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Vacuum-ultraviolet reflectance and photoemission spectra of VO,, V,0;, VO3, and V,0s are
measured in order to investigate the 3d-band structures and electron-correlation effects. In the case
of VO,, drastic changes in the 3d (7* and d i) -band structures are found in both spectra through
the metal-insulator phase transition. The 7* and d) bands are found at the Fermi level and
Ep=1.3 eV in the photoemission spectra of metallic VO,. In the insulating phase, the 7* valence
band in the photoemission spectra becomes empty and a rise of the 7* conduction band by about
0.5 eV is found in the reflectance spectra. This band shift through the phase transition may be a
driving force of the metal-insulator transition of VO,. The optical band gap between the d | valence
and 7* conduction bands is obtained as 0.7 eV in the insulating phase, to which the 7*-d | correla-
tion energy contributes partially. The splitting of the d| band is also found in the insulating phase.
This splitting energy is about 2.5 eV, while the bandwidth of the d| band is about 1.5 eV. This large
band splitting is mainly due to the correlation energy of d | electrons of about U(dy,d;)=2.1eV.
On the other hand, no drastic change is found in the 3d-band structures of V¢O,; and V,0; except
for slight changes in the bandwidths. Furthermore, the density of states at the Fermi level is rather
low in these materials even in the metallic phase. These facts support the view that the electron-
correlation effects are important and Mott-type metal-insulator transitions are induced in V40,; and
V,0;. Resonant photoemission from V3, and O,, bands are observed as the photon energy is swept
through the 3p— 3d optical-absorption transition. The resonance profiles of V;; bands show the
characteristic antiresonance dip, while those of O,, bands show rather broad and simple enhance-
ments. The multiplet structures in the 3p core photoemission spectra of VO, and V,0; are quantita-
tively analyzed with use of results from the calculations of Yamaguchi et al.
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It is well known that many compounds may form in
the vanadium-oxygen system,? such as V,0,, VO,, VO,
V,0;s, V,,0s, _, (which is known as the Wadsley phase),
and V,0,,_, (which is known as the Magnéli phase).
Most of these materials undergo metal-insulator phase
transitions. There have been a lot of experimental and
theoretical studies which investigate the mechanism of
the metal-insulator transitions."? ,

In this work, V,0s, V40,3, VO,, and V,0, are studied
by means of optical and photoemission spectroscopy.
The basic properties of these materials are summarized in
Table I. V,05 has a layered crystal structure and no 3d
electrons, and so it is an insulator with a band gap of
about 2 eV. VO, is a mixed-valence oxide consisting of
a 4V*4T(d1)+2V37(d°) electron configuration showing a
metallic conductivity above T, =145 K and becoming in-
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configuration. In the metallic phase above 7.=340 K, it
has a TiO,-type crystal structure, while in the insulating
phase below T, it is distorted to a monoclinic crystal
structure. The optical band gap of about 0.7 eV in VO,
may be the largest of the vanadium oxides which cause
metal-insulator transition. V,0; has a V**(d?) electron
configuration. In the metallic phase above T, =168 K, it
has an Al,O;-type crystal structure, and a hexagonal
crystal structure in the insulating phase below T,.

In the case of VO,, it has been considered that the
electron-correlation effect is not so evident when com-
pared to the other vanadium oxides. Thus the effect of
crystal distortion (or electron-phonon interaction) is
thought to be important as a driving force of the metal-
insulator transition. Goodenough explained the metal-
insulator transition of VO, by considering the splitting of
the d band and the rising of the 7* band within simple
crystal-field theory.’ This also explained the nonmagnet-
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TABLE I. Basic properties of vanadium oxides V,0s, V40,3, VO,, and V,0;.
Valence
(3d electron Crystal T, Transport Magnetic Optical
number) structure (K) (T<T,) (T<T,) band gap
V,05 V3*+(3d°) Orthorhombic n-type ~2 eV
(layered)
VO3 2Vt 4gqvet Monoclinic 145 p-type Antiferromagnetic ?
(3do%e ) (layered) (Ty=55 K)
VO, V4t (34 TiO, (T >T,) 340 n-type Nonmagnetic ~0.7 eV
Monoclinic
V,0, V3t (3d?) ALO; (T >T,) 168 n-type Antiferromagnetic ~02 eV
Hexagonal (Ty=168 K)

ic properties of VO,. Gupta, Freeman, and Ellis calculat-
ed the electronic band structure in the metallic phase,4
and concluded that the charge-density waves due to the
electron-phonon coupling may be formed in VO,. The
calculation of the lattice dynamics® in the metallic phase
also suggested that a soft phonon mode exists at the R
point of the Brillouin zone. On the other hand, the clus-
ter and band calculation for the insulating phase has
shown that the electron correlation is important even in
VO,.

In the case of V,0;, it is known that two sorts of over-
lapping bands, a,, and e, bands, exist at the Fermi level.
Theoretical approaches to the phase transition are usual-
ly based on the Hubbard-like Hamiltonian containing
these two bands rather than on the change of the band
structure alone, since various experimental results! show
a high correlation of the electrons in V,0;. For the
mixed-valence compounds, V,0,, _; (Magnéli phase) and
V,,0s, > (Wadsley phase), it has been considered that
the electron-correlation effect is also important, although
there are not so many experimental and theoretical stud-
ies of these materials, due to their very complicated crys-
tal structure.

In order to know the change in the valence-band struc-
tures of vanadium oxides through the metal-insulator
transition, a number of photoemission spectra have been
measured.® ¥ Changes of the photoemission spectra
near the Fermi level (E) have been found in some vana-
dium oxides. However, these changes have not been fully
interpreted in connection to the changes in the band
structure or electron-correlation effect through the
metal-insulator transition.

In addition, a lot of absorption and reflectance spectra
have also been measured.'>”23 The spectra have a few
broad structures except for the fundamental absorption
edge below hv=1 eV, so it is not easy to discuss the
change in the 3d-band structure in spite of many efforts
to do so.

Firstly, we have measured high-resolution vacuum-
ultraviolet photoemission spectra of V,05, V4O,;, VO,,
and V,0; using synchrotron radiation, in order to reveal
detailed valence-band structures. Next, vacuum-
ultraviolet reflectance spectra of these materials were
measured in a wide energy range by utilizing the polar-
ization characteristics of synchrotron radiation in order
to detect any changes in the conduction band, as well as
the valence-band structures. The combination of ultra-

violet reflectance and photoemission spectra gives fruitful
information about the band structure in connection with
the metal-insulator transition.

II. EXPERIMENT

‘Single crystals of V,05, V0,3, VO,, and V,0; were
grown by the chemical vapor transport method with
TeCl, as an agent material. The V,0s5, V O3, and V,0;
samples had approximate dimensions of 10X 10X 5 mm?®.
VO, samples were about 7X5X5 mm®. V,05 and V4O,
are easily cleaved along the (010) and (001) layers, provid-
ing specular surfaces. Specular crystal surfaces of (110),
and (111), are realized in as grown VO,, though the
cleavage provides a (110), surface which is not optically
smooth (r stands for the rutile structure).

The measurements were performed with synchrotron
radiation from a 0.4-GeV electron storage ring (SOR-
RING) at the Institute for Solid State Physics, as a light
source. For ultraviolet photoemission spectroscopy
(UPS), a grazing-incidence monochromator of a modified
Rowland-mount type was used to cover the excitation
photon energy (Av) from 30 to 120 eV. The kinetic ener-
gy of the photoelectron was analyzed by a double-pass
cylindrical mirror analyzer. The overall resolution of the
system was around 0.2 eV at hv=30 eV and 0.25 eV at
hv=60 eV. The base pressure of the sample chamber, as
well as the analyzer chamber, was below 2X 107 '° Torr.
The samples of V,05 and V4O,; were cleaved in situ at
room temperature, providing surfaces parallel to the lay-
er. The samples of VO, were cleaved providing (110),
surfaces. The spectra were measured with E||C,, where
E is the polarization of the incident photon and C, is the
C axis in the rutile (metallic) phase. The resonant photo-
emission spectra of VO, were measured for surfaces
cleaned by scraping in situ with a diamond file. The sam-
ples of V,0; were also scraped in situ with a diamond file.
Photoemission spectra of V,05 were measured only at
room temperature. Photoemission spectra of V¢O,; and
V,0; were measured in the insulating phase at liquid-N,
temperature and in the metallic phase at room tempera-
ture. The spectra of VO, were measured in the insulating
phase at room temperature and in the metallic phase at
375 K.

