p +2U, U =u—20j/9) is set to 6.0 eV, which is a
typical value for V>* oxides [33]. The mean-field treatment
is applied to the V 3d-V 3d Coulomb interactions. Starting
from initial values of the order parameters (including the
occupation numbers of the V 3d orbitals), diagonalization
of the mean-field Hamiltonian and calculations of the order
parameters are iterated until successive differences of all the
order parameters converge to less than 10~*. The BO state
is obtained as one of the stable mean-field solutions of the
V 3d-O 2p multiband Hubbard Hamiltonian for BaV(Os.
The BO state is robust even when the parameter values in
the Hamiltonian except j are moderately changed. It has been
found that the Hund exchange j close to the atomic value
is essential to stabilize the BO state. In the calculation with
the parameter set, the BO state with the V 3d a, electron
in the face-sharing V-V bond is lower in energy than an
antiferromagnetic and CO state with V>* at site 2 and V3"
at sites 1, 3, 4, and 5 of the boat. The energy difference of
the two states is ~0.5 eV per formula unit and ~0.05 eV per
V site. On the other hand, the CO state of Fig. 4(b) (V> at
site 3) cannot be stabilized relative to the BO state without
lattice distortions. V-V bond shortening, which is consistent
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with the trimerization, is required to stabilize the CO state with
V?* at site 3 against the BO state.

IV. CONCLUSION

In conclusion, the electronic structure of the unique MIT
system BaVyO;s has been revealed by means of hard-x-ray
photoemission spectroscopy. On the basis of V 2p HAXPES
results, the V>>F-V3+ charge fluctuation is suggested in the
metallic phase. On the other hand, V**-V3* charge order
with V2+:V3* = 1:4 is established in the insulating phase.
The valence-band HAXPES shows a pseudogap opening at
the Fermi level in the metallic phase which is associated with
the charge fluctuation. The VZ>3*-V23* state in the
face-sharing V sites is stabilized by the molecular orbital
formation of the V 3d a;, orbital. In order to explain the results
of the V 2p HAXPES experiment and model mean-field
calculations, the V>*-V3* charge order should develop in the
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face-sharing V sites under electron-lattice coupling. The a;,
electron in the V>* site can induce ferromagnetic coupling
of the VZ*-V3* bonds within the V trimer due to the Zener
double exchange. The physics of V trimerization in BaV(Os
is different from that of LiVO,, and the importance of the a4
orbital in the face-sharing V sites is rather similar to that in
V; O3. The ferromagnetic V trimer in BaVO;s as indicated
by the present study would be related to the trimer observed
in ferrimagnetic Fe; Oy4 [36].
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