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Temperature dependence of the polarized Raman spectra of ZnWQ, single crystals
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The 18 vibrational modes expected from group-theoretical analysis have been obtained in the polar-
ized Raman spectra of ZnWOQ, single crystals. The six internal modes of the WO octahedra have been
assigned. The temperature dependence of the frequencies and linewidths of the internal modes is related

to anharmonic terms in the crystal potential.

INTRODUCTION

In recent years, there has been a growing interest in
zinc tungstate (ZnWQ,) as a possible new material for
scintillator,? laser host,* acoustic,* and optical fiber® ap-
plications. It has promise as a material for x-ray scintil-
lators because its luminescence output and afterglow are
comparable to or better than those of materials currently
in use.”? In addition, zinc tungstate has the advantage of
not being hygroscopic, and materials used in its prepara-
tion are not toxic and are much cheaper than those used
for (Biy,Ge;0,,) BGO, a widely used scintillator material.

In order to replace other materials, however, large sin-
gle crystals of ZnWO, of good optical quality are needed.
Studies of the optical properties and the Raman spectra
of ZnWQ, at room temperature have been reported in the
literature.®” In this paper, the temperature dependence
of the polarized Raman spectra in various scattering
geometries is presented, a complete assignment of the lat-
tice modes is made, and interactions between phonons are
discussed.

ZnWO, has the monoclinic wolframite structure with
C,,, point-group symmetry and P2 /c space group. It has
two formula units per unit cell, with lattice parameters
a=4.72 A, b=5.70 A, c =4.95 A, and B=90°05". The
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FIG. 1. WOq octahedra in the ZnWO, structure.

unit cell of ZnWO, is isomorphic to those of a group of
tungstates (Cd, Mg, Ni, Fe, Co, and Mn) that contain oc-
tahedral WO groups.’ Figure 1 shows the nearly regular
WOyg octahedra in the crystalline structure of ZnWO,.
The W-O interatomic distance is substantially smaller
than that of Zn-O so that, to a first-order approximation,
the lattice interactions can be separated into internal vi-
brations of the octahedra and the external vibrations in
which an octahedron vibrates as a unit.

A group-theoretical analysis of the ZnWO, structure
yields 36 lattice modes, of which 18 are Raman active: 8
A, 110 B,. For the WO, octahedra, Table I shows the
correlation diagram between the O, symmetry of an iso-
lated regular octahedron, the C, site symmetry that the
group has in the crystal, and the P2/c space group sym-
metry. The degeneracies of the E, (twofold) and T,,
(threefold) are completely removed in the crystal and six
modes are expected, 4 A4, +2 B,. All of these modes are
Raman active.

EXPERIMENTAL DETAILS

Single crystals of ZnWQ, were grown in air by a
balance-controlled Czochralski technique. Typical
growth conditions were a [100] pulling direction, a 3-
mm/h pulling rate, a 46-rpm rotational speed, and about
a 50-°C/cm temperature gradient.

The ZnWO, single crystals grown by the conventional
Czochralski method were found to be of red-brown color
because of oxygen vacancies.!® Color-free, high-optical-
quality single crystals were obtained by using annealing
techniques or doping with metallic elements.

The sample used in this work was optically transparent

TABLE 1. Correlation diagram for the internal modes of the
WO octahedron.

Molecular symmetry Site symmetry Space-group

(0) (C,) symmetry (P2/c)
Alg A Ag

E, A+B A, +B,

Ty, 2 A+B 2 4,+B,

10 356 ©1992 The American Physical Society



45 TEMPERATURE DEPENDENCE OF THE POLARIZED RAMAN . .. 10 357
YX,X)Z}x2 X(Y,Z)Y
x1
X(Y,V)Z| |x 1
) g X(Z,Y)Z
5 5 1
£ |
> XZ,2)Y||x 1 -
g g X(Z,X)Y
= |
X2
YX,Y)Z , x4 L l A A
Y(Z,X)Z
X(Y,X)Y]|| x 4 x1
" A A
0 500 1000 0 500 1000

Raman Shift (cm'l)

FIG. 2. Raman spectra of ZnWO, at 292 K showing the 4,
modes.

and color free. It was cut and polished into a rectangular
block 9X7X4 mm® with edges within about 1° of the
crystallographic axes, as determined by x-ray diffraction.
It was mounted on a sample holder (high-thermal-
conductivity copper) attached to the cold finger of a
closed-cycle helium refrigerator capable of operating be-
tween 10 and 300 K.