For the ultraviolet reflectance spectra, a Seya-Namioka
monochromator was used between Av=2 and 27 eV. In
order to reduce the stray light and higher-order light
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from the grating, LiF, SiO,, and glass filters were used.
The resolution was set to around 0.008 eV at hv=4 eV.
The measurements were done at an incidence angle of
22.5° with p-polarized light. The reflectance spectra of
V,0s and V¢O,; were measured on such surfaces as were
cleaved in air just before the measurements. The spectra
of V,0; were obtained from a natural lusterless crystal
surface. The reflectance spectra of VO, were measured
on natural crystal surfaces of (110), and (111),. For a
cleaved (110), surface, the reflectance spectra were also
measured and confirmed to be the same as for the natural
crystal surface. The changes in the spectra on the metal-
insulator transition were reproducible.

III. RESULTS
A. Photoemission spectra

1. V,05

Since the 3d band is nominally empty in V,0s, the
valence band consists of mostly O 2p bands except for the
O 2p -V 3d hybridization due to the bonding effect. The
UPS spectrum of V,0s, measured at hv=235 eV, consists
of three bands A4, B, and C in the binding-energy (Eg) re-
gion from 2 to 8 eV, as seen in Fig. 1. The UPS spectrum
(solid curve) is very similar to the x-ray photoemission
spectroscopy (XPS) spectrum (dotted curve).?* Both
spectra are well explained by the density of states®® (DOS)
obtained by the band calculation. The intensity of the C
band is relatively stronger in the XPS spectrum than in
the UPS spectrum. This fact shows that the V 3d com-
ponent is more hybridized in the region of the C band
than in the other region, since the cross section of the V
3d band is larger in XPS.2

Figure 2 shows the UPS spectra of the O 2p bands for
various photon energies. Figure 3 shows the constant-
initial-state (CIS) spectra at the position of the three
prominent bands, 4, B, and C. It is well known that the
O 2p cross section?® gradually decreases with photon en-
ergies in the present hv region, while the V 3d cross sec-

intensity (arb. units)

10
binding energy(eV)
FIG. 1. The solid curve shows the UPS spectrum of V,0s
measured at hv=35 eV. The dotted curve shows the XPS spec-

trum (Ref. 24). The bar graph shows the density of states (DOS)
(Ref. 25).
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tion resonantly increases at photon energies correspond-
ing to the V 3p core excitation. From the observed CIS
behavior, the 4 band at 3.6 eV in the lowest binding-
energy region is assigned to the nonbonding O 2p band
which mainly consists of an O 2p component. On the
other hand, the band C is assigned to the bonding band
hybridized with 3d orbitals which contains an apprecia-
ble amount of the V 3d component, judging from the
strong resonance in the photoemission process around
the energy region of the V 3p —V 3d core excitation, as
shown in Fig. 3. The band calculation?® suggests that the
strong bonding o orbitals exist in the energy region of the
structures B and C and the weakly bonding orbitals from
the oxygen ‘“lone pair” exist in the energy region of struc-
ture A. Thus the CIS spectra are consistent with the
band calculation.

hy =
70eV

64

58

=

53

51
49
47
45

photoemission intensity(arb.units)

10 5 0
binding energy(eV)

FIG. 2. UPS spectra of V,05 for various photon energies
(hv).
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FIG. 3. Constant initial state (CIS) spectra of V,05 at A
(Eg=3.6¢eV), B(5.2eV), and C bands (6.5 eV).

2. V6013

The UPS spectra of V4O,; have O 2p band structures
consisting of three prominent bands 4, B, and C in the
energy region from 2 to 8 eV, as shown in Fig. 4. The O
2p band in this region is very similar to the O 2p band ob-
served in V,0s, partly because of the layered crystal
structure of V¢O,; which is similar to that of V,05. It is
found that the O 2p bands’ intensities change remarkably
with excitation energy. Though the detailed excitation
energy dependence was not measured, the line shape is
very similar to that of V,05 at each hv. Therefore we
consider that the band C is greatly hybridized with the V
3d component, while the band A consists almost entirely
of the O 2p component.

The V 3d band is weakly seen in the energy region be-
tween O and 2 eV. The left panels of Fig. 5 show the 3d-
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FIG. 4. UPS spectra of V403 in the metallic (M) and insulat-
ing (I) phases for various hv. The spectra are shown here by
multiplying the factor given in the figure by the calibrated inten-
sity.
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FIG. 5. The solid curves show the UPS spectra of the 3d
bands of V4O,; and VO, in the metallic (M) and insulating (I)
phases. The dotted curves show the spectra deconvoluted with
the resolution (shown by A).

band spectra in both phases. The maximum of the 3d
band in the metallic phase (M) is seen around 0.65 eV
below the Fermi level (Er). In the insulating phase (1),
the maximum of the 3d band is shifted to smaller binding
energies by about 0.15 eV, irrespective of band-gap for-
mation at Ep. We have deconvoluted- the spectra elim-
inating the resolution of the system by using the Fourier
transformation, as shown in the Appendix. The intensity
of the deconvoluted 34 band in the insulating phase con-
verges to zero at the Fermi level as shown by the dotted
line in Fig. 5. Thus the band gap of VO,; in the insulat-
ing phase is very small. On the other hand, the 3d band
in the metallic phase shows a noticeable Fermi edge in
the deconvoluted spectrum, which is consistent with the
metallic conductivity of the 3d electrons. A comparison
of the deconvoluted spectra shows almost the same ener-
gy maximum of the 3d band at around 0.5 eV, while the
bandwidth decreases by about 0.2 eV on the transition
from the metallic to the insulating phase.

3. YO,

Figure 6 shows the UPS spectra of VO, for an excita-
tion energy of hv=60 eV. The solid line shows the spec-
trum in the insulating phase at room temperature and the
dashed line shows it in the metallic phase at 375 K. The
O 2p band consists of two broad structures, 4 and B,
very different from the three O 2p structures in V40,5 and
V,0s. The 3d band is clearly seen in the energy range be-
tween O and 2 eV. The shape of the 3d band drastically
changes through the metal-insulator transition, whereas
the O 2p band shows no noticeable change. One also
recognizes a weak structure, C, in the V 3d band in the
metallic phase. The right-hand panel of Fig. 5 shows the
3d-band spectra of VO,. The deconvoluted spectrum of
the 3d band in the metallic phase shows a clear Fermi
edge, as displayed by the dotted line. The maximum of
the density of states exists around the Fermi level. This
should be compared with the fact that the maximum of
the density of states of the 3d band of V(O,; is shifted
from the Fermi level even in the metallic phase. In the
insulating phase of VO,, however, one clearly notices that
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FIG. 6. UPS spectra of VO,. The solid curve shows the spec-
trum of the insulating phase measured at 298 K. The dashed
curve shows the spectrum of the metallic phase measured at 375
K. The dotted curves show the spectra deconvoluted with the
resolution.

