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Raman spectrum of gadolinium molybdate at 80'K~
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Lines that overlap from thermal broadening in the room-temperature Raman spectrum of gadolinium

molybdate are resolved in the 80'K spectrum. A total of 126 of the possible 201 lines have been resolved.

Symmetry assignments are derived from considerations of both point symmetry and polariton dispersion,

supported by separate measurements of A, (TO) and A, (LO) spectra. The splitting of the unstable 47 cm

room-temperature A, (TO) line into a doublet at 44.5 and 51.5 cm ', observed previously only in ir absorption,
is also observed in these spectra. On heating, the 44.5-cm ' line remains fixed in frequency whereas the 51.5-

cm ' line broadens and shifts toward lower frequency until, above 210'K, the 44.5-cm ' line is obscured.

Another A, (TO) line, peaking at 83 cm ' at 80'K, shifts toward lower frequency on heating, reaching 75

cm ' at room temperature and remaining at that value on further heating up to the transition at 159 C
where it becomes Raman inactive. The broadening of the 51.5-cm ' line in the A, (LO) spectrum is less

pronounced so its correlation with the modes of the high-temperature phase can be determined

unambiguously. These three lines are suggested to be associated with a system of three coupled modes, whose

behavior is discussed, qualitatively, in terms of energy transfer between modes and damping via a two-phonon

decay involving an optic phonon of about 44.5 cm ' and a long-wave acoustic phonon.

I. INTRODUCTION

The Raman spectrum of gadolinium molybdate,
Gd, (MoO, )„has been studied previously at room
temperature and above its 159 C ferroelectric

transition. ' Of a possible 201 Raman-active modes
in the ferroelectric phase, only 68 could be identi-
fied. Since many of the calculated phonon energies
were found to be closely spaced' and the anoma-
lous, room-temperature 4V-cm 'g, mode' ' had
been reported to split into a doublet at low temper-
ature, ' it was clear that further resolution and
identification would be forthcoming from measure-
ments of the Raman spectrum at lower tempera-
ture. In this paper, the spectrum measured at
80 K is described and classified. In addition, the
effect of heating from 80'K on the three lowest-
frequency 4, lines, that appear to be associated
with the ferroelectric transition, is described and
interpreted.

In the room-temperature spectrum, described
previously, ' some lines appeared in more than one
symmetry. The symmetry assignment for a given
line was taken to be the one in which the line ap-
peared with the highest intensity. The appearance
of lines of the same frequency in other symmetries
was thought to result from "leakage" (from mis-
alignment and the effect of the collecting angle of
the focusing lens) from the orientation in which it
appeared with highest intensity. In the work de-
scribed here, examination of the changes in the
spectrum with small changes in crystal alignment
showed clearly which lines could be attributed to
leakage; in practically all cases, leakage could be
ruled out as a source of the observed degenera-
cies. That such degeneracies exist is not surpris-

ing: not only in view of the close spacing of the
calculated phonon frequencies' but also because of
the nearly horizontal slope of many of the disper-
sion curves. ' Because of the latter, the zone-
boundary phonons of the high-temperature phase
that become zone-center phonons in the low-tem-
perature phase because of the cell doubling, may
be degenerate with the zone-center phonons that
are common to both phases. Consequently, in this
work all observed lines other than the few leakage
lines are assumed to be genuine and are classified
accordingly.

In the ferroelectric phase, Gd, (MoO, ), is ortho-
rhombic (C,„)with 68 atoms/cell. AII of the 201
optic phonons are Raman active. The Raman ten-
sors and mode classifications for both phases of
Gd, (Mo04), are shown in Table I. It can be seen
that there are 50 &„51A„50 Bi and 50 B, optic
modes. Of these, 108 are internal modes, i.e.,
they are associated with coupled, internal vibra-
tions of the MoO, -- ions. The remaining 93 ex-
ternal modes aresubdivided into23&i 24&2 23Bi,
and 23 B,.' Since theA, „B» and B, symmetries
are also ir active and Gd, (Mo04), is noncentro-
symmetric, special care must be taken in the se-
lection of the Raman-scattering geometry to en-
sure that the phonon propagation is along a symme-
try axis. If it is not, mode mixing due to polariton
angular dispersion' can occur and complicate the
process of identification of the Raman-line symme-
tries.

II. EXPERIMENTAL DETAILS

Raman spectra were measured with a Spex model
1401 double monochromator, with about 1.0 —cm '
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spectral Iesolution. The excitation source was a
Coherent Radiation Laboratory Model 52 argon-ion
laser. Both the 4880- and 5145-A lines were used
with input powers of 500 m%. The signal was de-
tected with a thermoelectrically-cooled EMI 9502
BA photomultiplier tube along with standard pho-
ton-counting electronics.

The samples were cut from a c-axis boule pur-
chased from the Isomet Corporation. All samples
were cut into cubes 6 mm on a side with their faces
parallel to the orthorhombic crystallographic axes.

