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We have studied electronic properties of BaV10O15 in the intermediate-temperature phase as
well as in the high-temperature metallic phase by using hard x-ray photoemission spectroscopy
(HAXPES). The V 2p HAXPES show a shift in the high temperature phase between 300 K and 245
K which is similar to the shift of spectral weight near the Fermi edge. The binding energy of the
O 1s HAXPES peak does not change except a slight shift of the lower binding energy edge in the
opposite direction between 300 K and 180 K across the transition to the intermediate-temperature
phase. This behavior is in sharp contrast to the transition to the low-temperature insulating phase
where V 2p and O 1s HAXPES show dramatic shifts in the same direction. This indicates that
the charge-orbital change in the intermediate-temperature phase is driven by the correlated V 3d
electrons and is electronic. The V2.5+-V2.5+ bond ordering is related to the metallic contribution
and gradually decreases with cooling from 300 K. The valence-band HAXPES show the metallic
features of the pseudogap behavior near the Fermi edge in and above the intermediate-temperature
phase due to V2.5+-V3+ charge fluctuation. The magnitude of the pseudogap increases from 300 K
to 180 K in parallel with the gradual breaking of the V2.5+-V2.5+ bond and formation of trimers.

PACS numbers: 71.30.+h,74.25.Jb,75.25.Dk,79.60.-i

I. INTRODUCTION

Transition-metal compounds show varieties of elec-
tronic properties with spin, charge, and orbital ordering
due to electron-electron and electron-lattice interactions
of the transition-metal d electrons.1,2 Among various
early-transition-metal oxides,3,4 vanadium oxides mani-
fest peculiar electronic structure that can be exploited
for various applications. Although V2O3 is a Mott-
Hubbard system, the low-temperature antiferromagnetic
insulating phase below ∼ 155 K is described by electron-
lattice interaction and V 3d orbital ordering while the
high-temperature paramagnetic metallic phase can still
be ascribed with the presence of electron correlation.1,5

In VO2, the insulating phase is accompanied with the
dimerization of V-V atoms below ∼ 340 K,6,7 where V 3d
orbitals are oriented with electron-electron and electron-
lattice interaction. In the LiVO2, trimerization below
∼ 550 K is observed with the orbital induced structural
transition and the formation of spin singlets of the trian-
gular lattice.8–10 The BaV10O15 undergoes a structural
transition accompanied by V trimerization and V 3d or-
bital order at 120 K.11,12 Recently, the insulating phase
below 120 K in BaV10O15 is reported with V2+-V3+

charge ordering whereas the metallic phase at 300 K with
V2.5+-V2.5+ bond ordering by Yoshino et al.13

The BaV10O15 unit cell contains five VO6 octahedra

as a boat sharing the edge or face of the octahedron at
each of its four layers. The first layer shares the face
with the fourth layer and shares the edge with the sec-
ond layer where the V trimerization occurs between adja-
cent layers below 120 K. The V2+ and V3+ arrangements
at the low temperature (75 K) in BaV10O15 provide V
3d orbital ordering analogous to that known in the tri-
angular lattice in LiV3+O2.

9,10 In the insulating phase
of BaV10O15, V

2+ and V3+ charge ordering is charac-
terized by localized t2g orbitals of d3 and d2 site with
ferromagnetic coupling between them in the trimer,13–15

which is the case contrary to the spin singlet trimers in
LiV3+O2. The Raman studies previously reported on the
presence of randomly oriented trimers with decreasing
temperature below 220 K.16 In addition, the splitting of
V nuclear magnetic resonance (NMR) spectra indicated
the symmetry lowering and no structural transition be-
low 220 K.17 Further from the NMR and X-ray diffrac-
tion measurements, the phase diagram of BaV10O15 has
shown the high-temperature phase (300 K - 220 K), the
intermediate-temperature phase (220 K - 130 K), and the
low-temperature phase (below 130 K).17

Although the structural, transport, and optical prop-
erties are studied for BaV10O15 including the electronic
properties only at 75 and 300 K,11–13 the electronic
properties across the intermediate-temperature phase
have not yet been studied. In view of the complicated
transport and optical properties across the intermediate-
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temperature phase,11,16,17 the present work is dedicated
to study the electronic properties at 180, 245, and 300
K including the insulating phase (70 K). A band gap of
0.3 eV at the low-temperature insulating phase was re-
ported from the optical studies.11,18 With the increase in
temperature above 120 K, the resistivity decreases along
with a decrease in the positive Seebeck coefficient.19

Very recently, the surface sensitive Scanning photoemis-
sion microscopy (SPEM) studies have shown that the
metallic domains evolve with temperature above 120
K.20 As the electronic properties at the surface are dif-
ferent from the bulk due to higher electron correlation
and/or charge fluctuation,21 the present HAXPES study
would specifically explain the bulk electronic properties
of BaV10O15 above MIT and across the intermediate-
temperature phase.