the 3d band has been shifted considerably from the Fermi
level. The band gap of VO, in the insulating phase has
been already reported in several XPS experiments as 0.3,
0.4, or 0.7 €V,*"® although the definition of the band gap
was not clear enough. The band gap is defined here as
the energy difference between the Fermi level and the top
of the valence band probed by means of the photoemis-
sion study. For this purpose, high-resolution measure-
ments and the deconvolution of the spectrum are neces-
sary. In the present UPS study, the gap is evaluated as
0.2 eV. In the insulating phase, it is also found that the
3d band is a simple band with a maximum of the density
of states at around Ez=0.9 eV. The 3d-band width in
the insulating phase is evaluated to be about 1.5 eV.
Figure 7 shows the calculated density of states?’ of the
valence band compared with the UPS and XPS spectra®
in the metallic phase of VO,. The structure near Ep can
be well explained by the high density of states due to the

VO 2 (metallic)

2| XPS,....A

5| B

s

10 5 0

binding energy (eV)

FIG. 7. UPS spectrum (solid curve) of VO, in the metallic
phase. The dotted curve shows the XPS spectrum (Ref. 6). The
hatched spectrum shows the calculated density of states (DOS)
(Ref. 27).
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V 3d band around the Fermi level, as suggested by the
band calculation. The line shape of the broad O 2p band
is also consistent with the band calculation. However,
the intensity ratios of the structures, 4 and B, in the UPS
and XPS spectra are remarkably different. Furthermore,
the XPS spectrum shows considerable decrease in the in-
tensity around the top of the O 2p valence band around
Eg=3eV.

Figure 8 shows the UPS spectra in the insulating phase
for various photon energies. Figure 9 shows the corre-
sponding CIS spectra of VO, at V 3d (E;=0.9 eV), 4
(4.8 eV), and B (7.0 eV) bands compared with the V 3p
core reflectance spectrum. One can see that the O 2p
bands (4.8 and 7.0 eV) do not show a remarkable reso-
nance effect in VO, in contrast to the strong resonance
effect in some part of the O 2p band observed in other
vanadium oxides. The resonance profile of the O 2p
bands in VO, is indeed broad and the onset of the reso-
nance is recognized around 35 eV with a maximum
around 47 eV. For the V 3d band (0.9 eV), on the other
hand,a weak antiresonance-type dip is recognized in the
lower-energy region and the resonance maximum is
found around 50 eV. The band calculation®® of metallic
VO, suggests that the nonbonding (O 2p ) orbitals exist
in the energy region of the 4 band where the 3d com-
ponent is negligible and the bonding O 2po orbitals exist
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FIG. 8. UPS spectra of VO, in the insulating phase for vari-
ous photon energies.
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FIG. 9. The reflectance spectrum (Ref. 14) and the constant-
initial-state spectra of VO, in the insulating phase at V 3d
(Eg=0.9eV), A (4.8 eV), and B bands (7.0 eV).

in the lowest portion of the O 2p band (B band), which
consists of strong 3d components. The valence levels cor-
responding to V3d-O2p 7 bonding orbitals are less
strongly bound than the O 2po levels overlapping with O
2po levels. That is, bonding 7 orbitals exist in the energy
region around the top of the B band. The CIS spectra at
the structure A4, however, show similar resonance effects
to that of the structure B. This fact suggests that the
bonding 7 orbitals extend to the energy region of the 4
band, in contrast to the band calculations. On the other
hand, the top of the O 2p band originates from the non-
bonding states as confirmed by the comparison of the
XPS and UPS spectra.

4. V,0;

Figure 10 shows the UPS spectra of V,0; at hv=60 eV
in both phases. At this hv the O 2p band mainly consists

w

=

5

e

] B

:,1 A

@ (1)

¢

=

5 (M)

= (M

0

a V,0; \_

7

i<}

°

£ | hv=60eV \\_
10 5 0

binding energy (eV)

FIG. 10. UPS spectra of V,0; in the metallic (M) and insu-
lating (I) phases.
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of two structures, 4 at Eg=4.9eV and Bat Eg=6.5¢V.
Another structure C at Eg=7.9 eV becomes evident for
lower excitation photon energies (hv=~39-47 eV) as
seen in Fig. 11. The V 3d band of V,0; is strongly seen
in the energy range between Ez =0 and 3 eV with the
peak position around 1.3 eV and a width of around 3 eV.
The 3d-band width in V,0; is the largest of the vanadium
oxides we measured. The relative intensity of the 3d
band, compared to the O 2p band, is also the highest,
reflecting the 3d? configuration in V,0;. The density of
states at the Fermi level is very low even in the metallic
phase.

The shape of the O 2p band shows no appreciable
change through the metal-insulator transition, as seen in
Fig. 10, whereas the density of states of the 3d band at E
shows a slight increase in the metallic phase. However,
no change of the maximum position of the 3d band is
seen.

Figure 12 shows the CIS spectra of V,0; for several
structures. The resonance effect for the 3d band is the
most prominent among the presently measured vanadium
oxides. The resonance effect is also remarkable for the B
and C structures (6.5 and 7.9 eV) of the O 2p bands. The
resonance enhancement of the O 2p emission begins at
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FIG. 11. UPS spectra of V,0; in the metallic phase for vari-
ous photon energies.
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FIG. 12. The corresponding constant-initial-state (CIS) spec-
tra of V,0;at V3d (Ez=1.3eV), 4 (49¢V), B (6.5¢eV), C(7.9
eV), and S bands (10.6 eV), which are compared with the ab-
sorption spectrum (Ref. 50) of VF;.

around Av=35 eV with a maximum at 48 eV. On the
other hand, the CIS spectrum of the V 3d emission shows
a remarkable antiresonance dip in the region of
hv=35-45 eV and a strong enhancement with a max-
imum around 50 eV.

A weak structure was recently observed around
Ez =10 eV by Smith and Henrich!? in the angle integrat-
ed UPS spectra of cleaved V,0; and assigned to a satellite
structure.?’ Although we have observed a similar struc-
ture in the same region, it shows no resonance profile, as
seen in the CIS spectra. Therefore its origin is not yet
clear.

3. Vs, inner core photoemission spectra

The spectra in Fig. 13 show the V 3p inner core photo-
emission spectra of V,0; in both phases for the excitation
energy hv=110 eV. The spectra show three broad struc-
tures A, B, and C, which do not change much with the
phase transition. The results are consistent with the XPS
results obtained by Sawatzky and Post.®

Figure 14 shows the V 3p inner core photoemission
spectrum of VO, in the insulating phase at room temper-
ature for the excitation energy hv=110 eV. The solid
lines with the bar graphs in Figs. 13 and 14 are the results
of theoretical calculations which will be discussed later.

B. Reflectance spectra

1. V,0;

Figures 15 and 16 show the reflectance spectra of
V,0;. The spectrum is similar to that measured by Mok-
erov et al.*® The fundamental absorption edge charac-
teristic of an insulator is located at around 2.2 eV. The
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FIG. 13. 3p inner core photoemission spectra of V,0; in the
metallic and insulating phases. The vertical bars represent the
calculated spectrum and the solid line is the spectrum convolut-
ed with a resolution of 1.6 eV (Ref. 53).
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FIG. 14. 3p inner core photoemission spectrum of VO, at

room temperature. The vertical bars are the calculated spec-
trum and the solid line is the convoluted spectrum (Ref. 53).
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FIG. 15. Ultraviolet reflectance spectrum of V,0s5 up to
hv=11eV.
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low Av spectrum below 10 eV consists of many structures
among which the four bands 2, 5, 7, and 8 are prominent.
The reflectivity rapidly decreases above 9.5 eV. The
structures below this reflectance edge are assigned to the
transitions from the O 2p valence band to the V 3d con-
duction band, because the O 2p band is at the top of the
valence band and the V 3d band is at the bottom of the
conduction band. The peak 2 is rather sharp and can be
interpreted as an excitonic transition.

