Jpn. J. Appl. Phys. Vol. 37 (1998) pp. 584-588
Part 1, No. 2, February 1998
(©1998 Publication Board, Japanese Jounal of Applied Physics

Electron Energy-Loss Spectroscopy Study of the Metal-Insulator Transition in V,0;
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Electron energy-loss spectra of V203 of the paramagnetic metallic (PM) and antiferromagnetic insulating (AFI) phases have
been measured by a high-resolution transmission electron energy-loss spectroscopy (EELS) technique. An excitation at about
1eV was previously observed in both the PM and AFI phases by an optical measurement and assigned to the excitation of a
free-carrier plasmon. A sharp peak has, however, been observed at 1.1eV in our EELS spectra of the PM phase but not in those
of the AFI phase. We assigned the peak to an interband plasmon due to d-d transitions by inspecting the dielectric function
derived from the EELS spectra. The peak of the O 1s EELS spectra due to the O 1s — V 3d(t2,) transition 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 due to
a splitting of the V 3d(¢24) band, which is partly filled at the PM phase, into the fully occupied and unoccupied bands and a
shift of the unoccupied band to an energy higher than the Fermi level in the PM phase. The decrease of intensity is considered
to be due to the decrease of the transition probability of the O 1s — V 3d(2,) transition, which is attributed to the decrease of
the hybridization of the V 3d with O 2p orbitals at the transition from the PM phase to the AFI phase.
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1. Introduction

In a previous study, we showed a change in the electronic
structure of VO, at the metal-insulator transition (MIT) using
the high-resolution transmission electron energy-loss spec-
troscopy (EELS) technique.” A sharp peak was observed at
1.2V in the EELS spectra of the metallic phase but not in
those of the insulating phase. An excitation at about 1 eV had
been observed by an optical measurement and assigned to the
excitation of a free-carrier plasmon.? We, however, assigned
the peak to an interband transition or a d—d transition from
the inspection of the dielectric function derived from the loss
function with the help of an energy band diagram previously
given.® The peak due to the O 1s — V 3d(ty,) transition in
the O 1s EELS spectra decreased in intensity but increased to
full width at half-maximum (FWHM) at the transition from
the metallic phase to the insulating phase. These changes
were interpreted by changes of the band structure. That is,
the d); band splits into the upper unoccupied and lower occu-
pied d bands and the upper d|; band rises above the 7* band
in the insulating phase, but the d) band is unsplit and located
within the 7* band in the metallic phase."

Vanadium sesquioxide (V,03) also undergoes the MIT
with a change of temperature,¥ which is accompanied by
changes of the crystal® and magnetic® structures. It has
the corundum structure with space group R3c in the para-

 magnetic metallic (PM) phase above 165K and a mono-
clinic structure with space group B2/b in the antiferro-
magnetic insulating (AFI) phase below 165K. Changes in
the electronic structure of V,03 at the MIT were studied
by optical spectroscopy’? and photoemission spectroscopy
(PES).1*17) Stizza er al.® measured the thermoreflectance
spectra of V03 at the PM and AFI phases, and observed a
~negative peak at about 1eV in both phases. They identified
the peak to be due to a free-carrier plasmon as in the case of
the metallic phase in VO,.? The peak energy increased by
0.14eV with a decrease in temperature from 285 to 122 K.
Since free carriers do not exist in the insulator or the AFI
phase, the negative peak should not be due to the free-carrier

plasmon. We considered that the reexamination of the exci-
tation at about 1eV observed in the thermoreflectance spec-
tra® is necessary. A similar assignment to that for VOq given
by us? may also be possible in V203. It is noted that good
quality specimens without oxygen deficiencies should be ex-
amined to allow detailed discussion on the change in intrinsic
electronic structures of V203 at the MIT because oxygen de-
ficiencies introduce free carriers.

Abbate ef al.'® measured the V 2p and O 1s spectra of
V203 at the PM phase by X-ray absorption spectroscopy with
an energy resolution of 0.15¢eV. Lin ef al.! also measured
those spectra by a transmission EELS with an energy reso-
lution of 0.5e¢V. The V 2p spectrum measured by Abbate et
al.'® is almost consistent with that measured by Lin et al.,'”
although fine structures are seen in the spectrum of Abbate et
al.'® but not in that of Lin et al.'” The peak intensity of the
O 1s — V 3d(ty,) transition is nearly the same as that of the
O 1s — V 3d(e,) transition in the O 1s spectrum measured
by Abbate et al.,!® while the former is smaller than the latter
in the O 1s spectrum measured by Lin ef al.'® The change of
the unoccupied density of states (DOS) of the V 3d band due
to the MIT can be seen directly from the change of the O 1s

spectra. However, since Abbate et al.'® and Lin et al.'® did
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not measure the spectra at the AFI phase, the change of the
unoccupied DOS of the V 3d band was left unknown.