The behavior of the electronic transition at
intermediate-temperature in the correlated metallic
phase is extremely important in the context of trimerons
reported in Fe3O4.

22 Although the previous HAXPES
study by Yoshino et al.13 is based only at the two
temperatures i.e., below and above MIT, the NMR
measurement revealed the electronic transition with
the 3d electrons that couple differently in the three V
sites of the triangular lattice across the intermediate-
temperature phase.17 There are localized magnetic V1
site and V2-V3 sites with the quasi-one-dimensional itin-
erant conductivity across the intermediate-temperature
such that the later leads towards the formation of the
trimers below 220 K. Further below MIT, the trimers
are ordered while V2+-V3+ charge order arrangement
in the adjacent layers.13 The Raman scattering exper-
iment showed the origin of disorder above MIT due to
instability of charge disproportion that is suppressed
with long range ordering below MIT.16 Looking at
the complicated and competitive mechanism of charge
ordering/fluctuation in the V 3d and their instability
with temperature across the intermediate-temperature,
it is extremely important to investigate the nature of
the metallic phase with trimers or trimerons by the bulk
sensitive HAXPES.

II. METHOD

The single crystals of BaV10O15 were prepared as de-
scribed in the literature.11 HAXPES measurements were
performed at BL09XU of SPring8.23 The crystals were
fractured under ultrahigh vacuum of 10−6 Pa at 300 K.
The photoelectrons were excited with photon energy of
7930 eV and collected with the OmicronScienta R4000-
10kV analyzer. The pass energy was 200 eV and the total
energy resolution was ∼ 270 meV. The binding energy of
each spectrum was calibrated using the Au Fermi edge.

FIG. 1: (color online) HAXPES spectra (a) for the entire
valence band and (b) HAXPES spectra of BaV10O15 near the
Fermi level normalized with its height at 70, 180, 245, and
300 K.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the wide range valence-band HAX-
PES spectra (step size = 0.05 eV) at 70 K (below MIT at
120 K), 180 K (in the intermediate-temperature phase),
245 K, and 300 K (in the high temperature phase) nor-
malized with the total intensity. Figure 1(b) shows the
valence-band HAXPES spectra near the Fermi edge (step
size = 0.02 eV) collected at 70, 180, 245, and 300 K nor-
malized with the height. At the low temperature (70
K), there is no spectral weight at the Fermi level which
is consistent with the band gap of 0.3 eV below 120 K
accompanied with a structural transition.11,18 The insu-
lating phase is well established with the V2+-V3+ charge
ordering and the V trimers between the adjacent layers.13

On the other hand at 180, 245, and 300 K, the band gap
is destroyed and spectral weight appears at the Fermi
level. The valence-band HAXPES spectra of the metal-
lic features at 180, 245, and 300 K showed the pseu-
dogap behavior due to presence of charge fluctuation.13

Similar features are also seen in other triangular lattice
systems.24 In BaV10O15, with decreasing temperature
from 300 to 245 K, the spectral weight is shifted away
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FIG. 2: (color online) V 2p HAXPES spectra at 70, 180, 245,
and 300 K. The fitted results are shown by the dashed curves.
The low-energy and high-energy components for V 2p3/2 are
indicated by the dot-dashed and dotted curves, respectively.
Six Gaussians are indicated by the large-dashed curves.

from the Fermi level.

In order to get a detailed understanding of electronic
properties above MIT, the V 2p HAXPES spectra are
collected at 70, 180, 245, and 300 K and are shown in
Fig. 2. The V 2p HAXPES spectra taken at 75 and 300
K were already explained in the previous paper.13 The V
2p HAXPES spectra at 180 and 245 K including 70 and
300 K are analyzed in this study. The component at the
low binding energy side of the V 2p3/2 at 300 K is very
broad and extends to 512 eV. This is similar to the pre-
vious V 2p HAXPES results on metallic phase of VO2,

25

V2O3,
26 and SrVO3.

