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The electric reflection (ER) and ordinary reflection spectra of V02 and V~3 single crystals are 
measured at temperatures between 296 and 360 o K. The optical transitions in V02 and V p 3 are iden
tified for photons with energies between 1.1 and 5.6 eV. Infor,mation is obtained regarding the tem
perature dependence of the vo2 electron structure in the semiconducting phase and the nature of its 
variation during the thermal semiconductor-metal phase transition. A metal-insulator phase transi
tion induced by an electric field occurs under the action of a high stationary voltage applied to the 
sample (F = 106 v /em). The shape of the dependence of the ER signal on applied voltage is explained 
by the static dielectric constant E0 passing through a maximum during the phase transition. At T 
= 296°K, an electric-field induced semiconductor-metal phase transition which possesses strong field 
hysteresis (memory effect) is observed in V02; with further increase of the electric field strength a 
less pronounced metal-semiconductor transition is observed. A number of phase transformations in
duced by an electric field are observed in V02 in the metallic state (T = 348°K). Possible mechanisms 
of field switching are discussed, and it is shown that the most probable cause of the transformations in
duced in V02 and V20 3 by an electric field is the inverse piezoeffect. 

THE oxides v 203 and vo2 go over from the semicon
ducting state into the metallic state when the tempera
ture is raised to a certain critical value Tt, c 11 with a 
jumplike change of the electric conductivity by several 
orders of magnitude. The transition temperatures Tt 
for V20 3 and V02 are 150 and 340°K, respectively. The 
symmetry of the crystal lattice of both oxides also 
changes in the phase transitions. The symmetry of V02 
changes from monoclinic to tetragonal, and that of V 20 3 
from monoclinic to rhombohedral on going from the 
semiconducting to the metallic state. The phase transi
tions are accompanied by a jumplike change of the vol
ume and are phase transitions of the first kind with tem
perature hysteresis of several degrees. In V 20 3 there 
is also observed a second and weaker anomaly of the 
temperature dependence of the electric conductivity 
near 530°K. In £21 they observed in VP3 samples doped 
with chromium, besides the transition at T = 150 oK, 
also a second phase transition from the metallic state 
into the insulator state, occurring with increasing tem
perature near 530 o K, and connected with a change of 
the volume of the crystal. 

The optical£ 3' 41 properties of V02 are also abruptly 
altered by the phase transition, a fact attributed to the 
change of the electronic structure of this material. The 
oxide V20 3 is transparent at T > Tt in a wide range of 
photon energies, but at T < Tt an absorption edge is 
observed near 0.1-0.4 eV,£ 11 as a result of the occur
rence of a gap in the energy spectrum of the low-tem
perature phase. 

Several models have been proposed to explain the 
phase transitions in vanadium oxides. According to csJ, 
the transition to the metallic state can be due to a dis
tortion of the crystal lattice owing to excitation of the 
carriers via the energy gap, and it is shown in £6 l that 
the crystalline distortion that leads to the phase transi
tion can occur also in the case of current-free excita
tions-excitons. On the other hand, the semiconductor-

metal transition is connected in the "exciton insulator" 
model with the Coulomb interaction between the elec
trons and the holes.£ 7 - 91 It has been shown that distor
tion of the crystal lattice can occur in this case, too, at 
sufficiently strong electron-phonon interactions. c 101 

To determine more accurately the mechanism of the 
phase transitions it is necessary to note the electronic 
structure of these oxides, and the data concerning this 
structure are as yet insufficient. We present here the 
results of an investigation of the optical and electric 
properties of vo2 and vp3 in an external electric field. 
Some preliminary data were reported earlier. en l 

EXPERIMENTAL PART 

The optical properties of V02 and VP3 in an electric 
field were investigated by the electric reflection (ER) 
method. c 12 l The electric field was produced on the 
samples by placing the crystals in an electrolyte and 
applying a constant bias Uc in the barrier direction, 
since the semiconductor-electrolyte interface behaves 
like a metal-semiconductor diode. The constant and al
ternating voltages Uc and U~ were applied through a 
platinum electrode, also situated in the electrolyte, in 
such a way that the sum Uc + U~ was always less than 
the value corresponding to the breakdown of the diode. 
The electrolyte was a weak solution of KCl in water 
(0.1 M). The sample plane opposite the reflecting sur
face was secured with silver solder to a copper bus. 
All the parts of the sample and the contact leads in the 
electrolyte, with the exception of the reflecting surface, 
were then covered with epoxy resin. 

