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Electron Energy-loss Spectroscopy Study of the Metal-insulator Transition in VOZ
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Electron energy-loss spectra of VO» have been measured from perfect single crystalline areas of 100~180nm
diameter in the metallic and insulating phases. A sharp peak has been observed at 1.2€V in the valence electron
excitation spectra of the metallic phase but not in those of the insulating phase. We assign the peak to an
interband transition or d-d transition by inspecting the dielectric function derived from the present loss function
with the help of an energy band diagram already given, although an excitation at about 1eV already observed
by optical measurement was assigned to the excitation of a free-carrier plasmon. The peak due to the O 1s
— V 3d(t24) transition in the O 1s excitation spectra decreased in intensity but increased in the full width at
half-maximum (FWHM) at the transition from the metallic phase to the insulating phase. These changes are
considered to have been due to the fact that the d;y band splits into the upper unoccupied and lower occupied d
bands and the upper d; band rises above the 7* band in the insulating phase, but that the d, band is unsplit

and located within the 7 band in the metallic phase.
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1. Introduction

It is known that VO,, V,0;, VgO;3 and several
Magnéli phases (V,02,_;) undergo metal-insulator tran-
sitions (MIT) with a change of temperature.’® Most
of them are accompanied by crystal structure changes
at the transition. Vanadium dioxide (VO,) has a ru-
tile structure with space group P4,/mnm in the metallic
phase above 340 K and a monoclinic structure with space
group P2;/c in the insulating phase below this temper-
ature.>% The fivefold degenerate V 3d levels split into
triply degenerate lower t,, levels and doubly degenerate
upper e, levels due to the cubic component of the octa-
hedral crystal field. One of the t,, orbitals, which points
toward the orbital of the second nearest neighbor vana-
dium atoms, forms the d;, band, and the other two t,,
orbitals form the #* band as a result of hybridization
with the O 2pm orbitals. These two bands almost over-
lap. The e, orbitals form a broad ¢* band due to strong
hybridization with the O 2po orbitals. The metallic be-
havior above 340 K is caused by the partial filling of the
t,, band, with one 3d electron per vanadium ion. The
transition to the insulating phase is caused by splitting
of the d; band into two bands and a rise of the 7* band
above the Fermi level. The 7* band is located between
the lower occupied d; band and the upper unoccupied
dy band. The band gap energy in the insulating phase,
which is the energy between the lower d; and 7~ bands,
was determined to be about 0.6 €V from optical measure-
ments.?) Goodenough® suggested that a driving force of
the splitting is a lattice distortion. On the other hand,
Zylbersztejn and Mott” argued the importance of an
electron correlation for the splitting.

Changes in the electronic structure of VO, with the
MIT were studied by optical measurements® %1% and
photoemission experiments.’*'*'" Bianconi et al'®
measured thermoreflectance spectra of VO, at the in-
sulating and metallic phases, and observed a negative
peak at 1.22eV in the metallic phase (342K) but not
in the insulating phase. They identified the peak to be

due to a free-carrier plasmon. The peak energy increased .
by 0.43eV with the increase of temperature from 342 to

-405K. They considered that the absence of the free-

carrier plasmon in the insulating phase was due to a
zero electron density in the #* band, and that the in-
crease of the plasmon energy in the metallic phase with
temperature was caused by an increase in electron den-
sity in the 7* band. The Hall-effect measurements con-
ducted by Rosevear and Paul'® did not show a change in
carrier density in the metallic phase with temperature.

‘This result is inconsistent with the interpretation of the
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temperature dependence by Bianconi et al.'® Thus, the
negative peak observed at 1.22eV by Bianconi et al.}?
may not be caused by the free-carrier plasmon. Abbate
et al.'® measured X-ray absorption spectra of VO, at
the metallic (393 K) and insulating (room temperature)
phases with an energy resolution of 0.15eV. They ob-
served that the peak, which corresponds to the O 1s
— V 3d(t,,) transition, separated into two peaks in the
insulating phase. They assigned these peaks to the tran-
sitions into the d, and 7* bands. The peak intensity of
the O 1s — V 3d(t,,) transition was smaller than that
of the O 1s — V 3d(e,) transition. X-ray absorption
spectra measured by de Groot et al'® and Shin?® and
transmission electron energy-loss spectra measured by
Lin et al?V) did not show the separation in the insulat-
ing phase. These spectra showed that the peak intensity
of the O 1s — V 3d(t,,) transition is larger than that
of the O 1s — V 3d(e,) transition, which was opposite
to the observation reported by Abbate et al.'? Since the
unoccupied t,, and e, levels of VO, can accommodate
five and four electrons, respectively, the peak intensity
of the O 1s — V 3d(t,,) transition is expected to be
higher than that of the O 1s — V 3d(e,) transition. It
is, therefore, a question of whether the result of Abbate
et al.'? is reliable.