The reflectance spectrum of V,0s in the higher-energy
region above 10 eV is shown in Fig. 16. The structures
correspond to the transition from the O 2p valence band
to the V 4s,4p higher conduction bands, which exist
above the V 3d band. The band at around 22 eV may be
assigned to the transition from the O 2s band to the O 2p
component hybridized into the V 3d band, because the O
2s band exists around 21 eV below E in the UPS spectra.

Figure 17 shows the reflectance spectra of V¢O,; in the
energy region of the O2p —V 3d transition above 2 eV.
The difference in the reflectance spectra between the me-
tallic and the insulating phases is not clearly discerned.
Although the UPS spectra of V4O,; are sharper than
those of V,0s, the reflectance structures are much
broader than those of V,0s. The structures numbered 2,
3, 5, and 6 seem to correspond to the bands of 2, 5, 7, and
8 of V,0s, respectively. The energy differences of the
corresponding bands are within 0.3 eV (most bands in
V¢O,; are observed at lower energies). No structure is
observed around Av=9 eV in contrast to structure 9 in
V,0s.

Figure 18 shows the reflectance spectrum in the
higher-energy region. The structure at 22 eV is again as-
signed to the transitions from the O 2s to the V 3d bands.
The other structures for V4O,; correspond to those of
V,0s, though the energy position of V40,5 is higher by
about 0-1 eV. These structures can be assigned to the
transitions from the O 2p to the V 4s,4p bands. However,
the line shapes of spectra in this energy region are much
broader than those of V,0;.

3. vo,

There have been many experimental studies of the opti-
cal spectra of VO, in the energy region between 2 and 5

o

reflectivity

V20g

10 5

15 20 2
photon energy (eV)

FIG. 16. Ultraviolet reflectance spectrum of V,0s in a region
of hv=10-26¢V.
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FIG. 17. Ultraviolet reflectance spectra of V¢O,; in the me-
tallic (M) and insulating (I) phases, measured at room tempera-
ture (298 K) and liquid-nitrogen temperature (77 K), respective-
ly.

eV.""22 Those spectra are subtly different from each
other, though bands around 2.8, 3.5, and 4.1 eV are com-
monly observed in the same energy region. However, the
assignments of these bands are not settled yet. In order
to check the assignments of these broad band structures,
it is useful to measure the spectra with high resolution
and by polarization dependence in a wider energy range
by using synchrotron radiation as seen below.

Figure 19 shows the reflectance spectra of a natural
(110), surface of VO, measured for the polarization of
E||C,. The solid curves (C), (B), and (A) show the spectra
in the metllic phase at 375 K, in the insulating phase at
room temperature (298 K), and at liquid-N, temperature.
The dashed curves in the infrared region are the spectra
obtained by Dissanayake.?'

The spectra®' below 2 eV have shown a reflectance
peak associated with the band gap below T, and the me-
tallic reflectivity (Drude tail) above T,. The lowest peak
in the insulating phase is attributed to the interband tran-
sition from the occupied to the empty d bands.

On the other hand, the spectra between 2 and 10 eV
are mainly assigned to the transition from the O 2p to the
V 3d bands. Their absorption edge is situated around 2
eV. At liquid-N, temperature, the band just above this
absorption edge becomes clearer. Although other struc-
tures are very broad in both phases, one finds that almost
all structures are shifted to higher energies by about 0.5
eV on the transition from the metallic to the insulating

0.1}
>
3
°
e | I
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- V013
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10 15 20 25
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FIG. 18. Ultraviolet reflectance spectra of V,0,; in the me-
tallic and insulating phases. The reflectivity zero is shifted for
the spectrum in the insulating phase.
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FIG. 19. Ultraviolet reflectance spectra of VO, up to 11.5 eV
in the metallic (C) and insulating [(A), (B)] phases for the polar-
ization of E||C. The spectra of (A), (B), and (C) are measured at
liquid-nitrogen temperature, room temperature, and 375 K, re-
spectively, and their reflectivity zeros are shown on the ordinate
by (A), (B), and (C). The dashed curves are the reflectance spec-
tra in the infrared light region from Ref. 21.

phase. The shifts of the bands 2, 4, 5, and 9 are especially
clear, as indicated by the arrows. The structure 9,
around 8 eV, becomes wider in the insulating phase and a
shoulder 10 appears around 9 eV. The energy separation
between bands 9 and 10 is about 1.1 eV.

Figure 20 shows the reflectance spectra of VO, for the
polarization of ELC, in the same energy region. In the
metallic phase, the spectrum is very similar to that mea-
sured for E||C,. Therefore we use the same numbers for
the corresponding structures. In the insulating phase, a
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FIG. 20. Ultraviolet reflectance spectra of VO, in the metal-
lic (F) and insulating [(D), (E)] phases for the polarization of
ELC. The spectra of (D), (E), and (F) are measured at liquid-
nitrogen temperature, room temperature, and 375 K, respective-
ly. The dashed curves are the reflectance spectra from Ref. 21.
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number of structures shifted to higher energies by about
0.5 eV (structures 1, 2, 4, and 5) are also recognized as in
the spectra for E||C,. In this interpretation, however,
structure 3 in the insulating phase has no counterpart in
the metallic phase. One notices that the energy splitting
between structures 1 and 3 in the insulating phase is just
1.1 eV, which is comparable to the splitting between
structures 9 and 10 in the insulating phase measured for
E||C,. Of the structures 8 and 9 in the insulating phase
for ELC,, band 9 seems to correspond to the band 9 in
the metallic phase, because this band 9 shows a similar
shift to higher energies by about 0.5 eV in the insulating
phase, as does the band 9 for E||C,. In this case, it is not
impossible to interpret structure 8 as split from structure
5 in the insulating phase with a mutual splitting of about
1.2 eV. The comparable energy splitting between these
structures suggests that they have the same origin in-
duced by the phase transition. As for the polarization
dependence of these structures, bands 3 and 8 are only
observed in the spectra for ELC,, whereas band 10 is only
observed in the spectra for E||C,.

Figures 21 and 22 show the spectra of VO, in the
higher-energy region for E|C, and ELC,. The
reflectance edge due to the exhaustion of the O 2p —V 3d
transitions is situated at much higher energy for E||C,
(10.5 eV) than for ELC, (9.5 eV). The observed structures
are mostly assigned to the transitions from the O 2p
valence bands to the V 4s,4p higher conduction bands. It
is noticed that several bands (11, 13, 14, 16 for E||C, and
11 for ELC,) do not shift much through the metal-
insulator transition. On the other hand, the structures
above 20 eV, which are assigned to the transitions from
the O 2s to the V 3d bands, shift to higher energies by
about 0.5 eV. These facts suggest that the observed ener-
gy shifts reflect the shift of the final state of the V 3d
band on the phase transition, because the band shifts are
only seen for O2p—V 3d and O 2s —V 3d transitions in
contrast to the O2p —V 4s,4p transition. In this sense,
the behavior of the reflectance structure 12 and 13 for
E1C, is rather unusual. It is found that the band 12 ap-
pears only in the insulating phase for ELC,. At the same
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FIG. 21. Ultraviolet reflectance spectra of VO, between
hv=10.5 and 26 eV in the metallic (C) and insulating [(A), (B)]
phases for the polarization of E||C.
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FIG. 22. Ultraviolet reflectance spectra of VO, in the metal-
lic (F) and insulating [(D), (E)] phases for the polarization of
ElC.

time, the peak 13 is shifted to higher energies. It is thus
possible that the structures 12 and 13 observed in the in-
sulating phase for ELC, are both derived from the struc-
tures 13 and 13’ in the metallic phase. This possibility
will be discussed later.

The reflectance measurement of VO, was performed at
various temperatures besides those mentioned above. It
is confirmed that the change of the spectra always occurs
suddenly at T.. We have measured many samples includ-
ing samples cleaved almost parallel to the (110), surfaces.
The spectral shapes have shown rather strong sample
dependence. The spectra given in Figs. 19, 20, 21, and 22
are from a sample which showed the clearest spectral
change through the metal-insulator transition.

