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Electron energy-loss spectra of (V1−xCrx)2O3 (x = 0.012) at the antiferromagnetic insulating (AFI), paramagnetic metal-
lic (PM) and paramagnetic insulating (PI) phases have been measured using a high-resolution transmission electron energy-loss
spectroscopy (EELS) microscope. The changes in the EELS spectra at the transition from the PM phase to the AFI phase are
interpreted in a similar manner to the case of V2O3 [Jpn. J. Appl. Phys.37 (1998) 584]. The change in the electronic structure
at the transition from the PM phase to the PI phase (Mott transition) was revealed for the first time. A sharp peak observed at
1.0 eV in the PM phase did not appear in the PI phase. Thet2g peak of the O 1s→ V 3d(t2g) EELS spectra shows an energy
increase of 0.5 eV at the transition from the PM phase to the PI phase. This increase is interpreted to occur by the splitting of
the bondingeπg band, which is partially filled in the PM phase, into the fully occupied lower band and the unoccupied upper
band, and by the lifting of the unoccupied band to an energy higher than the Fermi level in the PM phase. Thet2g peak also
shows a decrease in intensity but an increase in the full width at half-maximum (FWHM) at the transition. The decrease in
intensity occurs due to the decrease of the hybridization of the V 3d with the O 2p orbitals resulting from an increase of the
V–O distance. The increase in the FWHM results from the lifting of thea∗1g band due to the decrease of the lattice constantcH

and the splitting of theeπg andeπ∗g bands each into two bands due to electron correlation.
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1. Introduction

In previous papers, we have showed the changes in the elec-
tronic structures of VO2 and V2O3 at the metal-insulator tran-
sition (MIT) using the high-resolution transmission electron
energy-loss spectroscopy (EELS) technique.1,2) In the case of
V2O3, a sharp peak was observed at about 1 eV in the EELS
spectrum of the paramagnetic metallic (PM) phase but not in
that of the antiferromagnetic insulating (AFI) phase. An edge
structure at about 1 eV observed in optical reflectivity has
been assigned to the plasma edge.3) We, however, assigned
the peak to an interband plasmon caused byd–d transitions,
based on the inspection of the dielectric function derived from
the loss function.2) The peak due to the O 1s→ V 3d(t2g)

transition in the O 1s EELS spectra increased in energy by
0.4 eV but decreased in intensity at the transition from the
PM phase to the AFI phase. The increase of the energy is in-
terpreted to occur due to the splitting of the V 3d(t2g) band,
which is partially filled in the PM phase, into the fully occu-
pied and unoccupied bands, and by the lifting of the unoccu-
pied band to a state with an energy higher than the Fermi level
in the PM phase. The decrease in intensity is considered to be
due to the decrease of the transition probability of the O 1s
→ V 3d(t2g) transition, which is attributed to the decrease of
the hybridization of V 3d with O 2p orbitals at the transition
from the PM phase to the AFI phase.2)

Vanadium sesquioxide (V2O3) undergoes an MIT with a
change of temperature,4) which is accompanied by changes in
the crystal5) and magnetic6) structures. It has the corundum
structure with space groupR3̄c in the PM phase above 150 K
and a monoclinic structure with space groupB2/b in the AFI
phase below 150 K. Feinleib and Paul7) reported that the re-
sistivity of V2O3 increases gradually above 400 K. Since this

the PM phase to the PI phase is explained as follows, though
Goodenough9) did not explain it in ref. 9. The lattice con-
stantcH slightly decreases butaH slightly increases with an
increase in temperature.8) Since the decrease ofcH increases
the hybridization of thea1g orbitals, the energy difference be-
tween thea1g bonding band and thea1g antibonding band in-
creases. Since the increase ofaH decreases the hybridization

transition suffers no changes in the crystal and magnetic struc-
tures, though lattice constants change continuously, it appears
to be a Mott transition, which results from the localization of
electrons.8)