We have measured EELS spectra at valence and core elec-
tron excitation regions from perfect single crystalline areas
of V203 using the high-resolution transmission EELS micro-
scope to reveal the change in electronic structures at the MIT.

2. Experimental

The high-resolution EELS microscope used was developed
as a project of Joint Research with Industry by the Ministry
of Education, Science, Sports and Culture, Japan.?*2D The
EELS microscope is equipped with a thermal-type field emis-
sion gun as the electron source and specially designed double-
focus Wien filters as the monochromator and the analyzer.
The EELS microscope incorporates an illumination lens sys-
tem, a specimen goniometer and an imaging lens system of a
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JEM1200EX transmission electron microscope. EELS spec-
tra were taken by a parallel-recording system using a charge-
coupled device (CCD) camera. The best values at present
of the full width at half-maximum (FWHM) of the zero-loss
peak are 15 meV without a specimen and 25 meV with a spec-
imen. The incident electron energy was set at 60keV. The
retarding potential of the monochromator was set to be 51V
and that of the analyzer at 200-520 V in this experiment.
Specimens for electron energy-loss spectra were prepared

by crushing single crystals and placing the fragments on

mesh for electron microscopy. Electron energy-loss spectra
were obtained from specimen areas of 180 nm diameter. The
specimen areas were judged to be perfectly crystalline from
their good electron diffraction patterns. The specimens were
cooled in a cooling holder for electron microscopy. The tem-
perature of the specimens was measured by a thermocouple
near the specimens. The apparent temperature of the transi-
tion into the PM phase was 140 K, against a reported value of
165K.%

3. Results and Discussion

3.1 EELS spectra of the valence electron excitation region
Figure 1 shows EELS spectra of Vo03 measured at the AFI
(100 K) and PM (140 and 300 K) phases over an energy range
of 0-60eV with energy resolutions of 0.13 and 0.14eV for
the FWHM of the zero-loss peak, respectively. The small
peak at about 5 eV is assigned to the interband transition from
the O 2p band to the V 3d band.'” The sharp peak at about
12 eV is attributed to the interband plasmon due to the tran-
sition from the O 2p band to the V 3d band.'” The peak at
about 17eV is assigned to the interband transition from the
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Fig. 1. Valence electron excitation spectra of VoO3 measured at the AFI
(100K) and PM (140 and 300 K) phases over an energy range of 0-60eV
with energy resolutions of 0.13 and 0.14 eV, respectively.
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O 2p band to the V 4s,4p band.'¥ The large peak at about
27eV is due to the collective excitation of all valence elec-
trons (valence plasmon). The calculated plasmon energy us-
ing the Drude model is about 20 eV. This value does not agree
with the experimental one. The plasmon energy (fiwp), how-
ever, is calculated more accurately by the Lorentz model us-
ing the following equation

sy =/ (heoD)? + ()2, G.1)
where hwf,f ) is the plasmon energy calculated from the Drude
model and Awy is the interband transition energy. By substi-
tuting hwl(,f ) = 20eV and fiwg = 17 eV, which is the closest in-
terband transition energy to the valence plasmon energy, into
eq. (3.1), we obtain Aw, = 26 eV, which agrees well with the
experimental value of 27 eV. The peak at about 43 eV and the
shoulder at about 48 eV are assigned to the transitions from
the V 3p core levels to the V 3d band by referring to X-ray
PES (XPES) spectra.'® The broad peak at about 52¢eV is at-
tributed to the double loss of the valence plasmon.

Figure 2 shows the EELS spectra of VoO3 measured at the
AFI (100 and 130 K) and PM (140 and 300 K) phases over an
energy range of 0—10eV with energy resolutions of 100 and
90meV for the FWHM of the zero-loss peak, respectively.
The peak at 1.1 eV indicated by an arrow, and the shoulder at
about 1.7 eV indicated by a vertical line, appear upon the tran-
sition into the PM phase (140 K). This peak may correspond
to that observed at 0.93 eV in the thermoreflectance spectra
measured at 144 K by Stizza et al.¥ They assigned the peak
as the free-carrier plasmon peak, although the peak was also
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Fig. 2. Valence electron excitation spectra of V203 measured at the AFI
(100 and 130K) and PM (140 and 300K) phases over an energy range
of 0-10eV with energy resolutions of 100 and 90 meV, respectively. The
peak at 1.1eV indicated by an arrow and the shoulder at 1.7 ¢V indicated
by a vertical line appear upon the transition into the PM phase (140 K).
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observed at the AFI phase. We, however, observed the peak at
about 1 eV only at the PM phase but not at the AFI phase. The
peak energy in the PM phase did not change with increasing

temperature from 140 to 300 K, whereas Stizza et al.®) ob--

served a decrease of its energy by 0.14eV by increasing the
temperature from 122 (AFI phase) to 285 K (PM phase).

