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Inhomogeneous electronic states associated with charge-orbital order/disorder in BaV10O15
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We have performed scanning photoemission spectromicroscopy of BaV10O15 across the metal-insulator
transition at 123 K, which is accompanied by V 3d charge/orbital order and V trimerization. Nucleation of
metallic domains is observed at the cleaved surface of BaV10O15 single crystals, similar to Cr-doped V2O3 in
which electronic configurations of Cr3+ and V3+ are the same as those of V2+ and V3+ in BaV10O15. Typical
domain size is ∼5–10 μm at 150 K, just above the transition temperature. The metallic domains continuously
grow up to 240 K, well above the transition temperature. The temperature evolution of the metallic phase in
BaV10O15 is different from that of Cr-doped V2O3, probably due to the charge degrees of freedom in BaV10O15.

DOI: 10.1103/PhysRevB.96.115161

I. INTRODUCTION

Various transition-metal compounds such as VO2 and
V2O3 exhibit metal-insulator transitions (MITs) between
metallic and insulating phases [1,2]. The MITs are usually
accompanied by orderings of spin, charge, and/or orbital
of transition-metal d electrons and by structural distortions
of atomic arrangement. For example, the MIT in VO2 is
accompanied by the orbital ordering of V 3d t2g and the V-V
dimerization [3,4] while that in V2O3 is related to the V 3d t2g

orbital ordering and the complicated structural distortion
[5–8]. Recently, Aetukuri et al. have demonstrated that the
MIT in VO2 can be controlled by manipulating the orbital
occupancy with heterostructural engineering [4]. To develop
future electronic devices by manipulating the MITs in VO2 or
other transition-metal oxides, it is highly important to observe
domain structures of metallic and insulating phases in the
bulk as well as at the surface/interface.

Scanning photoemission microscopy (SPEM) is a powerful
technique for observing spatial modulation of band structure
at surface. The metallic and insulating domain structure in
collosal magnetoresistive Mn oxides [9] was revealed by
imaging the density of states near the Fermi level (EF ) [10].
The metallic and insulating domain structure of Cr-doped
V2O3 was revealed by SPEM [11,12]. Also, various inho-
mogeneous electronic states in transition-metal chalcogenides
were studied by means of SPEM [13–15]. In contrast to the
surface sensitive SPEM technique, infrared or x-ray absorption
spectromicroscopy is rather bulk sensitive. The metallic and
insulating domains in VO2 were observed by means of infrared
[16,17] and x-ray absorption spectromicroscopy [18]. It is
known that metallic V oxides tend to exhibit insulating surface
due to correlation-induced effect [19]. Therefore, it is very
interesting to examine the relationship between the domain
structures observed by the surface-sensitive and bulk-sensitive
techniques in various V oxides.

Kajita et al. have established a new class of MIT in
BaV10O15 which is accompanied by V 3d t2g orbital ordering
and V trimerizaion [20,21]. The optical absorption spectra of
BaV10O15 exhibits a charge gap of ∼0.3 eV in the insulating
phase below 123 K [20]. In the metallic phase, the charge
gap is destroyed and the Fermi edge is observed by hard
x-ray photoemission spectroscopy (HAXPES) [22], although
no Drude peak develops in the metallic phase above 123 K
[20]. This behavior is similar to Cr-doped V2O3, in which the
paramagnetic metallic phase has a clear Fermi edge [23,24]
and no Drude peak [11]. The absence of Drude peak is
associated with the inhomogeneous electronic states observed
by Lupi et al. using SPEM [11]. Although the SPEM is surface
sensitive, the difference between the metallic and insulating
regions can be detected clearly in Cr-doped V2O3. Lupi
et al. concluded that the SPEM image corresponds to space
distribution of the topmost part of the metallic and insulating
domains whose size is comparable to the probing depth of the
optical spectroscopy [11]. Therefore, it is highly interesting
to perform SPEM for BaV10O15 and to examine similarity
and difference between Cr-doped V2O3 and BaV10O15. In
addition to the MIT that can be applicable to electronic devices,
BaV10O15 exhibits suppression of lattice thermal conductivity
in the metallic phase due to the charge and orbital fluctuations
[25]. The spatial distribution of charge-orbital ordered phases
would play an important role in the scattering of acoustic
phonons. In this sense, the SPEM study on BaV10O15 may
provide useful information to understand the suppression of
lattice thermal conductivity.