The changes in the reflectance spectra of VO, through
the metal-insulator transition are summarized as follows.

(1) Most structures (1, 2, 4, 5, 6, 7, 9, 21, 22, and 23)
are shifted to higher energies by about 0.5 eV in the insu-
lating phase.

(2) A few structures (3, 8, 10, and 12) appear only in
the insulating phase.

4. V,0;

Figures 23 and 24 show the reflectance spectra of V,0;
in the metallic phase. The dashed curve in the infrared-
light region is the result obtained by Fan.!” The spec-
trum below 10 eV mainly consists of four structures. The
reflectance structure in the 9-10-eV region is relatively
enhanced compared with the results in V,0,; and VO,.
The spectrum above 10 eV of V,0; is very similar to the
ElC, spectrum of VO,, suggesting that the transitions
are mostly to the V 4s,4p bands.

IV. DISCUSSION

A. Assignment of the reflectance spectra

The reflectance spectra of V,0s, V¢O3, VO,, and V,0;
are divided into the following four groups.

(1) The reflectance structures below 2 eV are obviously
due to the interband transition from the occupied to the
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FIG. 23. Ultraviolet reflectance spectrum of V,0; below
hv=12 eV at room temperature. The dashed curve is the
reflectance spectrum in the infrared light region (Ref. 19).

empty 3d bands. In the case of V,0s, there is no struc-
ture in this energy region.

(2) The reflectance spectra between 2 and 10 eV are as-
signed to transitions from the O 2p valence band to the V
3d conduction band, because the O 2p valence band is ob-
served in the photoemission spectra between Ez =2 and 8
eV. We have summarized in Table II the energy posi-
tions of the main reflectance bands (right) and the max-
imum positions or band edges of the O 2p bands revealed
by the UPS spectra (left). One can recognize some
correspondence between the UPS and the reflectance
structures except for certain energy differences between
the two values. The peak energies in the reflectance spec-
tra are always higher than the UPS values by about 1, 1,
0.5, and 0.3 eV in V,0s, the metallic phases of VO3,
VO,, and V,0;, respectively. In the case of the insulating
phase of VO,, the energy difference is about 1 eV. These
facts suggest that the initial states of these reflectance
structures are correlated either with the high density of
states of the O 2p valence bands or with the edge of the O
2p valence band. If we neglect any possible final state in-
teraction, the final states may be within the high density
of states of the V 3d conduction band about 1, 1, 0.5, and
0.3 eV above the Fermi level in V,05 and the metallic
phases of V40,3, VO,, and V,0;, respectively.

(3) The reflectivity drops rapidly above 10 eV. The
spectra between 10 and 20 eV are mostly assigned to
transitions from the O 2p to V 4s,4p higher conduction
bands. Another possibility is to assign them to the transi-
tion from the V 3d to V 4s,4p bands. However, V,0s,
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FIG. 24. Ultraviolet reflectance spectra of V,0; between
hv=11 and 26 eV at room temperature.
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TABLE I1. Energy positions of the top of the O 2p band and
the main structures of the O 2p band in the UPS spectra, which
are compared with the main peaks of the reflectance spectra.

V,0;s V¢0,; (metallic phase)

UPS Reflectance UPS
2.3 eV—-3 eV (2)
3.6(4)—4.5 (5
5.2(B) —6.5 (7)
6.5(C) —8.0 (8)

Reflectance
23 eV— 3.2 (2)
3.2(4)— 4.2 (3)
5.2(B) — 6.2 (5)
6.8(C) — 7.7 (6)

VO, (metallic phase) V,0; (metallic phase)

UPS Reflectance
3.5 eV— 4 eV (1)
49(A)— 5.1 (2)
6.5(B) — 6.8 (3)
7.9(C) — 9 (4)

UPS Reflectance
2.5 eV—>3 eV (1,2)
48(A4)—52 (4,5
7.0(B) —7.5 (9)

with no 3d electron, still shows strong reflectance struc-
tures in the above energy region. Therefore the
V 3d —V 4s,4p transition does not provide a dominant
contribution in this energy region.

(4) Several structures above 20 eV are assigned to tran-
sitions from the O 25 to V 3d bands which are hybridized
with O 2p orbitals. In the case of VO,, some structures
are also shifted to higher energies in the insulating phase,
like the structures observed in the energy region,
hv=2-10 eV. The reflectivity drops gradually above
22-25 eV. The decrease in the reflectivity in this energy
region is often called a plasma edge due to the vanishing
€, and very small ¢, ( << 1).

B. Changes in the band structure of VO,
through the metal-insulator transition

UPS and reflectance spectra of VO, have shown drastic
changes in the spectral line shape through the metal-
insulator transition, in comparison with other vanadium
oxides. The change in the V 3d valence band is detected
directly by UPS. The changes in the reflectance spectra
are observed in the hv region associated with the transi-
tions to the V 3d band from the O 2s or O 2p bands. It is
obvious that these changes are caused by changes in the
V 3d conduction band.

Goodenough3 showed that the metal-insulator transi-
tion of VO, can be explained by changes in the 3d-band
structure, considering the crystal structure change. In
the metallic phase at higher temperatures, VO, has a
tetragonal rutile structure, as shown in Fig. 25 (M). The
fivefold-degenerate d levels of the V41 (3d') ion are first
split into doubly degenerate e, levels and triply degen-
erate f,, levels in the octahedral crystal field. The e, or-
bitals are strongly hybridized with the O 2po orbitals
and have a large bandwidth. The f,, levels are further
split into the d; and 7* levels by the orthorhombic com-
ponent of the tetragonal crystal field. Thus the d| and 7*
bands are situated at the lowest energies around the Fer-
mi level. Since the 7* orbitals are more hybridized with
the O 2pm orbitals than the d, orbitals, the 7* bands
have higher energies and a wider bandwidth. On the oth-
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FIG. 25. Tetragonal rutile type crystal structure of VO, in
the metallic phase (M). In the insulating phase (I), the VO, lat-
tice is distorted into the monoclinic crystal structure with the
pairing of the vanadium ions.

er hand, the d, orbitals are rather nonbonding. Thus the
d, and 7* bands overlap at the Fermi level as shown in
the schematic diagram in Fig. 26.

In the insulating phase, however, VO, has a monoclin-
ic structure, where the pairing of the vanadium atoms
along the C, axis occurs as shown in Fig. 25 (I). Because
of the change in the V-O hybridization, the energy of the
more hybridized 7* band rises above the Fermi level and
becomes empty. Furthermore, the d; band is split into
two states by the pairing of the vanadium ions along the
C, axis.

As suggested by Goodenough, the 3d valence band
consists of two components in the UPS spectra of metal-
lic VO,. The high density of states at the Fermi level cor-
responds to the 7* band and the structure at Ez=1.3 eV
corresponds to the d| band. In the insulating phase, the
m* band separates from the Fermi level and becomes
empty. The UPS spectra in the insulating phase show
that the occupied 3d band consists of only a single band
ascribable to the lower d; band, in agreement with
Goodenough’s suggestion.

VO,

71*
S B 0.2 09t L
NN 15 T T
Tetragonal monoclinic \ozp
\
Metal Insulator

FIG. 26. Schematic energy diagram of the 3d bands around
the Fermi level for VO,. The energy of 0.2 eV is obtained by
UPS spectra. The energies of 0.5 and 1.1 eV are obtained by ul-
traviolet reflectance spectra. 0.65 eV is a value from the in-
frared absorption spectra (Ref. 15).
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With respect to the reflectance spectra, the shift of
several structures to higher energies by about 0.5 eV is at-
tributed to the rising of the 7* band, which forms the
lowest conduction band. Next, the appearance of several
new bands in the insulating phase may be due to band
splitting of the d| band. In this case, the energy splitting
between the d| and the 7* band is experimentally evalu-
ated to be about 1.1 eV. It is also found in this experi-
ment that transitions to this d;, band have an apparent
polarization dependence. That is, the bands 3 and 8,
which are assigned to the transitions from the top of the
O 2pm band and from the 4 band (O 2p7) to this d,
band, are seen for the polarization ELC,, as shown in
Table III. On the other hand, the band 10, assigned to
the transition from the B band (O 2p o), is seen in the po-
larization E||C,.