According to Goodenough,9) the fivefold degenerate V 3d
levels split into triply degenerate lowert2g levels and doubly
degenerate uppereg levels due to the cubic component of the
octahedral crystal field. One of thet2g orbitals (a1g orbital),
which extends toward the orbitals of the nearest-neighbor
vanadium atoms, forms thea1g band. The other twot2g or-
bitals (eπg orbitals), which extend toward the orbitals of the
second nearest-neighbor vanadium atoms, form theeπg band.
Both thea1g band and theeπg band split into the bonding band
and the antibonding band. These twoa1g andeπg bands al-
most overlap. The metallic behavior above 150 K is caused by
the partial filling of the overlapping bands with two 3d elec-
trons per vanadium ion [Fig. 1(a)]. Goodenough9) explained
the transition from the PM phase to the AFI phase as fol-
lows. When V2O3 undergoes the monoclinic distortion below
150K, theeπg band splits into the [010] band, which extends
to the [010] direction of the phase, and the (010) band, which
extends on the (010) plane. The[a1g+ (010)] band, which is
formed by the overlapping of thea1g band and the (010) band,
splits into the[a1g+(010)]α band and the[a1g+(010)]β band
due to an interatomic exchange interaction. These two bands
are separated from each other by an interatomic exchange en-
ergy (1ex). The insulating behavior below 150 K is caused
by the complete filling of the [010] bonding band and the
[a1g+ (010)]α bonding band [Fig. 1(b)]. The transition from



of theeπg orbitals, the energy difference between theeπg bond-
ing band and theeπg antibonding band decreases. The tran-
sition to an insulator or the PI phase was considered to be
caused by the splitting of theeπg bonding band into the lower
and uppereπg bonding bands (Mott-Hubbard splitting)10) and
by the complete filling of thea1g bonding band and the lower
eπg bonding band [Fig. 1(c)].

Spectra measurements of V2O3 at room temperature and
high temperatures of about 800 K are necessary to reveal the
changes of the electronic structure at the Mott transition. Un-
fortunately, it is difficult to obtain reliable spectra of the para-
magnetic insulating (PI) phase because oxygen deficiencies
are induced at high temperatures. McWhan and Remeika8)

showed that the resistivity suddenly increases at a temper-
ature between 200–300 K and the transition temperature is
lowered to this temperature by 1% doping of Cr. Kuwamoto
et al.11) measured the resistivity of the (V1−xCrx)2O3 system
(0 ≤ x ≤ 0.1) and showed that the samples of 0.0051≤ x ≤
0.0178 undergo the transition from the PI phase to the PM
phase at 200–380 K and the transition from the PM phase to
the AFI phase at 160–184 K. Thus, the change of the elec-
tronic structure at the Mott transition can be more easily in-
vestigated when a few percent of Cr is doped in V2O3. It
is considered that the MITs in the (V1−xCrx)2O3 system are
caused by the same mechanism as those in V2O3 described
above.

Changes in electronic structures of the (V1−xCrx)2O3 sys-
tem at the MITs were studied by optical spectroscopy,12,13)

ultraviolet photoelectron spectroscopy (UPS) and X-ray pho-
toelectron spectroscopy (XPS).14,15) Barker and Remeika12)

showed optical conductivity of (V1−xCrx)2O3 (x = 0.012)
at the AFI, PM and PI phases over an energy range of 0.04–
3 eV. They reported that the band-gap energies of the AFI and
PI phases are approximately 0.1 and 0.1–0.5 eV, respectively.
However, they did not show the changes of the dielectric func-
tions at the MITs. Smith and Henrich14) measured UPS and
XPS spectra of (V1−xCrx)2O3 (x = 0.015) at the AFI, PM and
PI phases. They showed the changes in the occupied density
of states (DOS) near the Fermi level at the MITs. Unfortu-
nately, the changes in the unoccupied DOS at the MITs have
never been studied.

We have measured the EELS spectra of (V1−xCrx)2O3 (x =
0.012) in valence and core electron excitation regions for the
first time to reveal the changes in electronic structures at the
MITs, especially at the transition from the PM phase to the
PI phase (Mott transition). The change of the EELS spectra
at the valence electron excitation region is discussed using
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Fig. 1. Schematic band diagram of V2O3 at the PM (a), AFI (b) and PI
(c) phases. The asterisk indicates antibonding. U and L mean upper and
lower, respectively.

the dielectric function derived from the EELS spectra. The
change in the EELS spectra at the core electron excitation
region is explained in terms of the band structure.

