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Rimum scattering of single crystals of (Til „V„},O, with 0 & x & 0.3 has been measured between 80
and 700'K. All seven Raman-active phonons of the D,„space-group syaunetry were found to show'

appreciable changes in the frequency, linewidth, and relative intensity as a function of temperature and

alloy composition in the vicinity of the semiconductor-to-metal transition. In particular, a marked

anomaly was observed in the temperature behavior of the lowest frequency mode of A l symmetry. For
x & 0.04 it shows an initial softening followed by a partial recovery in going through the transition
temperature. Chi and Sladek have observed a similar decrease and partial recovery for the sound

velocity in Ti,O,. A qualitative discussion of some of these results is given in terms of the free-energy

band-crossing model of Zeiger and co-workers.

I. INTRODUCTION

Titanium sesquioxide Ti203, which crystalizes
in the corundum structure, exhibits pronounced
changes in a number of its physical properties in
the temperature range - 400-550 'K. In particular,
resistivity, paramagnetic susceptibility, lattice
parameters, and thermoelectric-power measure-
ments by Pearson' on sintered samples of Ti303
and the Hall effect and resistivity measurements
of labia and Frederikse on presumably single
crystals of Tiz03 established that the material
undergoes a semiconductor-to-metal transition
around 450 K. Since then a number of investi-
gators' ' have studied this transition in pure Ti2O3
as well as in its alloys with V20, (Ti, ,V, )~O~, using
high-purity single crystals and/or other techniques.
For example Rao et a/. have measured the lattice
parameters e and a of pure Ti~Q3 as a function of
temperature and of the alloys at room temperature.
In pure Ti&QS they observed very sharp changes in
the temperature range 400-4'70 'K. In the alloys
marked changes were observed in the e parameter
up to x = 0. 2, and in the a parameter up to x = 0- 5-

These measurements of the lattice parameters for
the alloys at room temperature show that with

x & 0.1, the c and g parameters vary wi.th x in the
same manner as these parameters vary with tern-
perature in pure Ti~O3. For x = 0. 1, the param-
eters at room temperature are virtually identical
with those of pure Ti2Os above the transition tem-
perature.

Chandrashekhar et a/. have studied the elec-
trical transition in the alloys. They observed that
changes in electrical resistivity of alloys with
x ~ 0. 04 occur in exactly the same temperature
range as those in pure Ti~Q3. Alloys with higher
values of x up to 0. 10 do not undergo any transition
and exhibit metallic behavior over the temperature

range between 7V and 600 'K of their experiment.
Recently thermoelectric- power measurements

in these alloys have been carried out. For
T & 350 'K the Seebeck coefficient n for pure TimQs

diminished rapidly with increasing T, which re-
flects the semiconductor-to-metal transition. The
effect of vanadium doping is found to parallel
closely the effects encountered in resistivity mea-
surements. Barros et al. "have observed an
anomaly in the specific heat of single crystals of
(Ti~ „V,)20~ with O~x «0. 04 in the vicinity of the
electrical transition. This anomaly was found to
vanish at x=0.04.

In this paper we report the Raman investigation
of phonons in pure and V-doped Ti~03 for x «0. 3.
%e have conclusively established the symmetry
assignments of all the Raman-active modes.
Furthermore, we have made a careful study of
the temperature dependence of the phonon frequen-
cies. Temperature effects on Raman scattering in

pure Ti~O3 were previously reported by Mooradian
and Raccah. Considerable softening of all the
seven Raman-active phonons was observed in the
region of the transition temperature. In the pres-
ent work we have observed a marked anomaly in
the temperature behavior of the lowest-frequency
A~ mode. In particular, this mode in pure and
V-doped Ti~Qs with x-0. 04 shows an initial soften-
ing followed by a partial recovery in going through
the transition. Chi and Sladek have observed
similar softening and partial recovery for the
sound velocity in TisO, . These results are inter-
preted in terms of the free-energy band-crossing
model of Zeiger et al. ' for pure Ti303.