The ER spectra of V02 were measured in polarized 
light for Ellam(cr) and El am(Cr),where E is the light 
polarization direction and am and Cr are respectively 
the crystallographic directions of the monoclinic and 
tetragonal phases. The ER was recorded with an MDR-2 
diffraction-grating monochromator for photon energies 
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tiw from 1.1 to 5.5-5.8 eV in the temperature intt~ val 
296-360"K. The light source was a 500-W xenon arc and 
the reflected-signal receiver was a photomultiplier. Sep
aration of the alternating component of the reflected sig
nal was by a phase-sensitive method using a selective 
amplifier and a synchronous detector. All the measure
ments were performed at 700Hz. For direct registra
tion of the quantity R- 1 dR/dU (R-reflection coefficient), 
the high-voltage supply of the photomultiplier was regu
lated with a servomechanism in such a way that the con
stant signal at the photomultiplier output was maintained 
at the same level (1 V) over the entire spectrum. 

To measure the electric resistance of the samples in 
the electric field, two contacts were fastened to the re
flecting surface and connected to an ohmmeter. The 
temperature in the cell with the electrolyte was varied 
by introducing a heat duct. The procedure for obtaining 
the crystals was described earlier.[ 4 l 

RESULTS AND DISCUSSION 

1. ER spectra of V02 single crystals in a weak elec
tric field. The ER spectra of V02 were measured for 
normal incidence of light at two directions of the light 
polarization vector and at different values of the tern
perature for Uc = 0. For comparison, we also regis
tered the spectra of the ordinary reflection R. At small 
Uc (Uc < 1.3 V) and T = 296 oK, the most characteristic 
features of the spectra are as follows: a) a large ampli
tude of the ER signal in the entire spectral range (lar
ger by almost one order of magnitude than in ordinary 
semiconductors [ 121 ), b) there are no sharp oscillations 
in the ER spectrum near the characteristic critical 
points of the band structure and no zeroes in the re
maining intervals of tiw; c) with increasing Uc (for 
Uc s 1.2-1.3 V), there is observed a monotonic in
crease of the amplitude of the positive peaks and a weak
ening of the amplitude of the negative ones, and weak 
shifts along the tiw scale appear (~tiw s 0.1 eV). 

By way of an example, Fig. 1 shows the ER and R 
spectra for the case E l am(Cr)· It is seen from Fig. 1 
that the singularities in the ER spectra coincide with 
the main singularities of R. But since ER is a differen
tial method, an additional structure missing from R is 
also observed in these spectra. Apparently, at small Uc 
the ER spectrum of the low-temperature phase of V02 

is due to the Franz-Keldysh effect in ER[ 131 with allow
ance for damping, a fact manifest in the broadening of 
the structure and in the absence of satellite oscilla
tions. As seen from Fig. 1, an analogous interpretation 
of the ER spectrum is obviously valid also at T = 348°K 
(T > Tt). 

At T > Tt> the maximum of R near 3 eV corresponds 
to the ER maxima at 2.92 eV for E lam and 3.1 eV for 
E /lam. The strongER peak at 4.75 eV for the two polar
ization directions is manifest in the change of the slope 
of R(tiw ). For E lcr, a "weak shoulder" is observed 
in ER at 2.2 eV. The positions of the main peaks of ER 
also agree well with the three strong thresholds in the 
V02 absorption spectrum: 2.2, 3, 4.7-4.8 eV,[ 4 l which 
are connected with optical transitions between the 2p 
band of oxygen and the empty 3d subbands of vanadium. 
This confirms the connection between the ER peaks and 
the critical points of the band structure. 

FIG. I. Rand ER reflection 
spectra of vo2 single crystals at dif
ferent temperatures and Uc = 0 for 
El arn(cr). R spectra: curve 1-T = 
296°K, 2-T = 348°K. ER spectra: 
curve 3-T = 296°K, 4-T = 328°K, 
5-T = 348°K. 

The optical properties of V02 (T > Tt) at tiw < 2 eV 
are determined by the electronic transitions between 
the filled and empty 3d subbands of vanadium, and also 
by the intraband optical transitions, in view of the ab
sence of an energy gap at T > Tt. The minimum in the 
spectrum of R at 1.65 eV corresponds approximately 
to negative maxima at 1.8 eV for E lam and 1.9 eV for 
E !lam· In addition, there are observed in the ER spec
tra maxima at 1.3 eV (E lam) and 1.4 eV (E !lam), which 
are missing in the R spectrum. However, in the absorp
tion spectrum of V02 at T > Tt there are observed two 
peaks: 1.5 eV (E lam) and 1.55 eV (E !lam), which can 
be set in correspondence with these ER maxima.[ 41 

The sharp plasma edge (tiw < 1.65 eV) and the mini
mum in the R spectrum at 1.65 eV for T > Tt were pre
viously attributed to the metallic behavior of the free 
carriers, [ 4 l an assumption which is apparently not quite 
correct. Indeed, if we use the carrier effective mass 
m* = 2.5 m0 obtained in [41 from an estimate of the 
width of the 3d subbands, and the free-carrier density 
Uc = 3 X 1021 em - 3 obtained in [ 14 l from Hall-effect 
measurements, then we get for the Fermi energy EF 
= 0.2 e V. It is known, however, that E F ~ PFVF and 
Wp ~ KDVF , where PF and VF are the momentum and 
velocity of the electrons on the Fermi surface and Kl) 

is the reciprocal Debye radius. And since, by defini
tion, PF > KD, the inequality EF > wp must be satis
fied, and the minimum in the R spectrum at 1.65 eV 
cannot be ascribed to the conduction-electron plasma. 
At the same time, at tiw larger than the average dis
tance between the valence band and the conduction band 
(with allowance for the band widths), optical transitions 
are possible between the band sections with identical 
curvature, and in this case the plasma of the valence 
electrons will behave. in analogy with the plasma of the 
conduction electrons. 