Raman Shift (cml)

FIG. 3. Raman spectra of ZnWO, at 292 K showing the B,
modes.

The Raman spectra were obtained with the 488-nm
line of an argon-ion laser, a Spex 1403 spectrometer, and
photon-counting techniques. The spectra were recorded
in the region 0-1000 cm ™! with a laser beam power of
200 mW. The spectrometer slits were all set at 400 um,
which corresponds to an instrumental resolution of 5.4
cm

TABLE II. Raman-active bands observed in ZnWO,. The asterisks indicate internal modes.

Modes Frequency (cm™!) Linewidth® (cm™!) Mode
14 K 292 K 14 K 292 K symmetry
1 907.5 906.8 5.2 8.3 Ag
2 787.3 785.9 6.0 15.1 B,
3 709.0 709.1 6.6 12.9 A,
4 676.9 678.7 9.1 18.7 B,
5 550.0 546.4 5.9 14.6 A,
6 517.5 515.3 3.6 8.9 B,
* 7 408.0 406.9 3.6 10.2 A4,
8 357.2 355.4 3.6 11.1 B,
* 9 342.5 341.8 3.6 9.6 A4,
10 315.9 314.6 1.5 4.8 B,
1 277.0 274.4 2.6 8.1 4,
12 271.1 267.3 2.8 10.5 B,
13 198.2 195.3 2.6 6.7 A,
* 14 191.4 190.0 1.8 5.2 B,
15 167.2 164.5 1.5 5.5 B,
16 149.0 146.3 1.0 5.2 B,
17 126.0 123.2 2.6 43 A,
18 92.3 91.5 1.5 3.8 B

“Linewidths calculated assuming the convolution of two Gaussians.
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TABLE III. Symmetry and frequency of internal modes at
room temperature.

Symmetry Internal modes WOy Symmetry
in ZnWO, (cm™!) (em™)
A, 907 817 vi(d,y,)
B, 786 }
A, 709 680 vy(E,)
Ag 407 V3( ng )
A, 342 444
B, 190
RESULTS AND DISCUSSION

In a 90° scattering geometry, there are six independent
orientations in the case of C,, point-group symmetry.
However, in order to check the results, spectra were ob-
tained at 14 and 292 K in 12 different orientations, and
every 25 K in the range between 14 and 292 K in 9
different orientations.

Figures 2 and 3 show typical spectra in orientations
where only 4, and B, modes are expected, respectively.
Although all Raman bands are strongly polarized, the
strongest A, bands show weakly in the spectra for the B,
modes, and vice versa. The Raman frequencies obtained
at 14 and 292 K in the Y(X,X)Z and X (Z,X)Y orienta-
tions are listed in Table II, with their mode symmetries.

In general, the internal vibrations of a tightly bound
group of atoms have higher frequencies than the vibra-
tions in which the more loosely bound groups vibrate
against each other. However, in the case of ZnWO,, the
WO, octahedra share oxygen atoms and it is more
difficult to clearly differentiate between internal and
external vibrational modes. So, there may be consider-
able overlap in the frequency range for the two types of
vibrations. We may, however, be able to assign the inter-
nal modes on the basis of the temperature dependence of
the frequencies. In fact, the modes indicated by asterisks
in Table II have nearly the same frequencies at 14 and
292 K, and are thus assigned to internal vibrations of the
WO octahedra. Notice that there are 4 4, and 2 B,
modes assigned to the internal vibrations, in agreement
with the group-theoretical analysis. Also notice that the
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remaining modes have frequencies that decrease more
rapidly with temperature, with the exception of mode 4,
which has an anomalous temperature dependence.

The modes assigned to internal vibrations of the WO,
octahedra are again listed in Table III and correlated to
the vibrations of the isolated regular octahedron. Typical
frequencies quoted for the WO, regular octahedron'' and
the frequencies observed in the present study are also list-
ed. The 4, mode (symmetric stretch) of the regular oc-
tahedron has A, symmetry in the crystal. It is assigned
to the 4, mode observed near 907 cm ! since, as is the
case of the regular octahedron, the symmetric stretch is
expected to have the highest frequency of all the internal
modes. The E, mode (asymmetric stretch) of the regular
octahedron splits into 4,+B, by the crystal field.
Again, these modes are expected to have frequencies that
are higher than those of the bending mode (T,,) of the
regular octahedron. The obvious choices are the B, and
Ag modes observed near 786 and 709 cm !, respectively.
The remaining modes 2 4, + B, with frequencies of 407,
342, and 190 cm ! are assigned to the T,, mode of the
regular octahedron.