II. EXPERIMENTAL PROCEDURE

Single crystals of Ti~O, -V~O, alloys were grown
by the Czochralski-Kyropoulos technique in an
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low-temperature measurements at - 80 K were
made with the specimen in contact with the cold
finger of a liquid-nitrogen Dewar. Measurements
at and above 300 'K were made using an evacuated
high-temperature cell. " The sample temperature
was monitored by a chromel-constantan thermo-
couple pressed against the sample surface with a
platinum- plus stainless- steel shaving blade.

III. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 1. Stokes Baman spectra of pure Ti203 at T
~ 300'K excited with 4S80-A radiation of an argon-ion
laser.

electrically heated resistance furnace. Ti&03
samples were prepared by melting stoichiometric
portions of Ti metal (99.99+) and TiO2 (99.Qg&,
major impurities; Fe, 3 ppm Si 8 ppm and

Mg, 1 ppm). The alloys were prepared by addmg
calculated amounts of stoichiometric 72OI ob-
tained by hydrogen reduction from V30, (99.948%,
major impurities; Si, 3 ppm; Mg, 7 ppm). De-
tails of the crystal-growing method are described
elssewhere. After x-ray orientation, single-crys-13

tal boules were cut into rectangular parallelepipeds
approximately 2& 5 & 10 mm in dimension. The

specimens were lapped and polished mechanically
with 0. 05- p, alumina powder.

Raman spectra in the back-scattering configura-
tion were obtained mostly using the 4SSO-A exci-
tation line of an argon-ion laser. Other excitation
lines of the argon-ion laser were also used in some
cases. The experim ntal setup is essentially the
same as that described previously. ' All the spec-
tra were recorded with 300- p. m slits using an inte-
gration time of 3 sec on the lock-in amplifier. The

A. Pure Ti&03

Figure 1 shows some typical Stokes-Haman
spectra in pure TizQ~ at room temperature. These
spectra were excited with - 250-mW power at
4880 A. The scattering geometry is indicated in

Fig. 1 using Porto's' notation k~(e~e, )k„where
k» and k, are the propagation directions of the in-
cident and scattered light, respectively; e» and
e, in the parentheses are the polarization of the
incident and scattered light. The coordinate axes
x, y and z used in Fig. 1 and elsewhere in this
paper refer to the binary (a), bisectrix (h), and
trigonal (c) axes, respectively. As can be seen
the spectra of Fig. 1 show all seven Raman-active
phonons allowed in the D& space-group symmetry
of the corundum structure for Ti2O ' '' Two of
these seven phonons belong to the totally symmet-
ric modes of A~ symmetry and the remaining
five phonons belong to the doubly degenerate modes
of E, symmetry. The symmetry assignments as
shown in Fig. 1 were determined and confirmed
by several polarization experiments. It should be
pointed out that the intensity of the A& modes is
considerably higher in the scattering configuration
of Fig. 1(b) in comparison to that of Fig. 1(a).
For this reason the scattering geometry of Fi
1/

1g.
(b) was chosen for a determination of the sym-

metry assignments. This geometry is also to be
preferred since optical activity along the trigonal
axis could cause a problem in the polarization
selection rules.

When the spectra of Fig. 1(b) are analyzed with
a polarizer oriented either parallel or perpendicu-
lar to the polarization of the incident radiation

7

results as shown in Fig. 2 were obtained. Ac-
cording to the Baman tensor for the point group
Ds„, only E» modes should be observed in the
x(xy)x spectrum of Fig. 2(b) and only A~ modes
should be observed in the x(xx)x spectrum of F'0 1g.
(a). Consistent with this prediction, the spec-

trum of Fig. 2(b) shows five peaks which are iden-
tified with the E, symmetry. SimQarly the two
peaks at 238 and 513 cm in Fig. 2(a) are identi-
fied with the A~ symmetry. Ne believe that the
peak at 2VQ cm ' in Fig. 2(a} is due to the stron-
gest E~ mode [see Fig. 2(b)] and is observed due
to incomplete polarization generally character-
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FIG. 2. Polarization spectra of pure Ti20&.

istic of back-scattering measurements. Thus if
the seven Raman-active phonons of Ti303 are
labeled 1-7 in order of increasing frequency, we
conclude that the modes 1 and 6 have A1 sym-
rnetry and the remaining five modes have E, sym-
rnetry. This symmetry assignment is different
from that reported previously by Mooradian and
Raccah in that they identified modes 1 and 2 as

of E, and A 1, symmetry, respectively. %'e believe
that their symmetry assignment of modes 1 and 2
was in error. A number of other observations,
discussed later, corroborate our symmetry as-
signment. Except for this discrepancy in sym-
metry assignment, our spectra of pure Ti2O3 are
in good agreement with those of Ref. 7, as may
be seen in Table I.