The samples were mounted on a cold finger in a
conventional liquid-nitrogen optical Dewar. A nom-

inal 300-Q heater coil of enamel-coated 40-gauge
manganln wire was wrapped around a copper sam-
ple holder and thermally anchored with GE 7031
varnish. The temperature was measured with a
resistance thermometer consisting of a 0.1-W car-
bon resistor with a resistance of 4750 0 at 300'K
connected to a %heatstone bridge and null detector.
Temperature variations of 0.5'K could be detected
over the entire range.

III. EXPERIMENTAL RESULTS

The identifications of the Raman lines according
to the point symmetries of the corresponding pho-

TABLE I. (a) Symmetry correlation of the lour- and high-temperature phases I J. Petzelt
and tt'. Dvorak, Phys. Status Solidi B 46, 413 (1971)]; (b) Raxnan tensors for the two phases
[H. Loudon, Adv. Phys. 13, 423 (1964/j.
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FIG. 1, A&(TO) spectra, x(s~)y, 80 K'K a weak line at
210 em ~ is not shown).
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44.5
52
83
89.5
94

101
105
116
124
138
150
161
170
188
198
230
308
315
323
326
332
353
364
368
387
808
815
816
820
823
831
852
860
936
945
963
974

44.5
51.5
83
89.5
94

101
105
116
123
138
150
161 sh
165
183
198
210
306
315 sh
320
324 sh
332
350
358
362
380
805
812
815
818 bo
822
828
850
858
936
944
962
972

Tj
50.0 Bp

Tf
90 A,
94 A,
97 B2

Ti
ll 1 B2

Tf
Ti

144 B2
160 B2

Tj
182 Al
194 B,

Tl
298 B2
308 B2
320 Al
320 B,

350 A)
360 Al
360
380
796
807 B2
818 A&

818 B,
822 B2
830
847
855 Ag

T$
940 A~ or 941 B

&

Ti

Hex'e» SJ ls the oscillator strength and (do& i.s the
IG frequency 0 e)f the g th IHode thRt coDtl"lbutes
the i-axis dielectric function.

The right-angle scattering geometries Used ln
these IHeasurements were x g y, x y,x s') x(zy)z,

hich from Eqs. (1)-(3) can be shown to
correspond, respectively, to A, Lz), A2, B2(J, an
@,(s) symmetries. It was impor an inortant in this vrork
to obtain the &,(iO) and g, (IO) spectra separately.
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From Eq. (2), it can be seen that to obtain only an
LO-phonon spectrum the phonon propagation di-
rection must be along a principal axis. Conse-
quently the A, (LO) spectrum was studied in the
backscattering configuration z (xx)Z.

The Raman lines fall into two spectral groupings,
0-400 and 740-1000 cm '. From an examination
of the figures and tables, discussed below, it can
be seen that a few lines that can be seen in the
figures have not been tabulated. %e have included
in the tables only those lines that can be identified

unequivocally as part of the first order spectrum.
edentification of weak lines always involves some
degree of uncertainty since they may be artifacts
from electrical or optical noise, leakage from
other symmetries, or of higher order. ) In the A,
spectra, we have applied the additional restriction
that pai~s of TO and LQ lines had to appear re-
producibly. The lines that can be seen at 119,181,

and 312 cm ' and between 230 and 280 cm
did not satisfy this last criterion.

The A, (TO) and A, (LO) spectra(all at 80'K) are

I I I I I

950

FIG. 2. A&(LO) spectra,
z(xxjz, 80 K.

400

I I I I I I I I I I I I I I l~e I

Ioo l50 8$230
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shown in Figs. I and 2, respectively, B, spectra
in Fig. 3, B, spectra in Fig. 4, and A, spectra in
Fig. 5.

In Tables II-V, the frequencies of all the first-
order lines are listed along with their correlation
with corresponding lines' from the high-tempera-
ture phase. (Some of these high-temperature lines
were excluded in our earlier work. '} Identification
of the D~ phonons that correlate with C,~ phonons
of &, symmetry poses a special problem because
A, modes are not Raman observable in the D„
phase and, thus, whether or not the correlation
is with an&, or a zone-boundary phonon is not ap-
parent. The polarizability changes associated with
the zone-boundary, T, modes are likely to be small
compared to those associated with the Raman-in-
active A, modes. Therefore, strong &, lines are
identified here as &, in the D,„phase; otherwise,
they are listed as either "A, or T,."

An A, (K)) line, 4V cm ' at room temperature,

D2g

43.0
50.5
64.0
91.0
98.0

112.0
136,0
141.5
169.5
187.0
200.0
285.0
292.0
300.0
309.0
320.0

T5

50.0 E
T5

90.0 E
T5

T5

130,0 E

160.0 E

190.0 E
279.0 E

T5

T5

306.0 E
325.0 E

328.0
335.0
341.0
382.0
404.0
740.0
745.0
822.0
838.0
844.0
848
857.0
911.0
939.0
957.0

T5

T5

341.0 E
380.0 E
404.0 E
742.0 E

T5

817.0 E
T5

835.0 E
844.0 E

T5

915.0 E
930.0 E
965.0 E

TABLE III. Observed && lines (T & T,} and correspond-
ing lines of the high-temperature (D2&} phase in em ~.
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850 920

550 400 400
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200 IOO l50
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FIG. 3. B& spectra, x(zy)z, 80 K. PIG. 4. B2 spectra, y(zx)z, 80'K.
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800 850 900 @50

whose peak frequency decreases on heating has
been observed previously in Gd, (MoO, ),.' Also,
two overlapping g, (TO) modes have been observed
in infrared absorption' at low temperatures which
coalesce into one broad line at room temperature,
peaking at about 47 cm '. Both the temperature'
and stress4 dependence above room temperature
of this anomalous line are not exactly reproduced
by a simple Lorentzian line.

