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Raman scattering in sin le
'

g crystals of V203 has been studied in the r

temperature. Metal to insulator cr

u ie in t e range from -20 K to room
insu ator, crystallographic, and antiferroma net'-

place concurrently at T, —150 K. T
magnetic-ordering transitions take

he observed spectra showed a dra ', , r

side of T„peaks were observed whi
' *

a rastic change at T, , On either
o serve which had intensities rather insen

' '

s are i entifiable as phonon excitations, and the
ture regions can be correlated on the basis

, an t e peaks of the two tempera-
e on t e basis of the structural transition o

perature region, the intensity of which decrea
t t b i ob blo serva e at T ~ T, . Clearly, this peak inv

h'h 1 df h e magnetic transition.

I. INTRODUCTION II. THEORY

Phase transition is a subject of reat io great interest in phys-
, an 2 3 is one of the crystals in which three

kinds of transitisitions take place concurrentl . A h

tern eraturp e is lowered under normal pressure, the
electrical resistivity of' the cr t 1 de crysta undergoes a metal-
insulator transition at T —150 K S'im ultaneously,
the crystallographic structure makes a m-

, an t e crystal be-corundum —monoclinic transition, and th
comes antiferromagnetic. Numerous t d's u ies o" vari-
ous properties have been mad d he, an t eoretical treat-
ments using dift'erent approache h bes ave een attempt-
e . A conclusive thorough understandin has
be established.

rs an ing as yet to

Stud'udies of Raman scattering yield information on
certain crystal excitations. The scattering dring associated

p onon excitation can be eft'ective for the study
of crystallographic transition a d
f bo served, can be significant for the study of ma-

netlc ofdef in a
esu yofmag-

m ation
ring and magnetic transition. Littl

' f
n is available on phonons in V20 . Thr

i e ln of-

at v = 500, 750 , and 820 cm ' with some associated
fine structure were observed

'
h f

tion spectrum of 77 K, and some fluctuation
e iscerned in thecorresponding to the peaks could be disc

spectrum for 293 K.' The peaks were attributed to
the excitation of 'of infrared-active phonons. It will be
pointed out that suchsuch phonons are not expected to be
active in Raman scattering. In a study of phonon
scattering in TiO ' it wg in i 3, it was mentioned in passing that
Raman s ectp ctrum was observed on V203 at 300 K,

a a

with the most intense mode being A i„, at 240 cm '.
%e report in thisis paper studies of Raman scatt
a ran e from-

ca ering in

of phonon scattering due to the structural transition,
out y the transitionand magnon scattering brought b

to antiferromagnetic state have been observed

The o,-corundum crystallographic structure of V 0
has the s mmy metry of the R 3c space group4 with the

ure o

D3,I point group. Shown in Fig. 1(a) are the exa
an t"e inscribed trigonal primitive cell',

only the V ions are indicated Th e c a ratio of the
hexagonal unit cell is -2.827 at room temperature.
There are two units of V 0 '

h3 in t e primitive cell and

1 the
four units of V203 in the unit 11 S
e ements of the

ni ce . ome symmetry
the point group are indicated: the three-

FIG. l. (a) H exagonal unit cell with inscribed tri ona
o V203 in the a-corundum phase; V ions are

shown. Some elements, C, C2, and 1, of the point group
are shown. (b) Hexagonal unit cell of h

and primitive c
i ce o t e a-corundum phase

an primitive cell of the monoclinic phase; hatched
circles feepresent ions of opposite spins.

a c e and open
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fold rotation axis C3, one of the three twofold rotation
axes C2, and the inversion center I. Figure 1(b)
serves to indicate the effect of structure distortion
which occurs at the phase transition. ' Shown are the
original hexagonal unit cell and a cell which leads to
the monoclinic primitive cell'of the distorted structure.
The space group of the crystal changes to B2/b, ' with

the point group C2/, . The origin of the C2/, group is
located at a V ion, and the twofold rotation axis of the
group is parallel to the C2 axis shown in Fig. 1(a).