The specimens used by Bianconi et al'® and Abbate
et al.'® are considered to contain oxygen deficiencies due
to the escape of oxygen atoms from surfaces through irra-
diation of photons. Oxygen deficiencies cause an increase
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in the number of carriers, resulting in an increase in the
plasmon energy, and cause a decrease in the unoccupied
density of states of the t,, band, giving rise to a decrease
in the peak intensity of the O 1s — V 3d(t,,) transi-
tion. Specimens without oxygen deficiencies should be
examined to allow detailed discussion of the change of
electronic structures of VO, at the MIT. Transmission
electron energy-loss spectroscopy (EELS) is not sensitive
to the electronic states at surfaces but is used to measure
electronic excitations in bulk crystals. This technique is
therefore suitable for studying the electronic structures
of bulk VO,. We have measured the electron energy-loss
spectra from perfect single crystalline areas of VO, us-
ing a high-resolution transmission EELS microscope to
reveal the change of electronic structures at the MIT.
The real ¢; and the imaginary e, part of the dielectric
function ‘are obtained from valence electron excitation
spectra by Kramers-Kronig analysis and compared with
the optical data. Core level excitation spectra are di-
rectly compared with X-ray absorption spectra because
the intensity of these spectrta are proportional to €,.

2. Experimental

The high-resolution EELS microscope used was devel-
oped as a project of Joint Research with Industry by the
Ministry of Education, Science, Sports and Culture.?* 2%
The EELS microscope is equipped with a thermal-type
field emission gun as the electron source and specially
designed double-focus Wien filters as the monochroma-
tor and the analyzer. It incorporates an illumination
lens system, a specimen goniometer and an imaging lens
system of a JEM1200EX transmission electron micro-
scope. Electron energy-loss spectra were taken by a
parallel-recording system using a charge-coupled device
(CCD) camera. The best values of the full width at half-
maximum (FWHM) of the zero-loss peak are at present
15 meV without a specimen and 25 meV with a specimen.
The energy of the incident electrons was set at 60keV.
The retarding potential of the monochromator was set
to be 51V and that of the analyzer was 200-520V.

Single crystals of VO, were grown by the chemical va-
por transport method using TeCl, as an agent material.
Specimens for electron energy-loss spectra were prepared
by crushing single crystals and fragments were placed on
meshes for electron microscopy. Valence electron excita-
tion spectra and core level excitation spectra were ob-
tained from specimen areas of 100 and 180 nm diameter,
respectively. The specimen areas were judged to be per-

fectly crystalline from their good electron diffraction pat-
terns. The specimens were heated in a heating holder for
electron microscopy. The temperature of the specimens
was measured by a thermocouple near the specimens.
The temperature difference between the specimens and
the position of the thermocouple was estimated to be
within £10K. The apparent temperature of the MIT
was 350 K, instead of the reported value of 340 K.

3. Results and Discussion

3.1 Valence electron ezcitation spectra
Figure 1 shows electron energy-loss spectra of VO,
measured at the insulating (300 K) and metallic (350 and
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Fig. 1. Electron energy-loss spectra of VO3 measured at the in-
sulating (300K) and metallic (350 and 400K) phases over an
energy range of 0-60eV with energy resolutions of 0.12, 0.16
and 0.15eV, respectively.

400K) phases over an energy range of 0—60eV with en-
ergy resolutions of 0.12, 0.16 and 0.15eV for the FWHM
of the zero-loss peak, respectively. The peak at about
4 eV is assigned to the interband transition from the O 2p
band to the V 3d band.'") The peak at about 10V is at-
tributed to the interband plasmon due to the transition
from the O 2p band to the V 4s,4p band.'¥ The large
peak at about 26eV is due to the collective excitation
of all valence electrons (valence plasmon). The valence
plasmon energy was calculated to be about 20eV in a
free-electron approximation. The shift to the higher en-
ergy is caused by the strong transition from the O 2p
band to the V 4s,4p band. The peaks at about 43 and
52eV are assigned to the transitions from the V 3p;/,
and V 3p,,, core levels to the V 3d band by referring to
the electron energy-loss spectrum of vanadium metal.?
"The intensity ratio of the V 3p; 5 to V 3p, /, excitations is
different from that expected from the spin-orbit splitting
(2 : 1). This is due to a strong interaction between the
hole in the V 3p core level and the electron excited into
the unoccupied V 3d band from the core level (core-hole
interaction). Figure 2 shows electron energy-loss spectra
of VO, measured at the insulating (300K) and metallic
(350 and 400K) phases over an energy range of 0-5eV
with energy resolutions of 67, 65 and 68meV for the
FWHM of the zero-loss peak, respectively. Shoulders at
0.9 and 1.2 €V indicated by vertical lines are observed in
the spectrum for the insulating phase (300K). The peak
at 1.2 €V indicated by an arrow appears upon the tran-
sition into the metallic phase (350K). The peak energy
is nearly the same as the free-carrier plasmon energy of
1.22€V at 342K reported by Bianconi et al.'® The peak
energy did not change with increasing temperature from
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350 to 400 K, whereas Bianconi et al.'® reported that the
free-carrier plasmon energy increased by 0.43 eV with in-
creasing temperature from 342 to 405 K.