The temperature dependence of the frequencies
of all the Rarnan-active modes for pure TizO3 is
shown in Fig. 3. The observed temperature soften-
ing is generally consistent with that reported in
Ref. 7. IIowever, there are some differences in
the two measurements. For example, we observe
a decrease in frequency of 44 cm ' between 300
and 600'K for the lowest-frequency E~ mode, as
compared with that of 31 cm ' in Ref. 7 for the
same temperature range. Furthermore, most of
the softening observed by us occurred in a small-
er temperature interval. Both these features
suggest that our samples may be of higher purity
as inferred from the trends found in the doped
crystals.

Another very interesting feature shown in Fig.
3 is the behavior of the lowest-frequency A1 mode.
It exhibits a decrease in frequency of - 14% up to
-450 'K and then an increase of - @o between 450
and 700 K. This frequency softening followed by
a partial recovery for the A1, mode had been pre-

13dieted theoretically by Zeiger eI; al. based on
the free-energy band-crossing model of Ti30&.
This model is based on a two-band Hubbard model
including both the electron-electron Coulomb and
lattice- displacement energies. The Helmholtz
free energy of the system can be written in the
form'

y'(5, r, v)=5 /2m+ ~us —(T/2K)[ fp2(e)ln(l+e " ')de+ f p, (e)ln(1+e '"'" ' ')&e],

where the first term on the right-hand side is the
electron-Coulomb-repulsion energy, the second
term is the lattice-displacement energy, and the
third term is the energy due to the electron and
hole entropy. Here 5 is proportional to the num-
ber of electrons in the conduction band, p, is the
Fermi energy, and x is the lattice-displacement
parameter. p, (e) and p2(e) are the densities of
electron states in valence and conduction bands,
respectively, and N is the number of unit cells.
v and & are, respectively, temperature and energy
variables normalized to the energy gap at T = 0.
6 is the norma, lized energy gap given by

where e, v, and u are fixed parameters, whereas
~ is an adjustable para, meter of the model. The

conservation of the number of electrons in an in-
trinsic semiconductor and the equilibrium condi-
tion yield the following equations:

Mode No. Symmetry

A1

Ai

Frequency (cm )
this work

238
279
308
350
465
513
567

Ref. 7

228
274
302
347
452
530
564

TABLE I. A summary of frequencies and symmetry
assignments of Raman-active phonons in pure Ti203 at
T = 300'K.
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For given values of e, v, u and x, d Ed E dr is eval-
uated numerically as followers. At first one obtains

1 b um values of r, p, , and 5 by using the
equilibrium conditions
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FIG. 3, Phonon frequency vs temperature for Raman-
active modes of Ti20~.
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5A)

5= @ (n2)/2N, (4)

r = (e5/zu) (1+ 2@5/zu) -I (5)

Here (nz) is the number of electrons in the conduc-
tion band. Equations (3)-(5) indicate that the lat-
tice parameter is governed by the electron density
of the conduction band.

It is assumed that the force constant associated
withe-axis motion is proportional to d2Jl/dr~, and
therefore a phonon mode dominated by c-axis mo-
tion has a Raman frequency

(dz)"'

400
T ('K)

FIG. 5. Ratio of the peak intensities of the lowest-
frequency )e mo eA de and its adjacent E mode vs tempera-e
ture.
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Then one allo~s a small change 4r under the
quasi-equilibrium condition 8E/8!J. = 8E/86 = 0.
Taking 8E/sr equal to a small value Q, one can

2 2calculate the corresponding r r, and d E/dr . In

Fig. 4 we compare the observed frequency change
of the lowest-frequency A~ mode versus T with
the above theoretical model. The theoretical curve
shown in Fig. 4 which provided the best fit to our

20experimental data was calculated by Zeiger using
the following values for the model parameters:
K = 10.0, u = 330, v = 33, e = 7. 25, the valence band-
width b, = 10, and the conduction bandwidth b2= 3.
As can be seen in Fig. 4, a fairly good agreement
is obtained between experiment and theory.