The upper panels of Figs. 3(a) and 3(b) show the loss
function Jm[—1/&(w)]) of the AFI (100K) and PM (140K)
phases, respectively, derived from Figs. 1 and 2. The con-
tributions of the direct beam and multiple scattering were
removed by a Lorentz fit and the Fourier-log deconvolu-
tion method,?® respectively. The absolute value of the
loss function at the PM phase was determined by applying
Re[—1/¢(0)] = 0. Since the refractive index of the AFI phase
is not known, the absolute value of the loss function of the
AFI phase was determined using the sum rule '

[l sep

wi) = (Ne*/eom)/?,  (3.3)

where ¢ is the dielectric permittivity of vacuum, N is the
density of electrons, e is the electron charge and m is the
mass of an electron. The dielectric function was calculated
from the loss function and Re[l/s(w)], which was derived
from the loss function by Kramers-Kronig analysis. The inte-
gration with energy was carried out up to 400eV in Fourier-
log deconvolution, determination of the absolute value of the
loss function and in Kramers-Kronig analysis, where the loss
function above 60 eV was obtained by extrapolating the loss

(3.2)
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function using E—* dependence.!:2¥ The value of (') was
taken to be 31.9 eV, which was calculated by eq. (3.3) using
the number of electrons contributing to the excitation below
60eV. The lower panels of Figs. 3(a) and 3(b) show the real
(e1) and imaginary (e2) parts of the dielectric function of the
AFI (100K) and PM (140 K) phases, respectively. The con-
dition for the plasmon excitation (¢; = 0) is not satisfied at
about 1eV in the AFI phase (100 K) [Fig. 3(a)]. Therefore, it
is clear that the free-carrier plasmon excitation does not exist
in the AFI phase.

On the other hand, the condition for the plasmon excitation
(g1 = 0) is satisfied at 1.0eV in the PM phasé (140K) [Fig.
3(b)]. Thus, a peak at 1.1eV in the loss function of the PM
phase is assigned to a plasmon excitation. The free-carrier
plasmon is expected to be observed at 7.3 eV, which is calcu-
lated from eq. (3.3) using carrier density at the PM phase of
3.85 x 1022 m—3 2% Thus, the peak at 1.1eV is not assigned
to the free-carrier plasmon excitation. It is considered that
interband transitions shift the plasmon energy from the cal-
culated value of 7.3eV to 1.1eV as in the case of interband
plasmon excitations in Ag and Cu,>® which originate from
the interaction between the plasmon and the interband transi-
tions. Actually itis plausible that the peak at 1.1 eV in the loss
function is assigned to an interband plasmon peak because 1
is equal to zero (plasmon character) at 1.1eV and &2 shows
peaks and shoulders (interband transition character) around
1.1eV. The excitation at about 1eV observed by Stizza et
al.® should be the interband plasmon excitation. Balberg?®
reported that the minimum transition energy from the O 2p
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Fig. 3. The loss function (Im[—1/e(w)]), the real part (1) and the imaginary part (z2) of the dielectric function of V203 at the AFI
phase (100 K) (a) and the PM phase (140 K) (b). The dielectric function was derived by Kramers-Kronig analysis of the loss function.
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band to the unoccupied V 3d band is 3.5eV and that from
the occupied V 3d band to the V 4s,4p band is greater than
2.6eV. Thus, peaks and shoulders below 2.6eV in the loss
function cannot be assigned to these transitions. The peaks
and shoulders must be due to d~d transitions. Therefore, the
interband transitions that shift the plasmon energy are mainly
the d—d transitions. The transitions are allowed, although they
are formally forbidden by the dipole selection rule, because
the V 3d band has a p-like characteristic due to the overlap
of the V 3d orbitals with the O 2p orbitals. Since the av-
erage V-O distance, which is obtained by averaging the six
V-O distances in the VOg octahedron, slightly decreased at
the transition from the AFI phase to the PM phase,” the hy-
bridization of the V 3d with O 2p orbitals is stronger in the
PM phase than in the AFI phase. Thus, the d—d transitions are
expected to be stronger in the PM phase than in the AFI phase.
‘We conclude that the peak at 1.1 eV in the loss function is not
due to the free-carrier plasmon excitation but is due to the in-
terband plasmon excitation, the interband transition being the
d—d transitions which are enhanced in the PM phase.