27 The broadening of the V 2p3/2
peak is slightly decreased with decrease of temperature
from 300 K to 180 K. Therefore, it is essential to make a
quantitative estimation of the mixed valence from the V
2p HAXPES spectra. We adopted six Gaussians (two for
low-energy component of 2p3/2, two for high-energy com-
ponent of 2p3/2, and two for 2p1/2) after subtracting the
Shirley type background on the V 2p for 70, 180, 245, and
300 K (Fig. 2). As the charge-transfer satellite of the V
2p3/2 peak in V oxides overlaps the V 2p1/2 main peak,3

the analysis of the V 2p3/2 part is useful for such quan-
tification. The low-energy and high-energy components

FIG. 3: (color online) Schematics of the face sharing V-V oc-
tahedral in BaV10O15 along with the V2.5+-V2.5+ bond order
of the a1g level.13

FIG. 4: (color online) HAXPES spectra of O 1s fitted with
the Doniach-Sunjic function at 70, 180, 245, and 300 K.

of V 2p3/2 are located at ∼ 513 eV and ∼ 515 eV in con-

sistent with V2+ and V3+ components, respectively.28–30

As the average valence of V in BaV10O15 is +2.8, the
V 2p3/2 peak at 70 K is decomposed into V2+ and V3+

with the V2+-V3+ charge ordering while V2.5+ and V3+

for 180, 245, and 300 K similarly reported in the recent
work.13 The V2+/V3+ intensity ratio is ≈ 0.30 at 70 K
whereas V2.5+/V3+ intensity ratio is ≈ 0.39, 0.42, and
0.57 at 180, 245, and 300 K, respectively (Table I).
While the high energy V3+ is almost robust, the low-

energy component assigned to V2.5+ decreases its inten-
sity with cooling from 300 to 180 K. The difference be-
tween 300 K and 245 K is much larger than that be-
tween 245 K and 180 K, indicating that there is a valence
change between 300 K and 245 K. The V 3d a1g electron
in the V2.5+-V2.5+ bond order (Fig. 3) contributing to
the conductivity decreases its intensity with decreasing
temperature below 300 K. The gradual decrease in the
V2.5+/V3+ intensity ratio would indicate the interplay
of the formation of the trimers (random) and the par-
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FIG. 5: (color online) (a) The lower binding energy edge of
V 2p3/2 HAXPES spectra of BaV10O15 at 70, 180, 245, and
300 K. (b) The lower binding energy edge of O 1s HAXPES
spectra of BaV10O15 at 70, 180, 245, and 300 K.

tial breaking of the V2.5+-V2.5+ bond order with cooling
in and above the intermediate-temperature phase. Inter-
estingly, the V2.5+/V3+ intensity ratio hardly changes
between 245 K and 180 K indicating that the trimer for-
mation is almost saturated. It can be consistent with the
Raman and NMR studies reporting that the randomly
oriented trimers seen with cooling below 220 K were
accompanied with an electronic transition.16,17 Further
cooling below MIT, V2.5+-V2.5+ bond order collapses and
transforms towards the insulating V2+-V3+ charge order
regime. The V2.5+/V3+ intensity ratio at 300 K is al-
most consistent with Yoshino et al.13 The spectra at 70
K is not the same spectra at 75 K by Yoshino et al.13

TABLE I: Peak position of the low-energy component of V
2p3/2 obtained from the Gaussians, edge of the low-energy

component of V 2p3/2 shifting from 300 K, V2.5+/V3+ or

V2+/V3+ intensity ratio obtained from the V 2p3/2 peak fit-
ting, and position of the valence band edge relative to the
Fermi level in BaV10O15 at 70, 180, 245, and 300 K.

Temp Peak Edge shift Intensity Position of the valence
(K) position from 300 K ratio band edge relative to

(eV) (eV) the Fermi level
± 0.01 (eV) ± 0.01

70 513.35 -0.40 0.30 -0.12
180 513.05 -0.10 0.39 0.12
245 513.07 -0.10 0.42 0.15
300 513.15 - 0.57 0.23

The V2+/V3+ intensity ratio is pronounced from 75 K
to 70 K in consistent with the increase in resistivity and
trimers until the Néel order (TN = 46 K).17

In the O 1s HAXPES, the peak position is not shifted
between 300 K and 180 K (Fig. 4). In addition, the O
1s peak shows very less decrease in the asymmetry (Ta-
ble II) with decreasing temperature from 300 to 180 K
(Fig. 4). If local structural deformation is responsible
for the change of V 2p between 300 K and 180 K, the
O 1s is expected to change largely due to change of V-
O hybridization. As O 1s spectral features change only
slightly in the opposite direction at the lower binding
edge between 300 K and 180 K, this indicates that the
change between 300 K and 180 K is different from that at
120 K. The asymmetry parameter (α) is obtained with
the Doniach-Sunjic function fitted to the O 1s spectra at
70, 180, 245, and 300 K, similarly adopted to O 1s in
Ba1xSrxV13O18 (Supplemental Material in ref. 31). The

Doniach-Sunjic profile can be written as Γ(1−α)

(ǫ2+γ2)(1−α)/2

cos[πα2 + (1 − α) tan−1( ǫ
γ )], where ǫ is measured rela-

tive to the maximum energy in the absence of lifetime
broadening and γ is width.32 Although the V2.5+/V3+

intensity ratio decreases from 300 K to 180 K, the O 1s
peak is insensitive to the random trimer formation and its
partial ordering to the intermediate-temperature phase.
The asymmetry for the O 1s spectra at 70 K is almost
negligible due to insulating phase.