In this paper, we apply the SPEM technique to the surface
of BaV10O15 with the unique MIT driven by V 3d charge
and orbital orderings and V trimerization. The SPEM results
on BaV10O15 indeed show inhomogeneous electronic states
which can be associated with the MIT and the charge-orbital
order/disorder.
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II. EXPERIMENTAL

The SPEM results were obtained at the spectromicroscopy
beamline, Elettra synchrotron facility, Italy [26]. Photons
at 27 eV or 74 eV can be focused through a Schwarzschild
objective to obtain a submicron size beam spot. In the
present experiment, photon energy is set to 74 eV and
the photoelectron excited from the near-EF bands has
kz (momentum perpendicular to the surface) of ∼4.0 Å,
approximately corresponding to 12π/c(c ∼ 9.39 Å). The
band structure calculation [27] predicts complicated Fermi
surfaces that should be detected at this photon energy. For
the present measurements, the total energy resolution was set
to about 200 meV and the spatial resolution is 0.5 μm. The
measurements were performed under ultrahigh vacuum in the
10−10 Torr range. The sample was cleaved at 110 K and was
studied by SPEM. Then it was heated to 150 K across the MIT
temperature of 123 K and spectral change across the transition
was measured. The sample was heated further up to 210 K and
SPEM data were taken at the elevated temperature well above
the transition. Then it was cooled to 110 K to be measured
again below the transition temperature. All the spectra were
taken within 25 hours after the cleavage, and no signature
of surface degradation (change of valence-band spectrum,
depletion of near-EF spectral weight, etc.) was detected during
the measurement. A standard SPEM procedure was used to
remove topographic features from the images presented [28].

III. RESULTS AND DISCUSSION

Figure 1(a) shows the valence-band photoemission spectra
of BaV10O15 for 110 K, 150 K, and 210 K, which were
obtained with hν = 74 eV and the angle-integrated mode. The
V 3d and O 2p bands are ranging from EF to −3 eV and
from −3 to −9 eV, respectively. The relationship between
the temperatures and the resistivity is illustrated in Fig. 1(b).
Although the resistivity drops two orders of magnitude at the
transition temperature at 123 K, the photoemission intensity
at EF does not change dramatically in going from 110 K
to 150 K to 210 K. On the other hand, HAXPES results on
BaV10O15 show a drastic spectral change in going from the
insulating phase to the metallic phase, consistent with the
resistivity jump [22]. This indicates that the surface region
of BaV10O15 tends to be insulating even in the metallic phase.
This tendency is very similar to V2O3 [23,24] and CaVO3 [19],
and the electronic correlation stabilizing the insulating state
is enhanced in the vicinity of the surface. The valence-band
spectra do not have the surface component of Ba 5p, which
is observed at the cleaved surface with Ba ions as reported in
YBa2Cu3O7 and PrBa2Cu3O7 [29,30]. Therefore, the single
crystals of BaV10O15 were cleaved between the V-O layers
as shown in Fig. 1(c). Since the V-O bonds between the V-O
layers play important roles for the MIT and are broken at the
surface, the metallic phase would be suppressed further at the
surface layer.

Figure 2(a) shows a photoemission intensity image of
the entire crystal, which was taken at 110 K with 8.0 μm
step just after the cleavage under the ultrahigh vacuum. The
photoemission intensity image is obtained by integrating the
photoemission spectrum of the valence band. The relatively

In
te

ns
ity

-30 -25 -20 -15 -10 -5 0
Energy to Fermi level (eV)

BaV10O15

110 K

150 K

210 K

O 2p

V 3d

O 2s
Ba 5p

(a)

10-2

104

ρ(
Ω

cm
)

T (K)
100 200 300

100

102

110K

150K
210K

(b) (c) VBa O

FIG. 1. (a) Photoemission spectra of the entire valence band of
BaV10O15 taken at 110 K, 150 K, and 210 K. (b) Schematic drawing
for resistivity of BaV10O15. The circles indicate the temperatures for
photoemission measurements. The transition temperature is 123 K.
(c) Crystal structure and cleavage plane of BaV10O15. The cleavage
plane is indicated by the thick solid line.