Let us estimate the plasma frequency for the valence 
3d electrons of V02 , using m* = 2.5 m0 , nv = 3 
x 1022 c m - 3, and E: = 4; we then obtain tiw p 
= [ 41Te2ncti2/m*E:)112 = 1.85 eV. This value of wp 
agrees well with the spectral position of the R mini
mum, the negative ER maxima, and the estimate of the 
3d valence subband .of V02 (Ev RJ 1.5 eV) given in [43 • 

We note that for Si, for example, when Ev RJ 15 eV, the 
plasma effects of the valence electrons come into play 
at tiw> 13 eV.[ 153 The strong infrared reflection of 
V02 (R RJ 90%)[ 143 at T > Tt is due to the conduction 
electrons. For nc = 3 x 1021 cm-3 , the plasma frequency 
corresponds to 0.5 eV, which agrees with the presence 
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of a "shoulder" in the R spectrum near 0.5 eV for 
T > Tt.£s l 

On going over to the superconducting state (T < Tt) 
the overlap of the filled and empty 3d subbands is lifted, 
owing to the occurrence of an energy gap in the semi
conducting phase of V02, and the contribution made to 
R and ER by the free carriers vanishes. However, just 
as when T > Tt, we should expect the optical spectra to 
have a structure connected with the interband transi
tions, and also metallic behavior of the valence 3d elec
trons. As seen from Fig. 1, the plasma minimum re
mains at T < Tt (liw = 1.7 eV), and in ER, just at T > Tt. 
this minimum corresponds to a negative maximum at 
1.9 eV. A similar picture was also observed in the case 
E 11 am. When E 1 am, there appears at 1.3 eVan ER 
maximum which apparently corresponds to the absorp
tion peak at 1.4 eV.£ 4 l In the R spectrum there is ob
served a peak near 1.0 eV, which is apparently con
nected with a superposition of the interband and plasma 
reflections of the 3d valence electrons. The presence of 
the R minima at 1.65-1.7 eV and of the negative ER 
maxima at 1.8-2.0 eV for both phases of V02 is an ar
gument favoring the assumption that they are connected 
with the plasma of the valence electrons and not of the 
free 3d electrons. The quantitative difference between 
the values of this effect for T > Tt and T < Tt may 
be connected with the appearance of an energy gap and 
with the change of the crystal-lattice symmetry during 
the phase transition. The former leads to a shift of the 
bands and to elimination of the contribution from the 
free carriers, and the doubling of the periodicity of the 
crystal lattice and the corresponding reduction of the 
dimensions of the Brillouin zone changes the conditions 
for the indirect optical transitions, owing to the change 
of the momentum transfer 

For the region liw > 2 eV, which corresponds to 
2p -- 3d inter band optical transitions, significant 
changes likewise occur at T < Tt. The ER peak at 
2.9 eV (T > Tt) splits into two peaks at 2.8 and 3.15 eV 
(T < Tt), and the ER maximum at 4.75 eV also splits at 
T < Tt into two maxima, 4.9 and 5.4 eV. This is obvi
ously connected with doubling of the period of the crys
tal lattice and illustrates clearly the influence of the 
periodicity of the crystal on its electronic energy spec
trum. The lowering of the crystal symmetry is manifest 
also in the change of the ratio of the ER intensities for 
different polarizations. Thus, for T < Tt the ER signal 
near 4.9 eV is much larger for E II am than for E lam, 
and at T > Tt they are practically equal. We note that 
the change of the ratio of the ER intensities for differ
ent polarizations during the temperature phase transi
tion agrees with the changes occurring in the ordinary 
reflection spectrum (with zero field). This fact, and also 
the agreement between the principal ER and R peaks, in
dicates that a weak electric field (Uc = 0), which always 
exists on the surface barrier, exerts practically no in
fluence on the phase transition. The differential charac
ter of the ER method simply makes it possible to ob
serve the finer structure of the optical spectrum. 

The presence of distinct extrema in the ER spectrum 
makes it possible to obtain information on the tempera
ture dependence of the energy spectrum of V02 • Thus, 
for E lam the maxima at 2.8 and 3.15 eV (T = 296°K) 
correspond to weaker maxima at 2.82 and 3.1 eV in the 

case of T = 328°K, and for E II am the maxima at 2.65 
and 3.42 eV (T = 296°K) correspond to the maxima at 
2.7 and 3.3 eV (T = 328°K). Such appreciable changes in 
the intervals between the ER peaks (~liw = 0.1 eV) for 
~T = 30°K point to strong shifts of the energy bands in 
V02 with changing temperature near Tt. This can serve 
as an argument in favor of the nonlinear temperature 
variation of the energy gap Eg, the possibility of which 
was discussed in £4 l on the basis of an analysis of the 
temperature dependence of the electric conductivity. 