Following Goodenough’s definition® based on the
crystal-field theory, where the hybridization effect is not
explicitly considered, the wave functions of 7*, d“, (o)
2pw, and O 2po are represented as follows in coordinates
with their origin on the V and O atoms, respectively:

|7*)=(15/4m)XYR 3,(r), (15/4m)ZXR,(r),
ld,)=(15/16m)(Z*—Y?*)Ry,(r) ,

|0 2p7) =(3/4m)XR, (r) ,

|O® 2p7) =(3/4m) YR, (r) ,

|0% 2p0 ) =(3/4m) YR, (r), (3/47)ZR,(r),
|0® 2pa ) =(3/4m)XR,,(r), (3/4m)ZR (7).

3

By calculating the transition moments, (iler|f), it is
found that the transition from the O 2p to the d| orbit-
als is forbidden for E||C,, while it is allowed for ELC,.
This result is consistent with the experimental polariza-
tion dependence of the bands 3 and 8. Furthermore, the
calculation for the transition from the O 2po to the d,
bands shows that the intensity for E||C, is stronger than
for ELC,. This prediction is also consistent with the ex-
perimental polarization dependence of band 10. Because
the d; orbital is only weakly hybridized, a calculation
done without considering the hybridization will not be a
bad approximation for the purpose of qualitative assign-
ment. The components which emerge in the insulating
phase with polarization dependence are confirmed to be
associated with the transition to the d; band from the O
2pmand O 2po states. Although the transitions to the e,
band will have strength comparable with the 7* and d
bands, such structures are not resolved in the reflectance
spectra due to its broad bandwidth.

TABLE III. Polarization dependence of the reflectance
structures of VO,. These structures are assigned to the transi-
tions from the O 2p7 and O 2po to the d| and the 7* bands.

E|/C, EIC,
O 2p7 (top; A)—7* 1,2; 4,5 1,2; 4,5
O 2p7 (top; A)—d, 3; 8
O 2po (B)—m* 9 9
O 2po (B)—d, 10

S. SHIN et al. 41

The transitions from the O 2s state to the 7* band are
observed in the energy region beyond Av=20 eV. How-
ever, the transition from the O 2s to the d ; band cannot
be recognized. Since the hybridization with the O 2p
band is very weak for the d; state compared with the 7*
state, the transition from the O 2s to the d; band should
be much weaker than that to the 7* band.

Among the transitions to the V 4s,4p higher conduc-
tion bands, band 12 appears only for ELC, in the insulat-
ing phase, while it cannot be seen in the metallic phase.
The V 4s,4p higher conduction band may have a rather
free-electron-like dispersion curve with E, =#*k?/2m*
in the Brillouin zone, as schematically shown in Fig. 27
(M) for the metallic phase. The structure of the
reflectance spectra generally reflects the high joint densi-
ty of states. The high symmetry points (k; or k,) at the
bottom of the conduction band or at the boundary of the
Brillouin zone often satisfy such a condition. In the insu-
lating phase, the unit cell becomes doubled along the C,
axis as shown in Fig. 25 (I} and in Fig. 27 (I). Then a
new transition may appear in the insulating phase at the
new boundary of the Brillouin zone at (k| +k,)/2. The
band 12, which appears in the insulating phase, is a can-
didate for such a transition. As detailed band calcula-
tions are not available in this energy region, a definite as-
signment, including the polarization dependence, cannot
be given here.

C. Electron correlation effects in VO,

Based on the above discussion the band structures of
VO, are summarized in Fig. 26. The splitting energy be-
tween the two d“ bands is evaluated as

2.5=0.9+0.5+1.1 eV

in the insulating phase, where 0.9 eV is the binding ener-
gy of the d| valence band at the maximum, 0.5 eV is the
shift of the 7* conduction band, and 1.1 eV is the energy
difference between the d; and the 7* conduction bands.
The d|-band splitting is rather large compared with the
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FIG. 27. A possible effect of the crystal distortion on the V
4s,4p higher conduction bands in VO, through the metal to in-
sulator phase transition. A tentative assignment of the struc-
tures of the reflectance spectra to the high symmetry point of
the Brillouin zone at k, and k, in the metallic phase.



41 VACUUM-ULTRAVIOLET REFLECTANCE AND PHOTOEMISSION . . . 5005

d,-band width (B) of about 1.5 eV. Since there have been
a lot of discussions about the origin of the splitting of the
d, bands, we will first consider whether the splitting can
be interpreted by the crystal distortion alone. The cluster
band calculation’! showed that the splitting of the d,
band is only 0.5 eV in the insulating phase as far as the
crystal distortion effect is concerned. Thus the evaluated
band splitting ( ~2.5 eV) suggests the importance of the
electron-correlation energy of the d| electrons. In our
experiments, the empty part of the d; band is probed by
the electronic transitions from the O 2p valence band.
The excited d; electron will be subjected to a strong
correlation effect with the d electron staying in the same
atom.

Next, we will consider the correlation effect between
the d| and the m* electrons. Figure 28 summarizes vari-
ous experimental results so far obtained in the insulating
phase with respect to the d “-77' band gap. Infrared ab-
sorption spectra (C) (Ref. 15) gave a value of about 0.65
eV for the band gap from the top of the d| valence band
to the bottom of the 7* conduction band. Electric con-
ductivity measurements have given a value of 0.45 eV for
the activation energy.’*33 Since VO, is known as an n-
type semiconductor,** this activation energy is the energy
from the donor level below the Fermi level to the bottom
of the #* conduction band (D). From the reflectance
measurement, on the other hand, the shift of the 7* band
on the phase transition corresponds to the energy gap be-
tween the Fermi level and the bottom of the 7* conduc-
tion band in the insulator phase and is evaluated to be 0.5
eV (B). This value is not much different from the result
of the conductivity measurements. By means of the UPS
measurements in the present experiment, the energy gap
between the Fermi level and the top of the d| valence
band is evaluated to be 0.2 eV (A). Thus the total band
gap, the sum of the two values evaluated by UPS and
reflectance spectra, is estimated to be 0.7 eV in good
agreement with the results of the infrared absorption
spectra.

In the interpretation given in Fig. 26, the Fermi level is
situated in the lower part of the band gap. This result
seems to be inconsistent with the fact that VO, is an n-
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FIG. 28. Estimates of the 7*-d | band gap according to vari-
ous experimental methods; (A) from UPS measurement, (B)
from reflectance measurement, (C) from the infrared absorption
measurement (Ref. 15), and (D) from the conductivity measure-
ment (Refs. 32 and 33).

type semiconductor.>* This inconsistency may be solved
if an electron-correlation energy between the d; and 7*
electrons is considered. In the case of the reflectance, in-
frared absorption, and conductivity measurements, elec-
trons are excited to the #* conduction band. In these
cases, the excited electron can interact with the d elec-
tron. In the case of the UPS measurement, however, the
electron-correlation effect between the d and the excited
electron is not so important, because the electron excited
to higher conduction bands is rather extended. Thus the
value evaluated by the UPS measurement may mainly
reflect the band gap due to the crystal distortion. Consid-
ering that VO, is an n-type semiconductor, the band gap
due to the crystal distortion can be estimated from the
UPS results to be 0.2-0.4 eV. Thus the energy difference
of 0.3-0.5 eV between the above value and the experi-
mentally evaluated band gap (0.7 eV) is interpreted as the
electron-correlation energy between the 7* and the d,
electrons. In this sense, the correlation energy U (d II,d”)
can be evaluated as 2.1-2.0 eV, subtracting the effect of
the crystal distortion from the experimental value of 2.5
eV between two d| bands, where the crystal distortion is
taken to be 0.5 eV according to Sommers et al.’! or
~0.4 eV from our UPS results. This value is larger than
the theoretical evaluation of the intra-atomic electron-
correlation energy of 12 eV.3> The fact that
U(d,d;)=2.1 eV is much larger than the bandwidth,
B =1.5 eV, indicates that VO, is a typical Mott insulator
in the low-temperature phase, as has already been sug-
gested by the ESR (Ref. 36) and NMR (Refs. 37 and 38)
experiments.