Another interesting feature of the Raman scat-
tering in Ti2O3 is the temperature enhancement of
the scattering intensity of the A„modes relative
to that of the E~ modes, as first reported by Moor-
adian and Raccah. v Our results for the lowest-
frequency A~ and E, modes are shown in Fig. 5,
and were obtained with excitation lines at 5145
(2. 41 eV), 4880 (2. 54 eV), and O'f65 A (2. 60 eV).
As seen in Fig. 5, the temperature enhancement
is most pronounced in spectra obtained with 4'765-A
(2. 60-eV) radiation. This frequency dependence
of the temperature enhancement is similar to the
laser excitation frequency dependence of the Aj

'%0-- 300'K

E 320I.
O

~ zsog
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!
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x (ot. r.'V)
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mode observed at room temperature. As pointed
out in Ref. 7, it may be due to an energy gap of
2. 8 eV deduced by Scouler and Raccah ' from re-
flectivity measurements.

B. V-doped Ti203(Ti& „V„)203

FIG. 7. Phonon frequencies vs vanadium doping (x) in
(Ti( „V„)20) at T- 300'K.
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FIG. 6. Polarization spectra of (Ti, „V„)&03v'ith x
=0. 08,

It is known that the incorporation of V2OS into

Ti O causes an increase in the e/a ratio of the~2 3

lattice parameters for the rhombohedral unit

cell ' and drastically changes its electrical char-
acteristics. 6'8 A measurement of the lattice pa-
rameters of mixed crystals at room temperature
shows that the parameters c and a vary w ith x in

the same manner as those of pure Ti20, vary with

temperature for x &0. 1.
We have observed an analogous effect in the

Raman scattering of (Ti, „V,)20~, i. e. , phonon

frequencies in the mixed crystals show changes
with vanadium concentration in a way which is
essentially similar to the temperature-induced
changes in the phonon frequencies of pure Ti2O& .
A typical set of Stokes-Raman lines for an 8.0-at. jg

V specimen are shown in Fig. 6. The top spec-
trum is for the x(zz)x scattering geometry and the

bottom spectrum corresponds to the x(zy)x con-
figuration. A comparison of these spectra to
those given in Fig. 2 for pure Ti20~ shows that
there is no change in the symmetry ordering.
However, the frequencies of all the seven Raman
modes in the doped crystal are lower than those of
pure Ti20, . In addition, the scattering intensity
of the Au modes normalized to (say) the lowest-
frequency E~ mode is higher in the doped crystal
than that in the pure crystal. These changes in
the scattering intensity with V doping are also sim-
ilar to those observed in pure Ti2O3 temperature
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FIG. 8. Ratio of the peak intensities of the lowest-
frequency A&» mode and its adjacent E» mode vs vanadium

doping (x) in (Ti& „V„)&O3 at T = 300'K.

(see Fig. 5).
Shown in Fig. 7 are the phonon frequencies vs

vanadium concentration for the lowest-frequency
A~ mode and for the two strongest E» modes at
room temperature. In the case of E» modes the
frequency decreases with x up to 0. 3 which is the
highest doping concentration studied in this work.
The frequency of the A~ mode shows quite a dif-
ferent behavior as a function of x. It shows a
marked softening in the range Ozx & 0.04 and very
small changes in the region 0.04 &x & 0.1. For
&0. 1 the frequency of the Az mode exhibits an in-
crease with increasing x. At x = 0.15 the frequen-
cies of the lowest A~ and E» modes become equal.
For still larger values of x, the frequency of the

A~ mode becomes higher than that of the E» mode.
Thus for x & 0. 15, the summetry ordering of the