flat region was selected, and a photoemission intensity image
of the V 3d band was taken with 1.0 μm step, which is shown
in Fig. 2(b). The photoemission intensity varies as a function
of position due to height difference. It is expected that the
low-binding energy part of the V 3d peak (from −0.5 eV to
EF ) is sensitive to the MIT whereas the high-binding energy
part of the V 3d peak [from −2.0 eV to −1.5 eV, see Fig. 1(a)]
does not change across the MIT. Therefore, in order to remove
the effect of height difference, the photoemission intensity
image for spectral weight integrated from −0.5 eV to EF is
normalized to the spectral weight from −2.0 eV to −1.5 eV
and is plotted with a different color scale in Fig. 2(c). The
effect of height difference is indeed removed from the image.

Before showing temperature dependence, possible radi-
ation effects should be discussed. After the photoemission
intensity image in Fig. 2(c) was taken, the angle-integrated
photoemission spectra with wide energy ranges were taken at
several positions, keeping the focused beam at each position
for several minutes. Then a new photoemission intensity image
was taken, as shown in Fig. 2(d), where small spots with high
intensity exist in the low-intensity background. The positions
of the spots correspond to those for the angle-integrated pho-
toemission measurements, indicating that the high intensity
spots were induced by radiation effect. The photoemission
spectra extracted from the image around the low intensity
points (points A and D) and the high intensity points (points B
and C) are compared in Fig. 2(e). The photoemission spectrum
is integrated in the area of 3μm × 3μm, which is almost the
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FIG. 2. (a) Photoemission intensity image of the entire crystal
at 110K. (b) Photoemission intensity image of the selected area
indicated by the box in (a). (c) Normalized photoemission intensity
image of the selected region at 110 K just after the cleavage. The
spectral weight integrated from −0.5 eV to EF is divided by that,
integrated from −2.0 eV to −1.5 eV. (d) Normalized photoemission
intensity image of the selected region at 110 K after taking spectra
at several points. (e) V 3d photoemission spectra extracted from (d)
for the low intensity points, A and D, and the high intensity points, B
and C.

size of the squares at the labels. At points B and C, the V
3d peak is slightly shifted to EF , compared to that at point
A. However, the energy shift is much smaller than that due
to the MIT, which will be discussed in the next paragraph.
Therefore, one can safely discuss the effect of MIT from the
temperature-induced spectral change that is much larger than
the radiation-induced change.

Figure 3(a) shows the photoemission intensity image for
150 K (above the MIT temperature) with 0.5 μm step which is
obtained by the same normalization procedure as the images
in Figs. 2(c) and 2(d). Near-EF intensity was enhanced in
several regions of the image in going from 110 K to 150 K.
The photoemission spectra of the high and low intensity points
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FIG. 3. (a) Normalized photoemission intensity image of the
selected region taken at 150 K. (b) V 3d photoemission spectra of
the the low intensity points and high intensity points in the intensity
image at 150 K. (c) Normalized photoemission intensity image of the
selected region taken at 210 K. (d) V 3d photoemission spectra of the
low intensity points and high intensity points in the intensity image at
210 K. (e) Normalized photoemission intensity image of the selected
region taken at 110 K after the heating and cooling cycle. (f) V 3d

photoemission spectra of the low intensity points and high intensity
points in the intensity image at 110 K after the heating and cooling
cycle.

are compared in Fig. 3(b). At the high intensity point of D, the
V 3d band is shifted to EF , compared to the low intensity point
A. Near-EF intensity of points B and C is intermediate between
points A and D. Following the SPEM study on Cr-doped
V2O3 [11], one can assume that the high intensity regions
correspond to the topmost parts of the metallic domains in
the bulk. The coexistence of the high and low intensity regions
indicates that the bulk electronic state is inhomogeneous above
the MIT temperature. In going from 150 K to 210 K, the
high intensity regions were expanded further, as shown in
Fig. 3(c). Figure 3(d) displays the V 3d spectra for the high
and low intensity points, which correspond to the metallic and
insulating regions, respectively. At the high intensity points,
the V 3d band is shifted to EF , compared to the low intensity
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FIG. 4. (a)–(d) Temperature dependence of the V 3d spectral
shape at points A–D.

point. When the crystal was cooled from 210 K to 110 K with
reasonable cooling rate, the area of the high intensity region
(or metallic region) was reduced. However, the metallic region
still remains, exhibiting a kind of hysteresis, which should
be related to the strong surface effect on the metallic state.
As shown in Fig. 3(f), the spectral difference between the
metallic and insulating regions is as large as that at 150 K.
Once the lattice distortion for stabilizing the charge-orbital
order is released above the MIT temperature, it may not be
recovered and the metallic state may remain at the surface
even below the MIT temperature.