2. ER spectra of V20 3 in a weak electric field. The 
R and ER spectra in a weak constant electric field at 
T = 296 o K (T > Tt) are shown in Fig. 2. The main fea
tures of the ER are the presence of broad bands without 
satellite oscillations and the large signal amplitude. In 
the R spectrum at liw :s 1.3 eV there is observed a 
typical plasma edge, which is apparently connected with 
the presence of free carriers (nc = 3 x 1022 em -3 £ 16 l ). 

At liw > 1.3 eV, the main singularities of R and ER ap
proximately coincide. The maxima of R at 1.45 and 
1.9 eV can be set in correspondence with the maximum 
at 1.4 eV and the "shoulder" at 2.0 eV in the ER spec
trum. For liw > 2 eV, the R spectrum exhibits a de
crease of the reflection, which is characteristic of met
als, with increasing quantum energy, corresponding, as 
in the case of V02 , to the negative ER maximum at 
2.9 eV. At liw > 3 eV, the reflection coefficient again 
increases and two maxima appear at 4.6 and 5.6 eV. In 
the ER spectrum, they can be set in correspondence to 
the 4.5 eV maximum and to the weak "shoulder" at 
5.5 eV. In the ER spectrum there also appears an addi
tional maximum near 4 eV, which is missing from the 
reflection spectrum. 

The energy spectrum of V 20 3 near the Fermi level 
consists of empty and filled 3d subbands, which overlap 
partly at T > Tt, and at T > Tt VP3 is a semimetal 
with 0.6 quasifree carriers per vanadium atom. From a 
comparison of the ER spectra of V02 and V Ps it can be 
assumed that the 1.45 and 1.9eV peaks are connected 
with direct optical transitions between the filled and 
empty 3d subbands, while the drop of Rat liw> 2 eV and 
the negative maximum of ER at 2.9 eV are due to the 
metallic behavior of the valence 3d electrons, just as in 
the V02 case. Starting from two 3d electrons per vana
dium atom, nv = 1023 cm-3 , we get liwPv = 3 eV. This 
agrees well with the positions of the minimum in the R 
spectrum and of the negative maximum in ER. 

The increase of reflection at liw > 3 eV is obviously 
connected with the start of the optical transitions be
tween the 2p band of the oxygen and the empty 3d sub
bands of the vanadium, and the maxima of R at 4.6 and 
5.6 eV correspond to the energy gaps at the critical 
points of the band structure. It is interesting to note 
that the strong extrema of ER and R for the 2p -- 3d 
optical transitions are observed at an energy 1 eV 
higher than in V02• This may be connected with the 
presence of two 3d electrons in the shell of the vana
dium ion, compared with the single 3d electron in the 
case of V02 • As a result, the distance between the 
Fermi level and the 2p band of the oxygen in V20 3 may 
be larger than in vo2. 

3. Metal-insulator phase transition in V20 3 in a 
strong electric field. Figure 3 shows the ER spectra 
of V20 3 at different values of Uc for T = 296 o K 
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FIG. 2. R(curve I) and ER 
(curve 2) spectra of v2 03 single 
crystals at T = 296°K and Uc = 
0.4V (the polarity of Uc is oppo
site to the barrier direction of the 
diode made up by the v2 03 and 
the electrolyte). 

hw,eV 

FIG. 3. ER spectra of V2 0 3 single 
crystals at different values of the con
stant bias Uc: 1-0, 2-l.SV, 3-1.7V, 
4-2.2V, S-2.SV. 

(T > Tt). As seen from Fig. 3, at Uc < 1.5 V no notice
able changes of the signal intensity occur, but shifts of 
the ER peaks are observed (Anw Rl 0.1 eV) when Uc 
changes from zero to 1.5 V. When Uc increases from 
1.5 to 1.7 V, a decrease of the signal occurs at nw 
< 4.5 eV, and the minimum at 4.4 eV (Uc = 1.5 V) shifts 
to 4. 7 eV for Uc = 1. 7 V. This shift, in terms of nw, is 
larger by one order of magnitude than the shifts of the 
peaks in the corresponding Uc interval for Uc < 1.5 V. 
With further increase of Uc, the amplitude of the ER 
signal increases (especially for nw < 3 eV), and at Uc 
= 2.2 V the signal becomes positive in the entire exper
imental integral of nw, and reaches the maximum value. 
From a comparison of the ER spectra at Uc = 1.5 and 
2.2 V, we see that when account is taken of the shifts 
along the nw scale, the ER maxima at Uc = 1.5 V corre
spond to the maxima at Uc = 2.2 V, and vice versa. For 
example, the 3.7 eV maximum and the 4.4 eV minimum 
for Uc = 1.5 V can be set in correspondence with the 
3.6 eV minimum and 4.3 eV maximum in the case of Uc 
= 2.2 V. When Uc changes from 2.2 to 2.5 V, the ER 
signal decreases, passes rapidly through zero and be
comes negative in the entire spectral interval, reaching 
a maximum value at Uc = 2.5 V (and the maxima turn 
into minima), and when Uc increases to 3 V the ER sig
nal decreases. 