One problem with the band calculation has been that it
cannot explain a part of the photoemission line shape of
the 3d band in metallic VO,. Namely, the 3d-band width
of the UPS spectra in the metallic phase is much broader
than that of the band calculation. In particular, a struc-
ture corresponding to the d band exists around Eg=1.3
eV, though the band calculation predicts this d; band just
below Er. The disagreement in the energy position of the
d, band between the UPS and the band calculation is
about 1 eV, reflecting the strong electron-correlation
effect of the d| electrons in the metallic phase. The
correlation energy of the d; electrons is not negligible
even in the metallic phase and U (d “,d”) is estimated to
be not less than 1.3 eV. Thus the d| bands may split into
two bands even in the metallic phase, because the du'
band width is about 1.5 eV.

There is still a problem as to why the UPS intensity of
the 7* band is stronger than that of the d; band in spite
of its lower occupation. We consider that the 7* electron
is itinerant in the metallic phase and there is a chance
that two d electrons can exist on the same vanadium
atom at the moment when the itinerant 7* electron
comes into the empty 3d band. The photoemission from
such a configuration (d?—d') can be observed at smaller
binding energies and may overlap with the 7* band.
Within the same model, there is a possibility of a d°
configuration in the metallic phase in accord with the
presence of a d? configuration. Then the empty state cor-
responding to the d° configuration will have more states
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just above E in the metallic phase. Thus the reflectance
structures of the 7* and d, bands in the metallic phase

become rather obscure because of the overlapping with
the d° band.

D. The mechanism of the metal-insulator phase
transition in VO,

There have been a lot of discussions regarding the
mechanism of the metal-insulator transition in VO,. In
regard to the driving force of the metal-insulator transi-
tion, Goodenough? first considered the importance of the
crystal distortion. Gervais and Kress® calculated the
phonon dispersion and reported the lattice instabilities at
the R point in the Brillouin zone. Gupta et al.* calculat-
ed the electronic band structure in the metallic phase of
VO, and suggested a charge-density wave (CDW) along
the 'R direction. In fact, the strong electron-phonon in-
teraction has been found by Raman®’ and x-ray*’ experi-
ments in the metallic phase.

In the insulating phase, however, the band splitting of
the 7*-d, and d|-d| bands cannot be explained by the
crystal distortion effect alone, as discussed in the present
study. Paquet and Leroux-Hugon*! have considered both
the electron-electron correlation energy and the
electron-lattice interaction as the origin of the band split-
ting. They concluded that the Mott transition is the
main origin of the metal-insulator transition, and the
crystal distortion is the result.

Zylbersztejn and Mott*? paid attention to the impor-
tant role of the 7* electron in the metal-insulator transi-
tion. They have thought that the electron-correlation en-
ergy is screened by the 7* electron in the metallic phase.
In the insulating phase, however, the hybridization be-
tween the 7* and the O 2p orbitals increases due to the
crystal distortion so that the 7* band rises in the energy
and becomes empty. Therefore the correlation energy of
the d, electrons becomes enhanced leading to a splitting
into the lower and the upper Hubbard bands. As de-
scribed before, we have observed the rise of the 7* band
as well as the splitting of the d| band into the two bands
with a large energy separation. Though the screening
effect by the 7* electrons has not been so far discussed
quantitatively, we have experimentally concluded that it
is a key point for understanding the change in the spectra
associated with the metal-insulator transitions in VO,.

E. Metal-insulator transition of V,0; and V40,

The changes in the UPS spectra of V,0; and VO,
through the metal to insulator transition are very similar.
That is, the density of states at E is very low even in the
metallic phase. Though the 3d bands consist of a few
bands, they have a single peak at around 1 eV, which
does not shift at all through the metal-insulator phase
transition. In the insulating phase, the band gaps are not
clearly found, because of their small magnitudes. From
such UPS results one can recognize the changes in the
bandwidths. In this case, the change in the bandwidth is
larger in V,O,;.
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There have been a lot of studies regarding the metal-
insulator transition of V,0;. It has been believed*>** that
the Fermi level exists within the overlapping region of
the a,, and the e bands and the electronic properties are
mainly governed by the e electrons. The a,, orbital lies
along the C axis, while the e orbitals are extended per-
pendicular to the C axis. As for the band-structure
change of V,0; induced by the crystal distortion,’ a,, or-
bitals shift to higher energies due to the lattice expansion
along the C axis and the a,, state becomes empty. Ac-
cording to the UPS results, however, such a spectral
change is not observed. Instead, the a,, state becomes
localized according to the expansion of the V-V distance
through the metal to insulator phase transition. The e
electrons also become localized through the exchange in-
teraction J between the a;, and e electrons.*>*3 There-
fore the slight change in the 3d band around Ey in the
UPS spectra may reflect such a localization effect of the
e, electrons.

In the case of V,O,;, the mechanism of the metal-
insulator transition may be similar to that of V,0;,
though the band structure is not known. In the case of
such mixed-valence materials with complex band struc-
tures, the relation between the change in the band struc-
ture and the phase transition is not straightforward. The
result that the change in the reflectance spectra through
the metal-insulator transition is not remarkable suggests
that the change in the band structure is also not drastic.
It is well known that V-V pairing is formed in the insulat-
ing phase for the mixed-valence vanadium oxides.** Lo-
calization of the 3d electrons may also be induced, like
the a,, electron in V,0; which provides a smaller band-
width for the 3d band in the insulating phase. Otherwise,
the change in the bandwidth may be caused by the
change in the V-O distance following the V-V pairing.
Such effects will be the main origins of the metal-
insulator transition in the mixed-valence compound
V¢Oy;.

F. Resonant photoemission

Recently, there have been reported a lot of theoretical
and experimental studies on resonant photoemission from
transition-metal compounds. From these studies, new in-
sight into the electronic states has been found for heavy
transition-metal compounds. Namely, the strong screen-
ing of the 3d hole by the charge transfer from anion
atoms (that is, 3d "L final state where L denotes a ligand
hole) has been clearly found in the photoemission spectra
of the 3d transition-metal oxides.**~*® Such a screening
effect is evident for most of the heavy transition-metal
compounds. In the case of the light transition-metal
compounds, it has been suggested that such a screening
effect by charge transfer is small,*® though there have
been very limited numbers of resonant photoemission
studies.'>*’ In these experiments, it is said that the pho-
toemission spectral shape of the 3d band is very different
from that of the heavier transition-metal compounds.
The resonance enhancement of the photoemission intensi-
ty revealed by the CIS spectra extends over 20 eV for the
light transition-metal compounds in contrast to an exten-
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sion of about 10 eV for the heavy ones. The energy of the
resonance maximum is shifted from the 3p —3d thresh-
old by about 10-15 eV, whereas such a shift cannot be
found for the heavy ones.

In our resonance experiments of VO, and V,0;, both
the O 2p and the V 3d bands show resonance enhance-
ment through the 3p — 3d transition. One notices, how-
ever, a clear difference in their resonance profiles. First
the V 3d band shows a characteristic antiresonance dip
around the 3p —3d absorption threshold and a remark-
able maximum around the absorption maximum at ~ 50
eV. Secondly, the O 2p band shows a rather broad profile
having some structures around the 3p — 3d threshold and
a maximum at around 48 eV, slightly below the absorp-
tion maximum.