Raman modes becomes the same as that observed
in other isomorphic crystals such as Al&Q3' and
Cr~QS. Thus one may expect the Raman-active
phonons in pure V~O, (x= 1) to have the same sym-
metry ordering as in these other isomorphic ma-
terials. The frequency softening up to 10-at. /g-

V-doped Ti~Q, is clearly associated with the semi-
conductor-to-metal transition, which is consistent
withthe change inthe c parameter for V-doped sam-
ples at 300 K. The frequency recovery in sam-
ples with x &0. 1 corresponds to the range above
the transition temperature for pure Ti~Q, . As in-
dicated earlier in Sec. I, it has been demonstrated
that the crystallographic parameters of 10-at.%-
V-doped Ti~G~ at 300 'K are virtually identical with
those for pure TizGS above the transition range.
Furthermore, this mixed crystal does not undergo
a transition.

In addition to the above changes in the phonon
frequencies with vanadium doping in Ti~QS, we
have also observed appreciable enhancement in the

E
500—

260—

E

z 240—
LLI

(3
LLI

l5

&-

280—

UJ

260—

220—

200 400 600
TEMPERATURE, ('K)

200'
200 400 6 00
TEMPER~TURE { K)

FIG. 9. Phonon frequency vs temperature for the
lowest-frequency A«mode in (Tif pe)$03 for several
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FIG. 10. Phonon frequency vs temperature for the
two strongest E» modes in (Ti~ „V„}&0&for several values
of x given in at. %.
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scattering intensity of the Aj modes relative to
that of the E, modes with the addition of vanadium.
This is illustrated in Fig. 8 which shows the peak
intensity of the lowest-frequency A~ mode relative
to that of the low-frequency E» mode. This inten-
sity enhancement is most pronounced for x & 0. 1.
Though we have not considered a model to explain
the observed intensity enhancement even qualita-
tively, it is worth noting that the shape of the en-
hancement curve of Fig. 8 bears a close reserp-
blance to the curves for the lattice parameters vs
x for 0 &x & 0. 3. z3

The temperature dependence of the frequency of
the A~ mode in mixed crystals is shown in Fig.
9 from 80 to 700'K. For 0&x &0. 04 the frequency
undergoes marked softening and subsequent re-
covery in the vicinity of the transition. This fre-
quency anomaly is found to be smaller the larger
the V content and disappears for x & 0. 04. At l.east
qualitatively this anomalous behavior can be under-
stood in the framework of Zeiger's band-crossing
free-energy model by considering that a few per-
cent addition of V into TizQ3 is equivalent to a few
percent decrease in the parameter w. Samples
with 0. 04 &x & 0. 15 exhibit only an increase in fre-
quency over the entire temperature range of this
work and no frequency change was observed in the
15-at. /p-V sample in which both Az and E~ modes
are superimposed at room temperature. These
results are consistent with the resistivity mea-
surements which show that the electrical transition
becomes less and less pronounced as V doping is
increased. In fact, the electrical transition dis-
appears for the material with x & 0.04 having me-
tallic behavior at all temperatures. It is also
worth pointing out that the specific-heat anomaly
observed in the vicinity of the electrical transition
by Barros et al. "becomes smaller with the in-

crease in V-doping and vanishes for x= 0. 04.
The temperature behavior of the frequency for

two of the strongest E~ modes in mixed crystals is
shown in Fig. 10. In contrast to the A~ modes,
E, modes do not show any frequency recovery on
going through the transition temperature. It is
found that with increased V doping in Tiz03, all
the curves nearly merge smoothly with the curve
of pure Tiz03 above the transition temperature.
This characteristic difference between modes of
different symmetry shows that the A~ mode is an
excellent indicator of the electrical behavior of
Tiz03 with temperature as well as V doping.

IV. CONCLUSIONS

In conclusion we have established the symmetry
assignments of the seven Raman-active modes in

(Ti, „V„)203with x&0. 3. A marked anomaly ob-
served in the frequency of the A~ mode with tem-
perature is found to be in agreement, at least,
qualitatively, with the free-energy-band crossing
model of Zeiger and co-workers.
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