Although the internal modes change little with temper-
ature, they do change. Tables IV and V list their fre-
quencies and linewidths at various temperatures between
14 and 292 K. Anharmonic terms in the crystal potential
energy are responsible for shifts in the mode frequencies.
The shifts in frequency with temperature are not only due
to the anharmonic coupling of the phonons, but also to
the changes in crystal volume V associated with thermal
expansion.'>!® If the frequency of the ith mode w, is a
function of temperature T and pressure P, one may
write!*

d Inw;
oT

dInw;
oT

=ay;+

) (1

P vV

where «a is the thermal expansion coefficient and y; is the
Griineisen parameter of the ith mode.

There is no published data on a and y; for ZnWO,.
However, the Gruneisen parameters of internal modes in
molecular crystals are usually 2 orders of magnitude
smaller than those of the external modes.!>'® Assuming

TABLE IV. Frequencies of internal modes (cm ~') at various temperature.

T (K) Mode 1 Mode 2 Mode 3 Mode 7 Mode 9 Mode 14
14 907.5 787.3 709.0 408.0 342.5 191.4
30 907.5 787.5 709.0 408.0 342.5 191.3
50 907.5 787.3 709.0 408.0 342.5 191.3
75 907.2 787.1 709.0 408.0 3425 191.4
100 907.2 787.2 709.0 408.0 3424 191.2
125 907.2 786.9 709.1 408.0 342.4 190.9
150 907.2 786.8 709.1 408.0 342.4 190.8
175 907.1 786.6 709.1 407.6 342.3 190.7

200 906.9 786.6 709.1 407.5 342.1 190.7
225 907.2 786.2 709.2 407.4 342.2 190.5
250 907.0 786.4 709.6 407.1 342.0 190.5
275 906.8 785.8 708.8 407.1 3419 190.2
292 906.8 785.9 709.1 406.9 341.8 190.0
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TABLE V. Linewidths of internal modes in cm™! at various temperatures, obtained assuming a convolution of two Gaussians

(Lorentzians).

T (K) Mode 1 Mode 2 Mode 3 Mode 7 Mode 9 Mode 14
14 52 (2.1) 6.0 (2.7) 6.6 (3.1) 3.6 (1.1) 3.6 (1.1) 1.8 (0.3)
30 52 (2.1) 6.4 (3.0) 6.6 (3.1) 3.6 (1.1) 4.0 (1.3) 2.4 (0.5)
50 5.2 (2.1) 6.7 (3.2) 7.1 (3.5) 3.6 (1.1) 4.0 (1.3) 2.6 (0.6)
75 5.5 (2.3) 7.1 (3.5) 6.6 (3.1) 4.0 (1.3) 4.6 (1.7) 2.8 (0.7)
100 5.8 (2.5) 7.9 (4.2) 7.2 (3.6) 4.5 (1.6) 49 (1.9) 2.6 (0.6)
125 6.2 (2.8) 8.4 (4.6) 8.3 (4.5) 5.2 (2.1) 5.1 (2.0) 3.6 (1.1)
150 6.2 (2.8) 9.4 (5.4) 8.4 (4.6) 52 (2.1) 5.9 (2.6) 4.0 (1.3)
175 6.4 (3.0) 9.9 (5.9) 9.4 (5.4) 5.2 (2.1) 6.4 (3.0) 4.1 (1.4)

200 6.9 (3.4) 10.8 (6.2) 9.8 (5.8) 5.9 (2.6) 7.1 (3.5) 4.0 (1.3)
225 6.9 (3.4) 12.5 (8.2) 10.4 (6.3) 7.2 (3.6) 7.8 (4.1) 4.5 (1.6)
250 7.4 (3.8) 13.5 (9.1) 11.9 (7.7) 9.0 (5.1) 8.4 (4.6) 49 (1.9)
275 8.1 (4.3) 15.1 (10.6) 12.3 (8.0) 11.3 (7.1) 9.4 (5.4) 5.3 (2.2)
292 8.3 (4.5) 15.1 (10.6) 12.9 (8.6) 10.2 (6.1) 9.6 (5.6) 5.2 (2.1)

that the first term in Eq. (1) will be small for the internal
modes of ZnWO,, then the frequency shifts are mainly
due to the second term, which is a direct result of anhar-
monic interactions and is present even in a solid held at a
constant volume.