At T ~ T„ the point group D3,/ has six irreducible
representations: A~,„A~„, A2, A2„, E,„E„.There
are two units of V203 in a primitive lattice cell hence
three are 30 branches of normal modes. The point-
group representations of the k =0 modes have been
shown to be'

2A ),, + 2A ) „+3A 2(( + 5 Eg + 5 E,(

One of the acoustical modes which corresponds to a
translation along the C3 axis has an A2„representa-
tion. The other two acoustical modes corresponding
to translations perpendicular to this axis have the E„
representation. The group D3d has an inversion ele-
ment. The subscript g or u of a representation indi-
cates that the mode is symmetrical or antisymmetrical
with respect to inversion. Only the g modes may be
Raman active, and only the u modes may be active for
infrared absorption. Since g modes are not accom-
panied by a long-range electric field, there are no such
complications as splitting of degeneracy and variation
of frequency shift with variation of light beams rela-
tive to each other or relative to the crystal orientation.
Consideration of the'characters of representation
shows that A ~,, and E,, are Raman active while A2,, is
not. Thus, seven Raman lines may be expected for
the crystal, two lines associated with A ~,, modes and
five. lines associated with E„. modes.

At T ~ T„ the space group changes to B2/b The.
point group C2/, of the distorted structure is a sub-
group of D3/ of the a-corundum structure. The group
C2&, contains also the inversion, and it has four irredu-
cible rept esentations: A„„A„, B„„B„.The transla-
tional acoustical modes have A„and B„representa-
tions. A„, and B„, modes are Raman active. The corre-
lation between the representations of D3 J and those of
its subgroup C», is'

A )„, A 2~ A )„A2„E„E„
Bg A„B„Ag+Bg A„+B„

With the distortion, an A ~„, Raman line, i.e., a Raman
line involving phonons of A ~„. representation, leads to
an A,, line, and an E„, line leads to a pair of A,, and 8
lines. In addition, a 8,, line evolves from each of the
three inactives A2„, modes.

Raman scattering depends on. the polarizability ten-
sor a characteristic of the phonon involved. The non-
vanishing components of o. are indicated below for the

phonon species of the two crystal structures'.

D3,( ~

At„,

—c d —c
d —d

E~"

—c —d
(3)

C (4)

where e is a unit vector giving the polarization of radi-
ation, and the subscripts i and s indicate, respectively,
the incident and the scattered radiations. The intensi-
ty of a Raman line varies with the polarization direc-
tions of the incident and the scattered radiations, ac-
cording to the relative magnitudes of the tensor com-
ponents for the phonons involved.

%e have discussed phonons in the antiferromagnet-
ic phase in terms of the Fedorov space group 82/b
and the classical point group C2/, of the strgcture, as-
suming the magnetic effects on phonon symmetry to
be small. In regards to magnon excitations, however
it is necessary to consider the magnetic groups. It has
been found' that, in the antiferromagnetic phase, the
magnetic moments are ferromagnetically aligned in

layers of V ions perpendicular to a hexagonal a axis,
with a reversal between adjacent layers. The ordered
moment of 1.2p, & per V atom is oriented perpendicu-
lar to the hexagonal a axis at an angle of 71' from the
hexagonal c axis. In Fig. 1(b), open and filled circles
are used to differentiate V ions associated with the
two opposite moments. Of the four elements E,
C2, I, o.

/, of the ordinary point group C~h, the
operations C2 and I exchange V ions of opposite mo-
ments. The magnetic point group' is 2'jm consisting
of a unitary subgroup C~/, with elements E and o./„
and antiunitary elements Rl and RC2. Single-valued
representations are pertinent for magnon transitions.
C~/, has two single-valued irreducible representations
A

'
and A" which correspond to two corepresentations

DA
'

and DA" of the magnetic point group. It has
been shown" that the important mechanism of mag-
non scattering is the electric-dipole coupling of the
photon to the magnetic system, by virtue of spin-orbit
coupling. On this basis, the magnon scattering is
determined by a Raman tensor R, according to an ex-
pression similar to (5). The tensor has the following

The two tensors for the E,, species of D3/ are
differentiated by superscripts. The tensors for the
trigonal group D3,I refer to a coordinate system with z

parallel to a C3, and x parallel to a C2. The tensors of
Cqh refer to a coordinate system with y IIC2. The in-

tensity 1 of a Raman line is given by

(5)
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forms for states of the two corepresentations":

B 0 '0 0 0
(DA') D E 0; (DA") 0 0 F

i0 0 li GHO
(6)

III. EXPERIMENTAL RESULTS AND DISCUSSION

(l, tan30; a/c)
[(+tan'30'+(a/c)']'"