Figure 4a shows the dependence of the ER signal on 
Uc for nw = 2.3 eV; this dependence reflects the general 
character of the ER variation. As seen from Fig. 4a, 
when Uc changes from zero to 1.5 V, the ER signal re-

; :: (V')·IO' r, n 

~:~a #--r--~~ 
-a5 

-1.0 
c 

~--~---*---+3 ~oo--7---+---3~ 
uc. v 

FIG. 4. Dependence of the ER signal amplitude, of the surface re
sistance r, and of the amplitude of the alternating voltage U- on the 
cell with the electrolyte on Uc for V2 0 3 : a-value of R-1 dR/dU at liw = 
2.2 eV forT= 296°K (curve I) and T = 360°K (curve 2); b-dependence 
of ron Uc (T = 296°K); c-dependence of u_ on Uc (T = 296°K). 

mains practically constant; then a weakening of the sig
nal is observed around Uc = 1.7 V, and in the narrow 
interval of Uc between 1.7 and 2.2 V the signal increases 
by almost 30 times. An even sharper (jumplike) change 
of the signal occurs near Uc = 2.3 V, where the signal 
amplitude changes by two orders of magnitude in an in
terval AUc = 0.1 V. At Uc = 2.3 V, there is also ob
served a jump in the surface resistance (Fig. 4b), and 
the amplitude of the alternating voltage on the cell 
with the electrolyte increases sharply (Fig. 4c). The 
results allow us to assume that the metal-insulator 
phase transition observed in [21 for V20 3 with chromium 
admixture following changes in the pressure and tem
perature takes place at Uc = 2.3 V. As seen from 
Fig. 4a, with increasing temperature the anomaly of 
R - 1dR/dU shifts towards smaller Uc. This corresponds 
to the insulator phase assuming a high-temperature 
character, as in [a 1 , and the action of the electric field 
is analogous to expansion of the crystal (negative pres
sure). 

Let us examine in greater detail the relation 
R - 1dR/dU = f(Uc). The ER amplitude is quite sensitive 
to the ratio of the penetration depths of the light and of 
the electric field. The field controls only part of the re
flected light: 

Rerf ~ p,d,, (1) 

where p0 is the reflection coefficient per unit thickness 
of the surface layer; do ~ (E: 0/n)112 is the depth of pene
tration of the electric field; E: 0 is the static dielectric 
constant; n is the free-carrier concentration. Substi
tuting in (1) the value of do and differentiating, we ob
tain 

1 dR 1 de, 1 dn 1 dp, 
--~-----+--
R dU 2e, dU 2ndU p,dU 

(2) 

In ordinary semiconductors E:0 does not depend on the 
external field, while n depends on it weakly; the first 
and second terms of (2) make no contribution to the ER. 
These terms, however, may turn out to be significant if 
E: 0 = E:0 (U), for example in the case of ferroelectrics, 
and n = n(U) in a metal-insulator transition under the 
influence of an electric field. The jump of n(U) in the 
phase transition leads only to a burst of the ER ampli
tude at Uc = Ucr• but produces no change in sign. The 
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anomalous behavior of R - 1dR/dU = f(Uc) can be ex
plained if E0 (Uc) goes through a maximum in the inter
val of variation of Uc. Then the observed course of the 
ER amplitude will correspond to the character of the 
dependence of de 0 /dU on Uc. The presence of a maxi
mum of e0 (Uc) and its shift with changing temperature 
were observed in a first-order phase transition in fer
roelectric materials. [ 17 1 In our case, the critical field 
also depends on the temperature (Fig. 4a). The temper
ature shift of the ER anomaly corresponds to the case 
when the high-temperature phase is ferroelectric and 
the low-temperature phase is paraelectric (antiferro
electric).[ 171 

In addition to being connected with the ferroelectric 
transformation, the maximum of e0(Uc) with changing 
Uc can be connected with the collapse·(occurrence) of 
an energy gap E~ in the electronic spectrum during the 
insulator-metallmetal-insulator) phase transition. 
Since e0 increases with decreasing Eg in the insulator 
phase, € 0 will decrease in the metallic phase because 
of the negative contribution from the free carriers. 