The upper panels of Figs. 3(a) and 3(b) show the
loss function (Im[—1/e(w)]) of the insulating (300K)
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Fig. 2. Electron energy-loss spectra of VO3 measured at the in-
sulating (300K) and metallic (350 and 400K) phases over an
energy range of 0—5eV with energy resolutions of 67, 65 and
68 meV, respectively. The peak at 1.2¢eV indicated by an arrow
appears upon the transition into the metallic phase (350 K).
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and metallic (350K) phases, respectively, derived from
Figs. 1 and 2. The contributions of the direct beam
and multiple scattering were removed by a Lorentz fit
and the Fourier-log deconvolution method,?® respec-
tively. The absolute value of the loss function was deter-
mined by applying Re[~1/£(0)] ~ —1/,(0) = —1/n?
and Re[—1/¢(0)] = 0 for the insulating and metallic
phases, respectively. The refractive index n used for
the insulating phase was 3.46, which was obtained by
optical measurements.”) The dielectric function was de-
rived from the loss function by Kramers-Kronig analysis.
The integration with energy in the analysis was carried
out up to 400eV, where a loss function above 60eV was
obtained by extrapolating the loss function using E~*
dependence.?® The lower panels of Figs. 3(a) and (b)
show the real (¢;) and imaginary (e,) parts of the di-
electric function of the insulating (300K) and metallic
(350K) phases, respectively. Since e, of the insulating
phase (300K) (Fig. 3(a)) has peaks at 1.0 and 1.2V, the
peaks at 0.9 and 1.2€V in the loss function, which corre-
spond to the shoulders in the electron energy spectrum
of Fig. 2, are due to interband transitions. Caruthers
and Kleinman?” calculated an energy band diagram of
the insulating phase. They reported that the top of the
occupied V 3d and the O 2p bands are located 0.6 and
1.8 eV below the bottom of the unoccupied V 3d band,
respectively, and that of the unoccupied V 3d band is
located 6.4eV above the top of the occupied V 3d band.
This is illustrated in Fig. 4(a). The minimum transition
energy from the O 2p band to the unoccupied V 3d band
is 1.8eV and that from the occupied V 3d band to the
V 4s,4p band is greater than 6.4eV. Thus, the transi-
tions at 0.9 and 1.2eV are assigned to d—d transitions.
The condition for the plasmon excitation (£, = 0) is
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Fig. 3. The loss function (Im[—1/e(w)]), the real part (1) and the imaginary part (e2) of the dielectric function of
VO3 at the insulating phase (300K) {(a) and the metallic phase (350 K) (b). The dielectric function was derived by

Kramers-Kronig analysis of the loss function.
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Fig. 4. Schematic energy bands of VO3 at the insulating (a) and
metallic (b) phases obtained from a calculation by Caruthers et
al. (refs. 27 and 28)

satisfied at 0.6eV in the metallic phase (350K) (Fig.
3(b)). Thus, the plasmon excitation can arise at this en-
ergy but was not actually observed because of the strong

damping of the plasmon due to the large value of &,,

which originates from the interband and intraband tran-
sitions. Since £; shows a non-zero value and a feature
of a weak oscillator at 1.1eV, although a peak or shoul-
der is difficult.to see in e, the peak at 1.2V in the loss
function is assigned not to a plasmon but to an interband
_ transition. Caruthers et al.?® calculated an energy band
diagram of the metallic phase. They reported that the
top of the O 2p band is located 2.7¢eV below the Fermi
level and that of the V 3d band is located 3.8eV above
it. This is illustrated in Fig. 4(b). The minimum transi-
tion energy from the O 2p band to the unoccupied V 3d
band is 2.7eV and that from the occupied V 3d band to
the V 4s,4p band is greater than 3.8eV. Thus the peak
at 1.2€eV in the loss function cannot be assigned to these
transitions. The peak must be due to the d—d transition.
The transition is allowed because the V 3d band has a p-
like characteristic due to the overlap of the V 3d orbitals
with the O 2p orbitals, though it is formally forbidden
by the dipole selection rule. Since the hybridization of
the V 3d with O 2p orbitals is stronger in the metallic
phase than in the insulating phase, the d-d transition
is expected to be stronger in the former phase than in
the latter phase. The present experiment revealed that
the peak at 1.2eV in the loss function is not due to the
free-carrier plasmon but is presumably due to the d-d
transition.