2. Experimental

The high-resolution EELS microscope used was devel-
oped as a project of the Joint Research with Industry by
the Ministry of Education, Science, Sports and Culture.16,17)

The EELS microscope is equipped with a thermal-type field
emission gun as the electron source and specially designed
stigmatic-focus Wien filters as the monochromator and the
analyzer. The EELS microscope incorporates an illumina-
tion lens system, a specimen goniometer and an imaging lens
system of a JEM1200EX transmission electron microscope.
EELS spectra were taken by a parallel-recording system us-
ing a charge-coupled device (CCD) camera. The best values
of the full width at half-maximum (FWHM) of the zero-loss
peak are 12 meV without a specimen and 25 meV with a spec-
imen. The incident electron energy was always set at 60 keV.
The retarding potential of the monochromator was set to be
51 V and that of the analyzer was 200–520 V in this experi-
ment.

Specimens for electron energy-loss spectra were prepared
by crushing single crystals and placing the fragments on a
mesh for electron microscopy. Electron energy-loss spec-
tra were obtained from specimen areas of 180 nm in diam-
eter. The specimen areas were judged to be perfectly crys-
talline from their good electron diffraction patterns. The max-
imum acceptance angle for inelastically scattered electrons
was 2.5 mrad for the valence electron excitation spectra and
12 mrad for the core electron excitation spectra, which corre-
spond to the momentum transfer of 3 and 15 nm−1, respec-
tively, at an incident electron energy of 60 keV. From the re-
sistivity measurement,18) (V1−xCrx)2O3 (x = 0.012) used in
the present study underwent the transition from the PI phase
to the PM phase at 230 K and from the PM phase to the AFI
phase at 170 K when the sample was cooled. The specimens
were cooled in a cooling holder for electron microscopy. The
temperature of the specimens was measured using a thermo-
couple near the specimens.

3. Results and Discussion

3.1 EELS spectra of the valence electron excitation region
Figure 2 shows EELS spectra of (V1−xCrx)2O3 (x =

0.012) measured at the AFI (100 K), PM (200 K) and PI
(300 K) phases over an energy range of 0–60 eV with energy
resolutions of 93, 110 and 97 meV for the FWHM of the zero-
loss peak, respectively. The EELS spectra of the AFI and PM
phases were nearly the same as those of V2O3.2) The small
peak at about 5 eV and the sharp peak at about 12 eV are as-
signed to the interband transitions from the O 2p band to the
V 3d band.19) The peak at about 16 eV is assigned to the inter-
band transitions from the O 2p band to the V 4s, 4p band.19)

The large peak at about 26 eV is due to the collective exci-
tation of all valence electrons (volume plasmon). The calcu-
lated plasmon energy using the Drude model is about 20 eV,
which does not agree with the experimental value. The plas-
mon energy (̄hωp), however, is calculated more accurately by
the Lorentz model using

h̄ωp =
√
(h̄ω( f )

p )2 + (h̄ω0)2, (3.1)



whereh̄ω( f )
p is the plasmon energy calculated from the Drude

model andh̄ω0 is the interband transition energy. Substitut-
ing h̄ω( f )

p = 20 eV andh̄ω0 = 16 eV, which is the closest in-
terband transition energy to the volume plasmon energy, into
eq. (3.1), we obtain̄hωp = 26 eV, which agrees well with
the experimental value of 26 eV. The peak at about 42 eV
and the shoulder at about 47 eV are assigned to the transitions
from the V 3p core levels to the V 3d band, by referring to
XPS spectra of V2O3.15) The broad peak at around 50 eV is
attributed to the double loss of the volume plasmon.