A perturbation treatment starting from conventional
lattice dynamics can be used to calculate the anharmonic
contributions in the case of small vibrational ampli-
tudes.!” Usually, cubic and quartic anharmonic terms are
considered and the total energy is then calculated in
second-order perturbation. The resulting correction to
the harmonic energy is called the anharmonic self-energy.
This self-energy is complex, the real part representing the
shift in the Raman frequency and the imaginary part is
related to the width of the Raman line. In second-order
perturbation, both cubic and quartic anharmonic terms
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FIG. 4. Temperature dependence of the frequency of mode

14. The crosses are the experimental points and the solid line is
the best fit to Eq. (2).

contribute to the frequency shift while only cubic terms
contribute to the linewidth.

If a mode frequency w interacts predominantly with
only one other mode of frequency «’, then w is given by!®

o=wy+ An(e') , ()

where o, is the mode frequency at 0 K, 4 is a
temperature-independent term that depends on the
strength of the anharmonic interaction, and n(w') is the
Bose-Einstein occupation number

ne)=—00o> 3)

ehcw’/kE T 1

where h is Planck’s constant, ¢ is the speed of light, kp is
Boltzmann’s constant, and T is absolute temperature.

The observed mode frequencies from Table IV were
fitted to the temperature dependence given by Eq. (2),
with the exception of mode 3, which has a frequency that
remains constant with temperature within the experimen-
tal uncertainty. The best fit in the case of mode 14 is
shown by the solid line in Fig. 4. The resulting parame-
ters for four of the internal modes are listed in Table VI.
The values of @’ obtained for a particular mode need not
be the same as the frequency of another mode since the
observed phonon is likely to be interacting with many
others, in which case o’ represents the frequency of an
“average” phonon with which the observed phonon is in-
teracting. The value of »’ obtained for mode 1 was near-
ly zero. This indicates that this mode, which corresponds
to the symmetric stretch of the WO4 octahedra, is only
interacting with acoustic phonons. For small o', the oc-
cupation number n(w’) and, hence, the frequency w given

TABLE VI. Best values of the parameters in Eq. (2) for four
of the internal modes.

Mode @, (cm™!) A o' (cm™)
2 787.4 —1.051 107.9
7 408.0 —5.112 344.2
9 342.5 —2.340 304.7
14 191.4 —1.005 118.6
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FIG. 5. Temperature dependence of the frequency of mode 1.
The crosses are the experimental points and the solid line is the
best fit to a straight line.

by Eq. (2) become linear with temperature. Indeed, Fig. 5
shows the data points for mode 1 and the straight line ob-
tained with a least-squares fit.

The instrumental profile in the present study is Gauss-
ian and, if the true line shape is Lorentzian, the observed
line shape should be a Voigt profile. The method of As-
thana and Kiefer!® was used for the deconvolution of the
Lorentzian linewidth of the internal modes. In this
method, the Lorentzian character of the observed line is
determined from its shape. Then, a parameter y, which
gives the ratio of the true linewidth to the instrumental
linewidth, is determined from a table.

The above method resulted in a linewidth for the inter-
nal mode near 907 cm™! that increases monotonically
with temperature. However, inconsistent results were ob-
tained for the other internal modes, with a scatter in the
calculated values that is as large as the linewidths. The
authors believe that these results are mainly due to two
factors. First, a signal-to-noise ratio of 100 or higher
seems necessary to be able to fit an observed Raman line
to a Voigt profile.?’ This is satisfied in the present study
only in the case of the internal mode near 907 cm .
Second, the parameter y tabulated in Ref. 19 is extremely
sensitive to small changes in the observed line shape. As
a consequence, large changes in the calculated linewidth
are obtained for changes in the observed linewidth as
small as 0.02 cm ™!, which is very small compared to the
present instrumental resolution. A resolution less than
0.01 cm ™! can be achieved by coupling the Raman spec-
trometer to a Fabrey-Pérot interferometer.?!