In Fig. 1(b), there is a decrease of spectral weight
above the Fermi level by decreasing temperature below
300 K and should be related to the decrease in the con-
ducting electrons. Although the valence band spectra
show the pseudogap like metallic features due to V2.5+-
V3+ charge fluctuation, the increase of pseudogap from
300 K to 245 K and further to 180 K is associated with the
trimer formation and its partial ordering. With decreas-
ing temperature to 120 K, the trimers are completely
ordered in the system and the structural transition is
realized. This is exactly consistent with the partial or-
dering of the trimers with cooling below 200 K reported
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TABLE II: O 1s peak position obtained from the Doniach-
Sunjic fitting, the lower binding energy edge of O 1s shifting
from 300 K, and O 1s asymmetry parameter α in BaV10O15

at 70, 180, 245, and 300 K.

Temp Peak Edge shift Asymmetry parameter
(K) position from 300 K α

(eV) (eV)
±0.01

70 531.12 -0.15 0.059
180 530.89 0.05 0.126
245 530.91 0.02 0.134
300 530.89 - 0.141

by Kajita et al.33

Furthermore, the lower binding energy edge of the V
2p3/2 [Fig. 5(a)] follows the shift of the spectral weight
near the Fermi edge from 300 to 180 K (Table I) whereas
the lower binding energy edge of the O 1s [Fig. 5(b)]
behaves oppositely from 300 to 180 K (Table II). The V
2p and O 1s spectra exhibit dramatic changes between
70 K and 180 K across the MIT indicating that the V-O
hybridization and the V-O bond are strongly modified
at the MIT. Therefore, electron-lattice interaction is in-
volved in the mechanism of the MIT. On the other hand,
the gradual transition between 180 K and 300 K shows no
change in peak position of O 1s. This indicates that the
transition is governed by correlated V 3d electrons and
O 2p electrons are not involved. This can be illustrated
in the schematics of the face sharing V-V atoms with
the V 3d a1g electron (Fig. 3). Thus, the charge-orbital
change in and above the intermediate phase is purely
electronic. The impact of this HAXPES study at tem-
peratures across different transition regimes in BaV10O15

would be high, specifically for establishing the electronic
properties across the phase transitions from 300 to 180
K using the core and valence level spectra. The elec-
tronic transition from 300 to 180 K would involve with
the suppression of the V 3d a1g bond order of the face
sharing V2.5+-V2.5+ atoms along the z-axis (Fig. 3). By
further cooling at MIT, the maximum ordering of the
trimers would favor maximizing the ferromagnetic order
between the V2+ and V3+ sites, and a structural transi-
tion is seen under the V2+-V3+ charge order scenario.13

This induces the insulating phase with the opening of a
band gap along the z-axis and consistent to the fact that

the Doniach-Sunjic profile would not be useful to fit O
1s at 70 K.

Here, it is interesting to compare the trimers in
BaV10O15 with the trimerons seen in the magnetite
(Fe3O4). The coexistence of V2+-V3+ charge order and
trimers is analogous to the case of Fe2+-Fe3+ charge or-
der and the trimerons below the Verwey transition.22

The randomly oriented trimerons become much orderly
and lead to an electronic transition by cooling across
the intermediate-temperature phase. The trimers in
BaV10O15 can be viewed as the trimerons in Fe3O4. The
quasiparticle trimerons exist across the intermediate-
temperature phase in BaV10O15. Further cooling across
120 K, the splitting of the V2+ and V3+ sites and order-
ing of the trimerons lead to the structural transition.13

IV. CONCLUSION

The electronic properties at 180 K in the intermediate-
temperature phase and at 245 K in the high-temperature
phase in BaV10O15 have been investigated along with the
electronic properties at 70 and 300 K both by core and va-
lence band hard-x-ray photoemission spectroscopies. In
going from 300 K to 245 K, the V2.5+/V3+ ratio decreases
and the spectral weight moves away from the Fermi level
consistent with trimer formation and partial ordering.
The lower binding energy edge of V 2p shifts in consis-
tent with the shift of the spectral weight near the Fermi
edge while the binding energy of O 1s does not change
from 300 to 180 K. There is interplay of the trimers (ran-
dom) and metallic contribution across 220 K, which is
electronic in nature. The pseudogap behavior is present
above MIT, in the intermediate-temperature phase, and
in the high temperature phase due to the V2.5+-V3+

charge fluctuation. The magnitude of the pseudogap in-
creases from 300 K to 180 K in parallel with the formation
of trimers.
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