Figure 3 shows EELS spectra of (V1−xCrx)2O3 (x =
0.012) measured at the AFI (100 K), PM (200 K) and PI
(300 K) phases over an energy range of 0–9 eV with energy
resolutions of 65, 74 and 59 meV for the FWHM of the zero-
loss peak, respectively. The EELS spectra of the AFI and PM
phases of (V1−xCrx)2O3 (x = 0.012) are very similar to those
of V2O3.2) The peak at 1.0 eV, indicated by an arrow, disap-
pears at the transition from the PM phase to the PI phase. The
broad peak starting at about 4 eV is assigned to the interband
transition from the O 2p band to the V 3d band. The peak
increased in intensity at the transition from the PM phase to
the PI phase. The change of this peak is considered to be
due to the change of the unoccupied V 3d band because the
UPS spectra showed that the occupied DOS of the O 2p band
change negligibly at the MIT.14)

The upper panels of Figs. 4(a), 4(b) and 4(c) show the loss

function (Im[−1/ε(ω)]) of the AFI (100 K), PM (200 K) and
PI (300 K) phases, respectively, derived from Figs. 2 and 3.
The contributions of the direct beam and multiple scatter-
ing were removed by a Lorentz fit and the Fourier-log de-
convolution method,20) respectively. The absolute value of
the loss function at the PM phase was determined by apply-
ing Re[−1/ε(0)] = 0.20) Since the refractive indices of the
AFI and PI phases are not known, the absolute values of the
loss functions at these phases were determined using the sum
rule,20) ∫ ∞

0
ω Im

[
− 1

ε(ω)

]
dω = π

2
(ω( f )

p )2, (3.2)

ω( f )
p = (Ne2/ε0m)1/2, (3.3)

whereε0 is the dielectric permittivity of vacuum,N is the
density of all valence electrons,e is the electron charge and
m is the mass of an electron. The dielectric function was cal-
culated from the loss function and Re[1/ε(ω)],which was de-
rived from the loss function by Kramers-Kronig analysis. The
integration with energy was carried out up to 400 eV in the
three processes of Fourier-log deconvolution, determination
of the absolute value of the loss function and Kramers-Kronig
analysis, where the loss function above 60 eV was obtained by
extrapolating the loss function usingE−4 dependence.1,2,21)

The lower panels of Figs. 4(a), 4(b) and 4(c) show the real
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Fig. 2. Valence electron excitation spectra of (V1−xCrx)2O3 (x = 0.012)
measured at the AFI (100 K), PM (200 K) and PI (300 K) phases over an
energy range of 0–60 eV with energy resolutions of 93, 110 and 97 meV,
respectively.
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Fig. 3. Valence electron excitation spectra of (V1−xCrx)2O3 (x = 0.012)
measured at the AFI (100 K), PM (200 K) and PI (300 K) phases over an
energy range of 0–9 eV with energy resolutions of 65, 74 and 59 meV,
respectively. The peak at 1.0 eV indicated by an arrow disappeared at the
transition from the PM phase to the PI phase.
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and AFI phases. The peaks at 513.7 and 521.7 eV, indicated
by arrows in the spectra of the AFI and PI phases, are sharper
than those of the PM phase. This difference should be due to
MITs but cannot be explained simply due to the strong core
hole interaction. Theoretical calculations are needed to quan-
titatively explain the V 2p EELS spectra.

On the other hand, the core-hole interaction between the
electron excited into the unoccupied V 3d band from the O 1s
core level and the hole is weak. Thus, the change of the un-
occupied V 3d band at the MIT can be directly related to the
change of the O 1s EELS spectra. Figure 6 shows the O 1s
EELS spectra measured at the AFI (100 K), PM (200 K) and
PI (300 K) phases. The peaks at about 529 and 532 eV are
assigned to the transitions from the O 1s core level to the un-
occupied V 3d(t2g) and V 3d(eg) bands, respectively. These
transitions are possible through an admixture of the V 3d or-
bitals with the O 2p orbitals, though they are not allowed by

gion show the behavior of an insulator, as expected from the
measurement of the conductivity.11) Nonexistence of the plas-
mon excitation condition is also reflected by the behavior of
the dielectric function.