= (0.829, 0.479, 0.293),

Measurements were macle by using an argon-ion cw

laser, Corad Model 54, as the source. The absorption
of V203 at the laser wavelength of 5145 or 4880 A is

very high, making it necessary to measure scattering
in reflection. A polarizer was inserted in the laser
beam, giving polarization in the plane of incidence.
The beam was incident on sample surface at the Brew-
ster angle H =60.4 in order to minimize the reflected
radiation with polarization in the plane of incidence.
The scattered radiation in the plane of incidence was
collected at 90 from the laser beam. After passing
through an analyzer, the collected radiation was
dispersed by a Spex 31402 double monochromator and
detected by a photon-counting system with a S-20
photomultiplier. The sample was mounted in a Janis
Model 8 optical Dewar. V20~ crystals tend to crack
upon cooling or warming through the transition tem-
perature, on account of the first-order structural
change. Therefore, it was necessary to use very thin
samples for our measurements. Thin slabs were cut
from the crystals grown at Purdue, and they were pol-
ished to a thickness of 10—20 p, m. The problem of
sample cracking was found to be aggravated by the
measurements made. It was desirable to use a laser
intensity as high as possible in order to obtain a high
scattering intensity for measurement. In so doing, a
small volume of the sample under the laser beam
could be at a significantly higher temperature than the
rest of the sample. The situation is especially serious
in regard to cracking when the bulk of the sample is

close to the transition temperature. The temperature
of the sample was indicated by a GaAs thermosensor.
If needed, a better estimate of the temperature at
which the scattering effectively occurred was obtained
from the intensity ratio of Stokes and anti-Stokes
scatterings.

Figure 2 shows the result of our measurements for
the o.-corundum phase of V203. Shown are the results
obtained on two samples. The surface of each sample
contained the two directions I and II which are nor-
mal to the (101) and (120) hexagonal planes, respec-
tively. In terms of the right-handed Cartesian coordi-
nates x IIC2 and z (IC3,

(l, (2 —sin30')/cos30', 0))
[l + (2 —sin30')'/cos'30 )'

=(—0.500, —0.865, 0)

Eg ~ Alg
260+ IOK

Alg

Eg~V 0
302-2-4

IOO
I I

200 300 400
Stokes Shift (cm-l)

v.o.
302-2-2

600

FIG. 2. Spectra of scattering for difTerent polarizations, at

a T&T(.

where a/' —l/2. 2827 is the ratio of hexagonal axes
of V203 at T ~ 300K. The measurements on sample
302-2-2 were made with II in the plane of incidence.
The angle'H of incidence being the Brewster angle, the
laser beam inside the sample had a component
E, cos( —, n —H) parallel to II and a component E, cosH

normal to the sample surface. We denote this direc-
tion of E, by III. The measurements on sample 302-
2-4 were made with I in the plane of incidence. Simi-
larly, the direction of E, for this case will be denoted
by I.'. Depending on tge setting of the analyzer in the
scattered beam, the radiation measured was scattered
with electric field E, ll I or E, ll III in sample 302-2-2
and with E, IIII or E, III[ in sample 302-2-4. It is easi-
ly shown that

I, = (0.584, 0.338, 0.728),

II, = (—0.566, 0.672, 0,475)

In terms of the polarization E, of the exciting radia-
tion and the polarization E, of the measured scatter-
ing„ the results obtained on sample 302-2-2 were IIIIII
and IIII, and the results obtained on sample 302-2-4
were IIII and IIII ~

The frequency shift and the dependence of intensity
of polarizations are listed in the first four columns of
Table I, for the five observed scattering peaks. Infor-
mation in the fourth column is given in parentheses.
It is less accurate since the information depends on
the correlation of separate measurements which were,
made on different samples. The variation of intensity
with polarizations can be theoretically calculated ac-
cording to (5) by using each of the three tensors listed
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TABLE L Identification of the scattering peaks observed in the spectra shown in Fig. 3. The frequency shift of peaks are given

in column 1. The columns under "Experimental observation" give the observed comparison of intensities for different polariza-

tions. The remianing columns under "Theoretical fit" give the assigned phonon mode, the components of the a tensor used in cal-

culation, and the calculated intensity ratios.

Frequency

shift (cm ')

Experimental observation

Sample
302-2-4 302-2-4

Ii I i/IVI II II|II t/II t I

Phonon mode

Theoretical fit

Components Intensity ratios

lilt . I'll : llillt '. Ilail

203

231

290

500

590

~1
»1

0
»1
«1

«1
»1

0
»1

(I, II —», I)

(I, I, —rltrlt)

(I,II —II, I)

(I, I, —II, II, )

(Idyll
—Ililli)

E.'

At„
E.'

E.'