3.2 Core level excitation spectra

Figure 5 shows the electron energy-loss spectra mea-
sured at the insulating (300K) and metallic (350K)
phases over an energy range of 510-545eV with an en-
ergy resolution of 0.24 eV for the FWHM of the zero-loss
peak. The spectra below 527eV are the V 2p excita-
tion spectra and those above 527¢eV are the O 1s exci-
tation spectra. The peaks at about 517 and 524 €V are
attributed to excitations from the V 2p;,, and V 2p, /2
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Fig. 5. Electron energy-loss spectra of VO3 measured at the insu-
lating (300 K) and metallic (350 K) phases over an energy range
of 510-545eV with an energy resolution of 0.24¢eV.

core levels, respectively. The peak energy of the V 2p;,
excitation spectrum decreased by 0.4eV but that of the
V 2p,/, excitation spectrum did not almost change at
the transition from the metallic phase to the insulating
phase. The shoulder at 513.1 €V indicated by an arrow
disappeared but that at 521.6 eV indicated by a line ap-
peared at the transition to the insulating phase. The
experimental spectral intensity ratio of the V 2p;/, to
V 2p,,, excitations is different from that expected from
the spin-orbit splitting (2 : 1). Such a deviation has al-
ready been reported by Fink et al?® and analyzed by
Zaanen et al®® in the 3d transition metals. This indi-
cates that there exists a strong core-hole interaction be-
tween 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 explain the V 2p
excitation spectra in detail. 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 because the overlap of
the O 1s orbital with the V 3d orbitals is small compared
to 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 seen directly from the change of the O 1s excitation
spectra. The peaks at about 529 and 531 eV are assigned
to the transitions from the O 1s core level to the unoccu-
pied V 3d(t,,) and V 3d(e,) bands, respectively. These
transitions are made possible by the admixture of the V'
3d orbitals with the O 2p orbitals, although they are not
the dipole allowed transition. The broad peak at about
543 eV is assigned to the transition from the O 1s core
level to the V 4s,4p band. The peak intensity of the O 1s
— V 3d(ty,) transition decreased but the FWHM of the
peak increased at the transition from the metallic phase
to the insulating phase. By referring to the change of
the 3d band structure proposed by Goodenough,® these
changes of the spectra at the transition are considered to
be due to the fact that the d, band splits into the upper
unoccupied and lower occupied d; bands, and that the
upper d, band rises above the 7* band. Abbate et al.'?
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Fig. 6. Schematic energy diagrams of the V 3d band at the metal-
lic and insulating phases. The unoccupied part is deduced from
the results of the present experiment and the occupied one from
the results of a photoemission experiment. (ref. 11)

reported that they observed a separation between the up-
per dy and 7* bands in the X-ray absorption spectra of
the insulating phase with an energy resolution of 0.15€V.
However, we were not able to observe such a separation
in electron energy-loss spectra taken at a higher energy
resolution of 0.11 eV, which is not shown here. We con-
sider that the energy difference between the two bands
is not large enough for the peak of the O 1s — V 3d(t,,)
transition to separate into two peaks. The energy of
the O 1s — V 3d(e,) transition increases by 0.2eV at
the transition from the metallic phase to the insulating
phase without the change of the peak shape. The change
of the V 3d bands at the MIT deduced from the present
experiment is shown schematically in Fig. 6. The change
of the O 1s excitation spectra at the transition from the
metallic phase to the insulating phase indicated that the
dy band splits into the upper unoccupied and lower oc-
cupied d; bands. The O 1s excitation spectrum of the
insulating phase showed that the upper unoccupied d;
band does not separate completely from the =* band, al-
though Abbate et al.*® reported complete separation of
the two bands.

4. Conclusion

We measured electron energy-loss spectra of VO, from
perfect single crystalline areas of 100-180 nm diameter at
-the metallic and insulating phases. It was revealed that
the peak at 1.2eV in the loss function is due not to the
free-carrier plasmon but to the d-d transition from the
dielectric function obtained from the valence electron ex-
citation spectra. It is noted that a similar misassignment
was corrected by Terauchi et al.?® in the case of the ox-
ide superconductor Bi,Sr,CaCu,05. The O 1s excitation
spectra of the insulating phase showed that the d;, band
splits into the upper unoccupied and lower occupied d,
bands and that the upper unoccupied d; band does not
separate completely from the 7* band.

A similar substance of V,0; also undergoes an MIT
with a change of temperature. A free-carrier plasmon
at about 1eV was detected by the optical measurement
by Shuker and Yacoby.?V) It is worthwhile to reexamine
the plasmon of V,0; using EELS. The EELS study of
the excitation at about 1eV of V,0; will be reported on
elsewhere.
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