3.2 EELS spectra of the core electron excitation region
Figure 5 shows EELS spectra of (V1−xCrx)2O3 (x =

0.012) measured at the AFI (100 K), PM (200 K) and PI
(300 K) phases over an energy range of 507–545 eV with an
energy resolution of 0.21 eV, which was determined by the
FWHM of the zero-loss peak. The spectra below 527 eV are
the V 2p EELS spectra and those above 527 eV are the O 1s
EELS spectra. The peaks at about 516 and 522 eV are at-
tributed to excitations from the V 2p3/2 and V 2p1/2 core lev-
els, respectively. The experimental spectral intensity ratio of
the V 2p3/2 to V 2p1/2 excitations is different from that ex-
pected from spin-orbit splitting (2: 1). This is because a
strong core-hole interaction exists between the hole in the V
2p core level and the electron excited into the unoccupied V
3d band from the core level.23) The peak energy of the V 2p
EELS spectrum showed little difference among the PI, PM

(ε1) and imaginary (ε2) parts of the dielectric function of the
AFI (100 K), PM (200 K) and PI (300 K) phases, respectively.
The dielectric functions of the AFI [Fig. 4(a)] and PM [Fig.
4(b)] phases of (V1−xCrx)2O3 (x = 0.012) are very similar
to those of V2O3.2) Since the condition for the plasmon ex-
citation (ε1 = 0) is satisfied at 1.1 eV in the PM phase [Fig.
4(b)], the peak at 1.0 eV in the loss function of the PM phase
is assigned to a plasmon excitation. However, the free-carrier
plasmon is expected to be observed at 7.3 eV, which is calcu-
lated from eq. (3.3) using the carrier density of V2O3 at the
PM phase of 3.85× 1028 m−3.22) ε2 shows peaks and shoul-
ders (interband transition character) around 1.1 eV, which are
assigned tod–d transitions by the same reason as in the case
of V2O3.2) Thus, the peak at 1.0 eV in the loss function is as-
signed to an interband plasmon peak. The dielectric function
of the PI phase [Fig. 4(c)] was obtained for the first time in
the present study. Theε1 andε2 curves in the low-energy re-
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preted in a similar manner to the case of V2O3.2) The change
of the EELS spectra at the transition from the PM phase to
the PI phase (Mott transition) was revealed for the first time
using Cr-doped V2O3 instead of V2O3. The change in the
EELS spectra of the valence electron excitation region at the
transition from the PM phase to the PI phase was discussed
using the dielectric function derived from the EELS spectra.
The change in the O 1s EELS spectra at the transition was
explained in terms of the band structure.

It is expected that theoretical V 2p EELS spectra will be
calculated to quantitatively explain the change of the experi-
mental EELS spectra. The mixed-valence compound V6O13

also undergoes the MIT with the change of temperature.24)

The EELS study of V6O13 will be reported elsewhere.
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4. Concluding Remarks

We measured the EELS spectra of Cr-doped V2O3 at the
AFI, PM and PI phases. The changes of the EELS spectra at
the transition from the PM phase to the AFI phase were inter-

the dipole transition. Thet2g peak of the O 1s→V 3d(t2g)

EELS spectra shows an energy increase of 0.5 eV at the tran-
sition from the PM phase to the PI phase. This increase is in-
terpreted to occur due to the splitting of the bondingeπg band,
which is partially filled at the PM phase, into the fully oc-
cupied lower band and the unoccupied upper band, and the
lifting of the unoccupied band to an energy higher than the
Fermi level in the PM phase. Thet2g peak has also shows
a decrease in intensity but an increase in the FWHM at the
transition. The decrease in intensity occurs because of the de-
crease of the hybridization of the V 3d with the O 2p orbitals
due to an increase in the V–O distance.5) The increase in the
FWHM is a result of the lifting of thea∗1g band due to the
decrease of the lattice constantcH and the splitting of theeπg
andeπ∗g bands each into two bands due to electron correlation
[Fig. 1(c)]. We revealed the change of the unoccupied DOS
of the V 3d band from the change of the O 1s EELS spectra
at the MIT.
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Fig. 6. O 1s core electron excitation spectra of (V1−xCrx)2O3 (x = 0.012)
measured at the AFI (100 K), PM (200 K) and PI (300 K) phases.