The variation of the ER signal with increasing Uc 
depends on liw (see Fig. 3). As indicated above, the ER 
in V20 3 at liw > 3 eV is determined by the 2p- 3d op
tical transitions. For such optical transitions, the depth 
of penetration of the light is l ~ 10-s em. [4 1 The weaker 
dependence of the ER signal on Uc in this region of the 
spectrum is obviously connected with the fact that d0 

and l are of the same order, i.e., do Rj 10-6 em. We can 
then estimate the average value of the electric field in 
our experiment: F = Uc/do, and for Uc = 1-2 V we ob
tain F = 106 V /em. 

We note that in view of the difficulty of working with 
the electrolyte at T < 140 o K we did not investigate the 
influence of the electric field on the semiconducting 
phase of Vp3 • In addition, there is already a published 
report of a jump of the resistance of V20 3 under the in
fluence of an electric field at T < Tt.[ 18 1 

4. ER spectra and phase transitions in V02 single 
crystals in a strong electric field. 

a) Let us consider the case T > Tt· An investigation 
of the spectral distribution of the ER of V02 at T 
= 348° K for different values of Uc has shown that the 
amplitude and the positions of the maxima of ER depend 
strongly on Uc. The character of the variation of ER, 
just as in the case of V20 3, is conveniently traced by 
means of the Uc dependence of the amplitude of the pos
itive maximum, which is located at 1.3 eV in the case 
Uc = 0 (E 1 Cr) and is connected with optical transitions 
between the 3d subbands (see Fig. 5). 

Figure 5a shows distinctly three characteristic re
gions of variation of the ER signal. In region I, where 
Uc changes from zero to 0.9 V, the ER signal reaches 
a maximum near 0. 75 V, and then drops to zero at Uc 
= 0.9 V. Variation of the ER is also observed in there
maining sections of liw in this interval of Uc. Thus, 
the maxima at 2.9 eV (E 1 Cr) and 3.1 eV (E II Cr) for 
Uc = 0 shift to 3.1 eV (E 1 Cr) and 3.5 eV (E IICr) at Uc 
= 0.4 V. The ER maximum which lies at 4.75 eV 
(E II cr) shifts in the case of Uc = 0 by 0.35 eV with in
creasing Uc from 0.4 to 0.8 V. These shifts are accom
panied by broadening of the maxima, and a change takes 
place also between the ER spectra in the ratio of inten
sities corresponding to different directions of polariza-
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FIG. 5. Dependence of the ER signal amplitude (a), of the surface 

resistance r (b), and of the alternating voltage u_ on the cell with the 
electrolyte (c) on the constant bias Uc for V02 at T = 348°K (T > Tt). 

tion of the light. Since such variations of the ER in the 
thermal phase transition (Uc = O) are due to the crystal
lattice distortion, it can be assumed that the changes of 
the ER at Uc > 0 are connected with deformation of the 
crystal lattice by the electric field. At the same time, 
the observed result cannot be explained within the 
framework of the Franz-Keldysh effect, [l9, 20 l accord
ing to which the ER maxima corresponding to the verti
cal optical transitions at the critical points of the band 
structure hardly shift with increasing electric field. [ l2l 

Displacements of the ER extrema by several tenths of 
an eV were observed earlier in KTa03 [ 211 for 2p- 3d 
optical transitions and were attributed to the displace
ment of the oxygen ions relative to the transition-metal 
ions under the influence of an electric field (the inverse 
piezoeffect). For V02 , the maximum shift of the ER 
peaks appears also for 2p - 3d optical transitions 
(liw > 2eV). At liw < 2 eV, corresponding to optical 
transitions between and within the 3d subbands, the 
shifts in the spectrum are smaller. 

On going over to region n (see Fig. 5a), the ER am
plitude passes sharply through zero and becomes nega
tive. Then, with increasing Uc, the ER signal, remain
ing negative, reaches the maximum value near Uc 
= 1.1 V, and at Uc = 1.35 V it again passes through 
zero with another reversal of the sign. Just as in the 
already discussed phase transition in V20 3 , such an 
anomaly in the dependence of the ER on Uc can be due 
to variation of the depth of penetration of the electric 
field, when the static dielectric constant passes through 
a maximum with increasing Uc. We performed parallel 
measurements of the Uc dependence of the alternating 
voltage on the cell with the electrolyte (V02 -electrolyte 
barrier layer) and of the resistance of the crystal sur
face in contact with the electrolyte (see Fig. 5). It is 
seen from Fig. 5 that here, too, it is possible to sep
arate three analogous regions of Uc, which are charac
terized by sharp variations of the resistance on each of 
the boundaries. The double passage of the ER signal 
through zero with simultaneous change of the entire 
spectrum, and also the presence of resistance jumps, 
point to the possible existence of two phase transitions 
(of the metal-insulator-metal type) with realignment of 
the crystal lattice at T > Tt under the influence of the 
electric field. 