The temperature dependence of the V 3d spectral shape at
points A–D are summarized in Figs. 4(a)–4(d), respectively.
Above the MIT temperature, point A belongs to the insulating
region since the near-EF intensity of point A is much smaller
than that of point D. However, the near-EF spectral weight
at point A increases slightly in going from 110 K to 150 K.
Therefore, the electronic structure of the insulating region at
150 K is different from that at 110 K. The spectral change
across the MIT is very clear at point D, where the transition
from the insulating state at 110 K to the metallic state at 150 K
was realized.

Since the spectral weight at EF of the metallic region
is smaller than that observed in the HAXPES [22], the
correlation effect is enhanced at the surface of BaV10O15,
similar to the situation reported for V2O3 [24]. However,
even in the bulk-sensitive HAXPES, the spectral weight at
EF is suppressed and a kind of pseudogap is formed in
BaV10O15. On the other hand, no pseudogap was observed in
the bulk-sensitive photoemission spectra on the metallic phase
of Cr-doped and pure V2O3 [23,24]. This indicates that, above
the MIT temperature, BaV10O15 is more inhomogeneous than

Cr-doped V2O3. This speculation is indeed consistent with the
present SPEM study.

In the vicinity of phase transitions, the system may fluctuate
between two different ground states with nearly degenerate
free energies. Here, one can speculate that nucleation of the
metallic domains is governed by the defects created by the Cr
doping or the disorder of V2+/V3+ charge order in case of
Cr-doped V2O3 and BaV10O15, respectively. It is interesting
to point out that the local electronic configurations of V3+(d2)
and Cr3+(d3) in Cr-doped V2O3 are similar to those of V3+(d2)
and V2+(d3) in BaV10O15. Also, the VO6 octahedra share
their edges and faces both in Cr-doped V2O3 and BaV10O15.
In the d3 configuration, the triply degenerate t2g orbitals are
occupied by three spin-up electrons satisfying Hund’s rule.
Therefore, it is reasonable to speculate that the species with
d3 tends to stabilize the insulating region when free energies
of the metallic and insulating states are very close to each
other in the vicinity of the transition. Namely, the Cr3+ and
V2+ serve as a kind of anchor of the insulating region and
suppress the nucleation of the metallic droplet even above
the MIT temperature. Since the regions with radiation effect
tend to be metallic above the MIT temperature, as shown in
Fig. 3, some defects created by the radiation may promote
nucleation of the metallic domains. The relative population of
the metallic domains is rather small in BaV10O15. This would
be related to the fact that resistivity gradually decreases with
heating even above the MIT temperature of BaV10O15 [20]
as illustrated in Fig. 1(b). The metallic domains grow rather
slowly in BaV10O15 since the amount of V2+ is much larger
than that of Cr3+ and the insulating domain with V2+/V3+
charge order is very robust with remaining lattice disorder
even above the transition temperature.

IV. CONCLUSION

In conclusion, we have studied the inhomogeneous elec-
tronic state of BaV10O15 by means of SPEM. Nucleation of
metallic regions is observed across the transition at the cleaved
surface of BaV10O15 single crystals. The inhomogeneous
electronic state of BaV10O15 is similar to Cr-doped V2O3 in
which electronic configurations of Cr3+ and V3+ are the same
as those of V2+ and V3+ in BaV10O15. The metallic regions
correspond to the topmost part of the metallic domains in the
bulk. Compared with the bulk electronic structure, the spectral
weight at EF is considerably suppressed even in the metallic
region, indicating that the correlation effect is enhanced near
the surface as commonly observed in various transition-metal
oxides. The metallic regions continuously grow up to 210 K,
well above the transition temperature. The continuous increase
of the metallic regions with heating is consistent with the
resistivity decrease with heating in the metallic phase.
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