1d= —c
5

a =b
Id I (( I

c I

a =b
1c=——d
2

0.2:0.4: -0: l

1:-0: 1:-0
0.1:0.6: -0:1
1:-0:1:-0
0.25: I: 0.7:0.7

in (3). The phonon mode involved in each scattering
peak is identified by fitting the observed with the cal-
culated polarization dependence of intensity. The
identified modes are listed in the fifth column. The
sixth column gives the ratio of the tensor components
which gives the calculated polarization dependence
listed in the last column. Comparison of the last
column with the experimental results shows that the
fitting is satisfactory. %'e note that a reasonable fitting
for each scattering peak cannot be obtained by attri-
buting the peak to a different phonon mode.

The scattering was found to make an abrupt change
as the temperature was lowered. The measured spec-
tra for the samples at a temperature below T, are
shown in Fig. 3. According to the structural transfor-
mation discussed in connection with Fig. 1, the spectra
refer to

60+.OK

IIiiItl
i )g gt 9

Bg Ag

E, II 1|=(0.338, —0.584, 0.728),

2) =(0.672, 0.566, 0.475)

and

E, I I 1 i, 21, 1 = (0.479, 0.829, 0.293),
2 =(o.86s, o.soo, o),

in terms of right-handed Cartesian coordinates with

y II C2. The results obtained from sample 302-2-2 are
2i2i and 2t1, and those measured on sample 302-2-4
are 1 i 1 i and 1i2.

The frequency shift as a function of temperature is

given in Fig. 4 for the various scattering peaks. The
dashed lines indicate the association of the peaks in

the monoclinic phase with the peaks in the o.-

corundum phase, according to the correlation given by
(2). As shown in (4), the a-tensor for the phonon
species A„, contains four different nonvanishing com-
ponents and that of B„, has only two. It is more
meaningful to assess whether the polarization depen-
dence of a peak is consistent with B,„whereas the
matching with A,, is too flexible. For a pair of peaks
associated with the lowest E,, at -203 cm ', only the
polarization dependence of the lower one can be fitted
by 8„.; the intensities

1 i1) .'1 i2: 2i2t . 2t1 = 1:02:1:03

Ioo

Bg
(II)I)

200 300 400
Stokes Shift (cm-I)

V~ 0~ 302-2-2

600500

FIG. 3. Spectra of scattering for different polarizations, at
a T ( T/.

calculated with e/f =4 give a reasonable fit. The next
higher E„, at —290 cm ' is not clearly split to warrant
quantitative analysis; however, the component of
higher frequency shift rather than the component
prominant in 1il t and 2t2t is qualitatively consistent
with B„,. The two peaks associated the E„, at —590
cm ' are very weak, and it is not possible to assign
them between B,, and 3,
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FIG. 5. Spectra of scattering for three diAerent tempera-

tures below T, .

200—

Ag
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FIG. 4. Frequency shift as function of T, for the various
scattering peaks. Correlation of peaks of the two phases are
sho~n by dashed lines.

the magnetiic state. Attempts were made to deter-
mine the eA'ect of a strong applied dc magnetic field
on the three types of transitions. Electrical measure-
ments sho~ed that a magnetic field up to 100 kG did
not significantly affect the M-l transition. Measure-
ments of scattering at T & T, have not yet been made
due to the difticulty of cooling the sample sufficiently
since a sample mounted inside the superconducting
solenoid is not conveniently cooled by the liquid-He
vapor.

Measurements of Raman scattering coupled with

the measurement of electrical resistance provide a
simple method of ascertaining the concurrence of the
diferent transitions under various conditions. Such
information should be important for understanding
the interrelationship of the transitions.

The peak denoted M in Fig. 3 is of special interest.
It is not related to phonon scattering of the o.-

corundum phase. More importantly, its intensity in-
creases markedly with decreasing temperature in con-
trast to the intensities of phonon peaks which are
largely insensitive to temperature. The observation is

illustrated by the spectra shown in Fig, 5 for three
diA'erent temperatures. The temperature dependence
of M peak plotted in Fig. 6 shows the peak to beome
unobservable as the transition temperature T, was
reached. Clearly, the peak represents a magnon
scattering. The measurements made indicate the
dependence of intensity on polarization to be

1)1) '. 1)2:2)2) .'2)1 —1:~& 1:—:~~1

The result is insufficient for ascertaining the symmetry
species of the magnon since each of the two tensors in
(6) involves as many as four nonvanishing com-
ponents. Detailed investigation is needed in order to
fully exploit the magnon scattering for information on

IOG

Temperature (K )

FIG. 6. Peak intensity of the M peak as a function of T.
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