For region m, the most characteristic features of 
the ER are the increase of the amplitude of the given 
maximum to Uc = 2.3 V and the subsequent decrease as 
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FIG. 6. Dependence of the ER 
signal amplitude (curve I) and of 
the spectral position (curve 2) of 
the most intense ER peak (hw = 4.9 
eV at Uc = 0) on the constant bias 
Uc for V02 at T = 296°K. 

FIG. 7. Dependence of there
sistance r of the oxide vo2 on the 
applied constant bias Uc at T = 
296°K: 1-r(Uc) with Uc increasing 
from zero to 3V; 2-r(Uc) with Uc 
decreasing from 3V to zero. 

Uc increases to 3 V. When Uc decreases from 3 V, a 
weak hysteresis takes place for the transition from the 
region III to II, but when Uc decreases to zero (see 
Fig. 5), the sign of the ER corresponds to region II. 
Thus, during the reversal of Uc there is no transition 
from region II to region I, indicating a strong field 
hysteresis for this phase transition. The spectrum cor
responding to region I can be reconstructed by applying 
a sufficiently strong constant bias of the opposite polari
ty. We note that the phase transformations for V02 at 
T > Tt were not observed earlier in investigations of 
the influence of the temperature or pressure. 

b) Let us consider the case T < Tt. We shall de
scribe below phase transitions of vo2 under the influ
ence of an electric field at T = 296 o K. A study of the 
ER spectra of V02 at T = 296 o K (T < Tt) for different 
values of Uc has shown that their main features are the 
conservation of the general form and of the ratio of the 
ER signal amplitudes for different light polarization di
rections up to Uc = 1. 3 V. However, when Uc changes 
from 1.3 to 1.4 V, the entire spectrum experiences 
qualitative changes: a change takes place in the form 
of the spectral distribution and in the ratio of the am
plitudes for both directions of light polarization. The 
character of the variation of the ER is seen clearly in 
Fig. 6, which shows the Uc dependences of the ampli
tude and of the spectral position of the most intense ER 
peak located at nw = 4.9 eV for Uc = 0 and E 11 am. 

We also measured the resistance of the sample sur
face in contact with the electrolyte at different values of 
Uc (see Fig. 7). It is seen from Fig. 7 that at Uc 
= 1.4 v a sharp decrease of the vo2 resistance takes 
place. The simultaneous jump of the ER spectrum and· 
of the sample resistance at Uc = 1.4 V points to a semi
conductor-metal phase transition under the influence of 
the electric field at T = 296 o K (T < Tt). It is interest
ing to note that the ER spectrum for T = 296 o K (T < Tt) 
and Uc = 1.4-1.6 V is not at all similar to the ER spec
trum of the metallic phase corresponding to thermal 
switching, i.e., at Uc = 0 and T = 348°K (T > Tt), but 
resembles the ER spectrum at Uc = 1.4 V and T 
= 348 o K. This may be connected with the fact that 

switching by means of the electric field and by tempera
ture occurs in different metallic phases. 

With further increase of Uc (Uc > 2 V), strong 
changes of the ER again occur (see Fig. 6) up to Uc 
= 2.6-2.7 V. Near Uc = 3 V there again appear in the 
ER spectral distribution, just as at Uc = 0, characteris
tic maxima and minima, and an increase of the electric 
resistance of the sample takes place (see Fig. 7), pos
sibly in connection with a metal- semiconductor transi
tion in this interval of Uc. However, as seen from a 
comparison of the ER spectra at Uc equal to zero and 
3 V, the initial and final semiconducting phases are dif
ferent. When Uc decreases from 3 V, a weak hysteresis 
is observed for the second phase transition (Uc ~ 2.6 V), 
but the measured resistance still corresponds to the 
metallic state down to Uc = 0 (see Fig. 7). In the ER 
spectra during the rise and fall of Uc there is also ob
served agreement in the section 1.4-3 V, but in the 0-
1.4 V interval, the ER spectra during the increase and 
decrease of Uc are noticeably different. The ER spec
tra during the decrease of Uc at Uc = 0 correspond to 
the case of Uc = 1.4-1.6 V during the increase of Uc. 

The observed results points to a strong field hyste
resis in the semiconductor-metal phase transition, in 
contrast to the weak temperature hysteresis in the 
thermal phase transition.[ 4 l The initial semiconducting 
state can be restored by applying a constant bias of op
posite sign. It is important to note that the magnitude 
of the jump of the electric conductivity (resistance) in 
the case of the field-induced phase transition coincides 
with the jump of the electric -conductivity of the given 
sample during the thermal phase transition, and corre
sponds to switching over of the entire volume of the 
crystal, and not of a thin layer on the order of the field
penetration depth. The result can be attributed to the 
presence of strong hysteresis in the field-induced phase 
transition, for when the semiconductor-metal interface 
moves into the interior of the sample, no inverse 
switching of the metallic region into the semiconducting 
state takes place. 