For the present study, however, the authors have con-
cluded that a deconvolution of a Voigt profile does not
given meaningful results. Indeed, the linewidths were
calculated assuming a convolution of either two Gauss-
ians or two Lorentzians, and the true linewidths will have
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FIG. 6. Temperature dependence of the linewidth of mode 1.
The crosses are experimental points and the solid line is the best
fit to Eq. (4).

values between those extremes. The results are given in
Table V.

In second-order perturbation, the temperature depen-
dence of the linewidth arises only through cubic anhar-
monic interactions corresponding to decay and combina-
tion processes. The expression for the linewidth then
contains a sum of terms, each representing a decay or
combination process. However, the best fits to the data
for each mode resulted in a dominant term in the sum.
For five of the six internal modes, this single term corre-
sponds to a combination of the observed phonon with
another phonon of frequency ' to create a third excita-
tion of frequency ', where, by conservation of energy
o' =w+o'. In that case, the linewidth T of the observed
mode is given by

Fr=ry+Bn(o)—nlot+o'], 4)

where Iy is the linewidth at 0 K and B is a temperature-
independent factor that depends on the strength of the
cubic anharmonic interaction.

Figure 6 shows the linewidth of mode 1 obtained from
the deconvolution of two Gaussians and the best fit to Eq.
(4). The resulting parameters for five of the internal

TABLE VII. Parameters obtained from a fit to Eq. (4) of the
linewidths obtained from the deconvolution of two Gaussians
(Lorentzians).

Mode w o’ "
(cm™1) (em™h (cm™Y
1 907 141 (171) 1048 (1078)
2 786 170 (192) 957 (979)
3 709 198 (215) 907 (924)
7 407 450 (531) 858 (939)
9 342 171 (229) 513 (571)
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FIG. 7. Temperature dependence of the linewidth of mode
14. The crosses are the experimental points and the solid line is
the best fit to Eq. (5).

modes are listed on Table VII. The two sets of linewidths
in Table V were used, resulting in values of »’ and "’
that differ by an average of 10%. Using the true
linewidths should result in values of @’ and @’ that are
between those listed in the table. The ranges of values
obtained from ' and " for each of the five internal
modes contain at least one of the observed Raman fre-
quencies, except for the values of '’ obtained for modes
1 and 2 (compare Tables II and VII). However, the Ra-
man frequencies correspond to long-wavelength excita-
tions and the excitations with frequencies ' and '’ are
not restricted to wave vectors near the center of the Bril-
louin zone.

The linewidth of mode 14 could not be fitted to Eq. (4),
but was well represented by the equation

C'=C+D|2n % +1], (5)

where C and D are constants. This equation is obtained
by assuming that the observed phonon decays into two
phonons of equal energy and opposite momenta.?? The
observed linewidth of mode 14 was fitted to Eq. (5) and
shown in Fig. 7, resulting in values of C =1.3847 cm ™!
and D =0.9386 cm ™.

Besides having a linewidth with a temperature depen-
dence resulting from a decay process, mode 14 is different
from the other internal modes in that its peak intensity
increases with temperature. In fact, in the harmonic ap-
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FIG. 8. Temperature dependence of the peak intensity of
mode 14. The crosses are the experimental points and the solid
line is the best fit to Eq. (6).

proximation, the Raman intensity is proportional to a
thermal factor that increases with temperature, so that it
is given by?>?*

I=I,[n(w)+1], 6)

where I is temperature independent. The observed in-
tensity and the best fit to Eq. (6) for mode 14 are shown
in Fig. 8. Note that o is fixed, which is the frequency of
mode 14, so that I is the only adjustable parameter. For
the other internal modes, there is an additional tempera-
ture dependent factor due to anharmonicity and the in-
tensities could not be fitted to Eq. (6).

In summary, the 18 vibrational modes, 8 Ag+ 10 Bg,
expected from group-theoretical analysis, have been ob-
served in the polarized Raman spectra of ZnWOQ,. The
six internal modes of WOy octahedra have been identified
and correlated to the vibrational modes of the isolated
regular octahedron. These internal modes have frequen-
cies which are weakly temperature dependent. The tem-
perature dependence of the frequencies and linewidths of
the internal modes can be understood in terms of anhar-
monic interactions.
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