3.2 EELS spectra of the core electron excitation region
Figure 4 shows EELS spectra measured at the AFI (100 K)
and PM (300 K) phases over an energy range of 507-543 eV
with an energy resolution of 0.21eV for 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 522eV are attributed to excita-
tions from the V 2p3 /3 and V 2p /5 core levels, respectively.

The peak energy of the V 2p EELS spectrum hardly changed

at the transition from the PM phase to the AFI phase. The
shoulders at 512.1 and 519.4 eV, indicated by arrows in the
spectrum of the PM phase, however, changed into peaks as
a result of the transition to the AFI phase. The experimental
spectral intensity ratio of the V 2p3/, to V 2py /o excitations
is. different from that expected from the 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 ex-
cited into the unoccupied V 3d band from the core level.?”
Theoretical calculations are needed to quantitatively explain
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Fig. 4. V 2p and O 1s core electron excitation spectra of VoOg3 mea-

sured at the AFI (100K) and PM (300K) phases over an energy range

of 507-543 eV with an energy resolution of 0.21eV.
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the V 2p EELS spectra.

On the other hand, the core-hole interaction between the
hole in the O 1s core level and the electron excited into the
unoccupied V 3d band from the core level is not strong be-
cause the overlap of the O 1s orbital with the V 3d orbitals is
small compared with that of the V 2p orbitals with the V 3d
orbitals. Thus, the change of the unoccupied V 3d band at the
MIT can be directly related to the change of the O 1s EELS
spectra. The peaks at about 529 and 532¢V are assigned to
the transitions from the O 1s core level to the unoccupied
V 3d(tay) and V 3d(e,) bands, respectively. These transi-
tions are possible through the admixture of the V 3d orbitals
with the O 2p orbitals, although they are not allowed as a
dipole transition. The broad peak at about 542V is assigned
to the transition from the O 1s core level to the V 4s,4p band.
The peak (t2, peak) due to the O 1s — V 3d(ty,) transition
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 energy is due to a splitting of the V 3d(t2,) band, which
is partly filled at the PM phase, into the fully occupied and
unoccupied bands and a shift of the unoccupied band to an
energy higher than the Fermi level in the PM phase. The de-
crease of the intensity is considered to be due to the decrease
of the transition probability of the O 1s — V 3d(t2,) transi-
tion, which is attributed to the decrease of the hybridization
of the V 3d with O 2p orbitals at the transition. The peak
(e4 peak) due to the O 1s — V 3d(e,) transition consists of
two close peaks, resulting in a trapezoid shape. The peak of
a lower energy shifted to a high energy by 0.3 eV, but that of
a higher energy hardly shifted at the transition. We revealed
the change of the unoccupied DOS of the V 3d band from the
change of the t5, and e, peaks at the MIT.

Figure 5 shows a combination of our O 1s EELS spectra
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Fig. 5. O 1s core electron excitation (line) and photoemission (dot) spectra
of V203. These spectra are aligned at the Fermi level. Photoemission
spectra are refered from ref. 17.
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and the PES spectra of Shin et al.,!” which are aligned at
the Fermi level. The energy position of the Fermi level of
the O 1s EELS spectra of the PM phase was assigned to the
position of a sharp rise (the Fermi edge) at the onset. We as-
sumed that the energy of the Fermi level in the AFI phase
is the same as that in the PM phase. It is clearly seen in
the figure that the peak energy of the O 1s EELS spectra in-
crease by 0.4eV but that of the PES spectra do not change
at the transition from the PM phase to the AFI phase. Since
peaks of the PES and inverse PES (IPES) spectra respectively
correspond to the lower and upper Hubbard bands in the 4 f
electron system, the energy difference between these peaks
expresses a Hubbard U between 4f electrons. The energy
difference in the case of the 3d electron system should be
considered to be an effective Hubbard U (U.g) because 3d
electrons do not strongly localize like 4 f electrons. Unfortu-
nately, the IPES spectra have never been measured, whereas
the PES spectra of V5,03 were measured by several investi-
gators.'®13-17 Using the O 1s EELS spectra in place of the
IPES spectra, the energy difference between the peaks was
measured as about 2.2 and 2.6 eV at the PM and AFI phases
(Fig. 5), respectively. When an XPES study of an oxide su-
perconductor (La; _St;),Cu0,4?® is referred to, in which the
U.s between Cu 3d electrons did not change at the MIT, the
energy difference between the peaks in Fig. 5 is less likely to
be assigned to the change in U between V 3d electrons. The
energy difference may be due to the difference of the overlap-
ping of V 3d orbitals with O 2p orbitals between the AFI and
PM phases.
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