CONCLUSION 

On the basis of the measurements of the ER spectra 
and of the electric resistance of vo2 and vp3 at differ
ent values of the electric field, it is concluded that a 
number of phase transitions take place in these vanadium 
oxides. The results indicate that the high sensitivity and 
simplicity of the ER method make it promising for the 
investigation of phas.e transformations accompanied by 
realignment of the crystal lattice and by a jump of the 
electric conductivity with changing electric field. The 
specific nature of the application of the field to the sam
ple makes it possible to use the ER to study strongly 
doped semiconductors and metals. 

One of the important results is observation of the 
switching effect in vo2 from the semiconducting state to 
the metallic state under the influence of an electric 
field with the presence of a strong field hysteresis (a 
memory effect). 

Let us examine the possible mechanisms of such a 
switching. In [ 22 l they proposed a switching mechanism 
connected with the injection of the carriers. In our ex
periments, the polarity of the applied constant voltage 
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corresponded to enrichment of the surface layer with 
carriers (n-type ). Starting from E0 = 41 and 
n = 1019 cm-3 for the semiconducting phase of V02 / 141 

we get do Rl 10-6 em and an average electric field 
F = Uc/do Rl 106 V /em at Uc = 1-2 V. The surface ca
pacitance in the experimental interval of Uc was c0 

= 0.1-1 IJ.F, and then we obtain for the concentration of 
the carriers injected from the contact nin = 1019 -

1020 cm-3 • However, doping of crystals to 1020 cm-3 

hardly shifts the phase-transition temperature.[ 23 1 The 
carrier density necessary to close the energy gap Eg 
= 0.5 eV as a result of screening is "'1021 em -3 • Sucn 
a switching mechanism is therefore little likely. 

Since passage of large currents through samples with 
ohmic contacts gave rise to S-shaped current-voltage 
characteristics connected with switching into the metal
lic state as a result of thermal heating, it is of interest 
to estimate the possibility of the thermal effect in our 
experiments. The amount of heat necessary for switch-
ing is 

Q, = cm(T,- T,) +2m, 

where c = 0.2 cal/g-deg is the specific heat of the vo2 
in the semiconducting phase, m = 0.026 g is the mass of 
the sample, 2 = 10 cal/g is the latent heat of the tran
sition, T0 = 296 o K is the temperature of the thermostat, 
and Tt = 338° K is the temperature of the phase transi
tion. We then obtain Q1 = 0.46 cal. The value of the 
Joule heat is equal to 

Q,=0.24Uh. 
where U = 1.4 V, I :s; 20 IJ.A, T = pcS/ko = 3 sec, 
p = 4.4 g/cm3 is the density of the vo2 in the semicon
ducting phase, S = 0.06 cm2 is the cross section of the 
sample, ko = 0.015 cal/cm-deg-sec is the coefficient of 
thermal conductivity of V02 • u 31 Then Q2 = 0. 26 
x 10-4 cal and Q2 « Q1 • Thus, the thermal switching is 
impossible. As further confirmation, we note that the 
ER spectra obtained after switching into the metallic 
state by means of a field and by means of temperature 
are strongly different. 

On the other hand, the results offer evidence that the 
most probable switching mechanism is the change of the 
parameters of the crystal lattice in the electric field 
(the inverse piezoeffect). Let us estimate the possibility 
of such a deformation, recognizing that the symmetry 
of the semiconducting phase of vo2 admits of the piezo
effect. Since strong shifts of the ER bands with changing 
Uc were observed so far only in the case of ferroelec
trics, to estimate the inverse piezoeffect we shall use 
the piezoelectric constants characteristic of BaTi03 , 

namely d Rl 5 x 10-8 cm/V. We then obtain for the rela
tive deformation of the lattice parameters Fd = 5%, 
which agrees with the corresponding value obtained in 
the temperature-induced phase transition. 

In view of the presence of phase transitions at T > Tt 
for V20 3 and V02 from the metallic state into the insula
tor state, transitions which are apparently also con
nected with deformation of the crystal lattice, it is of 
interest to discuss another possible mechanism for 
this case. The influence of the electric field, besides 
the piezoeffect, may be connected with the difference 
between the energy of the electric field F2/81T in the 
metal and in the semiconductor, a difference that mani
fests itself in expulsion of the field from the metal. This 
effect is analogous to the influence, due to the Meissner 

effect, exerted by the magnetic field on the transition 
from the superconducting to the normal state of a bulky 
metal. If at F = 0 the energy of the metallic phase is 
lower than that of the insulator phase, i.e., there is an 
insulator phase with higher temperature than the me
tallic phase, then a metal-insulator transition can take 
place at F * 0 when F 2/81T = :l'p. Using 2 = 100 cal/ 
mole for the metal-insulator transition in V20 3 with 
chromium admixture/ 21 we obtain for the switching 
field F = 2 x 107 V /em, which, at the utmost, is higher 
by one order of magnitude than the experimental esti
mate. 

Thus, the main mechanism for all the observed 
phase transitions in V02 or Vz03 in the electric field 
is apparently the inverse piezoeffect. 
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