One should recall that the CIS spectra of the 3d "L final
state give an antiresonance dip in heavy transition-metal
compounds,45 whereas those of the 3d” ! final state give
a simple resonance enhancement without a remarkable
antiresonance dip. On the other hand, in the case of
vanadium oxides, the CIS spectra of the V 3d bands
(3d" ! final state) show an antiresonance dip. Moreover,
the CIS spectra of the O 2p bands do not have an antires-
onance dip but give a rather broad and simple enhance-
ment, even though the final state of the photoemission
from the O 2p band is the same as for the 3d "L final state.

Comparing the CIS spectra with the 3p —3d absorp-
tion spectra, one finds that the CIS spectra of the O 2p
bands are similar to the absorption spectra. The 3p —3d
absorption spectra consist of many structures which are
well explained by the 3p°3d"*! multiplet structures®
with a few dominant structures and some precursor
structures below them. In the case of the light
transition-metal compounds, the multiplet structures are
spread over a wide energy region of about 20 eV which is
much larger than in the case of heavy transition-metal
compounds. The spectral line shapes of the heavy
transition-metal compounds show a typical Fano line
shape®® which is caused by the interference with the
background absorption (3p®3d"—3p®3d" 'e), because
the 3p®3d"—3p33d" ! absorption provides the same
3p%3d" e final state by the super-Coster-Kronig decay.
On the other hand, the interference is small in light
transition-metal compounds because of the low intensity
of the background absorption. Moreover, the spectral
line shape is rather broad, in contrast to the asymmetric
Fano line shape of heavy transition-metal compounds.

Because the number of occupied 3d electrons is smaller
in the light transition-metal compounds, the super-
Coster-Kronig process may occur less effectively than in
the heavy transition-metal compounds. On the other
hand, another decay channel is proposed for light
transition-metal compounds,’! as Dehmer et al.’? previ-
ously considered for the 4d —4f transition of rare-earth
elements. The multiplet structures are spread in a wide
energy region in the case of light transition-metal com-
pounds, so that some structures at higher energies are sit-
uated above the vacuum level. These excited states may
interact with the 3p°3d"ed continuum providing the
broad line shape. This process would explain the broad
line shape of the 3p — 3d absorption spectra of the light
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transition-metal compounds. However, these final states
cannot directly resonate with the 3d photoemission pro-
cess.

It is noted that some O 2p bands of the vanadium ox-
ides show the resonance effect. This fact reveals that the
O 2p orbitals are partially hybridized with the V 3d orbit-
als in these vanadium oxides. In the case of V,0s and
V,0;, the hybridization effect is more evident for the
deeper energy region of the O 2p bands. The O 2p band
of V,0; at the lowest binding energy (Egz ~3.6 eV) is less
affected by the hybridization effect. In the case of the O
2p bands of VO,, hybridization does not change much
through the whole energy region (except for the top of
the O 2p band). Hybridization is substantial between the
O 2pm and the 7* orbitals as well as between the O 2po
and the e, orbitals. As well, one recognizes that the reso-
nance effect of the V 3d band in VO, is much less obvious
than that of the Ti 3d band in Ti,O;.'? This is a surpris-
ing fact, because Ti,O, has the same 3d' configuration as
VO,. We think that the more covalent character of VO,
may be responsible for such behavior. Thus resonant
photoemission spectroscopy is a very powerful method to
investigate the hybridization effect, though precautions
are required for a quantitative discussion.

G. Multiplet structures of V 3p core UPS spectra

The UPS spectra of the V 3p core level of V,0; and
VO, are rather broad as shown in Figs. 13 and 14, sug-
gesting a contribution of multiplet structures. Such
structures in V,0; have been also seen in XPS spectra by
Sawatzky and Post.® Yamaguchi et al.** calculated the
3p>3d" multiplet structures of the 3p XPS of transition-
metal compounds by taking the 3p-3d Coulomb and ex-
change interactions into account, along with the calcula-
tion of the 3p°3d”*! multiplet structures of the 3p ab-
sorption spectra.’® The bar graph in Fig. 13 shows the
calculated result® of the 3p°3d? multiplet which is com-
pared with the spectra of V,0;. The solid curve shows
the calculated spectra with a resolution of 1.6 eV. The
parameters of 10Dg =3.31 eV and «=0.7, k; =0.6 are
used, where k, and ks are the reduction factors of the
Slater-Condon parameters of the 3p-3d interactions for
the free ions. Ordinary values are used for the other pa-
rameters such as Racah parameters (B and C), the spin-
orbit coupling constant of the 3p hole (£;,) and Slater-
Condon parameters of the free ion (F, and G, 3), as used
in the 3p XPS of V3" compounds. The calculated spec-
trum explains the multiplet splitting of the experimental
spectrum well. Here the spread of the multiplet splitting
is roughly proportional to the reduction factors which
are determined by the covalency between the V 3d and
the O 2p orbitals. The values used for the reduction fac-
tors are the same as for the 3p core absorption spectra of
transition-metal halides’® which are typical insulators,
suggesting that the covalency effect is not so large even in
the 3p excited state of V,0;. Any remarkable change of
the multiplet splitting through the metal-insulator transi-
tion is not recognized, which shows that the change in
the covalency through the metal-insulator transition is
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small in V,0;.

Figure 14 shows the calculated 3p°3d ' multiplet struc-
ture®® which is compared with the UPS spectra of VO,.
The parameters, 10Dg =3.31 eV and xz=0.7, k5 =0.6
are used. The other parameters, Racah parameters (B
and C), the spin-orbit coupling constant of the 3p hole
&3, and Slater-Condon parameters of free ion (F, and
G, ;) are the same as for the parameters of the 3p XPS of
Ti** compounds. The calculated spectrum explains the
experimental line shape of VO, well, which is much nar-
rower than that of V,0;.

V. CONCLUSION

The combination of UPS and reflectance spectra has
provided fruitful information about the valence- and
conduction-band structures, as well as the electron-
correlation effect of 3d electrons.

For VO,, the importance of the itinerant 7* electron
for the screening of the d| electron in the metallic phase
is recognized. In the insulating phase, the 7* state rises
in energy and becomes empty, because of increased hy-
bridization due to the crystal distortion. Simultaneously,
the d, band splits into two bands. Then the correlation
effect for d, electrons becomes more important. The
electron-correlation energy of the d, electrons and the
bandwidth are evaluated to be 2.1 and 1.5 eV in the insu-
lating phase. The band gap between the empty 7* and
occupied d band is estimated to be 0.7 eV, where the
m*-d correlation energy is conjectured to be 0.3-0.5 eV.

In the UPS spectra of V,0; and V,0,;, however, the
change in the band structure is not clearly observed ex-
cept for a slight change in the 3d-band width. For V,0;,
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the localization of the e state may be responsible for the
slight change observed in the UPS spectra. For mixed-
valence VO3, the V-V pairing or the change of the V-O
distance may be the cause of the change in the 3d-band
width in the UPS spectra.

The spectral shapes of the 3p core photoemission, as
well as 3p —3d absorption, are quantitatively analyzed
based on a ligand field theory.
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APPENDIX

The deconvolutions of the UPS spectra are given as fol-
lows, where f(x) is the observed spectra, f,(x) is the
deconvoluted spectra, and g(x) is a Gaussian whose
half-width is given by the resolution of the system:

Fp)=@m'2 [ f(x)e ™ dx ,
Fo(y)E(Zﬂ)'/szo(x)e_i"y dx ,
G(y)=2m'? [g(x)e™™ dx ,
f0= [ fologx —ndt
F(p)=2m)'*Fy(»)G(y) ,
fox)=@2m'2 [ [F(y)/G(p)le ™ dy .
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