We have reported briefly on the 4, spectrum be-
low 100 cm ' previously. ' p, ('IO) spectra up to
100 cm ' for four different temperatures between
80 and 300 'K are shown in Fig. 6. It can be seen
that the 51.5-cm ' peak frequency decreases with
increasing temperatures while its linewidth in-
creases. This line has coalesced with the 44.5-
cm ' line at room temperature, just as observed
in infrared absorption. ' The peak frequency of the
44.5-cm ' line did not shift up to the highest tem-
perature at which this line could still be resolved.

The peak frequency of the 83-cm ' line also de-
creased with increasing temperature to a value of

TABLE IV. Observed B2 lines (T & T,) and correspond-
ing lines of the high-temperature (D2~) phase in cm

49.0
64.0
95.0

101.0
110.0
120.0
152.0
159.0
180.0
194.0
272.0
290.0
296.0
315.0
320.0

5O. O E
T5

T5

9O. O E
T5

130.0 E
E

160.0 E
E

190.0 E
279.0 E

T5

306.0 E
325.0 E

T5

332.0
334.0
354.0
379.0
402.0
740.0
745.0
820.0
840 ~ 0
844.0
851.0
857.0
916.0
944.0
962.0

341.0 E
T5

T5

380.0 E
404.0 E
742.0 E

T5

817.0 E
835.0 E

T5

844. O E
T5

915.0 E
930.0 E
965.O E

75 cm ' at room temperature and remains at this
value on heating up to the transition where it be-
comes Raman inactive (zone boundary mode), as
shown in Fig. 7 (taken from Ref. 10).

A, (LO) spectra up to 100 cm ', taken in the
z (xx)z configuration, are shown in Fig. 8 for sev-
eral temperatures from 80 up to 425'K. [Spectra
for above room temperature were measured by one
of us (BNG) in the UCLA Chemistry laboratories. ]
As in the TO spectra, the 44.5-cm ' line is ob-
scured above room temperature by the broadening
of the 51.5-cm ' line. However, the damping is
much weaker in LO than in TO; the 51.5-cm ' line
does not damp into the background below T, as in
the TO spectrum. In fact, the intensity of the 51.5-
cm ' line increases with temperature whereas the

V)

IJJ

hl

IJJ
CL

300
i t I I I I

360

IOO )50
WAVE NUMBER (cm ~)

A2

51
76
79.0
95.0

106.0
119.0
142.5
70.5

150.0
166.0
281
299
305
312 ~ 0

50
A2

A2
94.0

A2
114.0
144.0

A2
162.0
286.0

318.0

B(
ol T2
ol T2

B(
or T2

B(
B(

or T2

B(
B(
A2

T2

Bg

314.0
322
323
348
350
366
387
809
822
830
850
858
926
929

T2
T2

326.0 Bg
A2

T2
T2

385.0 Bi
A2

A2

T2
851.0 B i

T2
921.0 B(

T2

TABLE V. Observed A2 lines (T & T,), and correspond-
ing lines of the high-temperature (D2„) phase in cm

FIG. 5. A2 spectra, x(yx)y, 80'K.
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intensities of others such as the 83-cm ' line (75
cm ' above 300 K) decrease as the transition is
approached. There is another important difference
between these A, (TO) and A, (LO) spectra; the for-
mer remains, above T, since the "zz" polariza-
tions are retained whereas the latter go from "xx"
to "xy, xy, " which corresponds toA. , +B, +XI, sym-
metry. From Table I, it can be seen that&, pho-
nons of the low-temperature phase transform to
&„B„orT, phonons in the high-temperature
phase. There are no lines near 50 cm ' in the Qy
spectrum above T,. There is' a strong B, line at
50 cm ', and since according to Table I, B, modes
above T, must have corresponding g, modes but no
corresponding modes of other symmetries below
T„ the 51.5-cm ' line must be a zone-center mode
in both phases, going from &, to B, on heating
through T,. The 44.5- and 83-cm ' lines do not ap-
pear in either 3,, or B, spectra above T, and, there-
fore, must become 7.', zone-boundary modes.

These, then, are the likely candidates for the two

A, lines below T, that correspond to the two soft
degenerate zone-boundary modes above T„as we
have suggested previously. '

IV. DISCUSSION OF RESULTS

By cooling to 80'K, it has been possible to re-
solve 126 of the possible 201 Raman-active modes.
Among these, the behavior of the 4, spectrum be-
low 200 cm ' is of most interest since it contains
the only spectral features exhibiting abnormal tem-
perature dependence. The ferroelectric phase
transition has been shown" to originate from the
softening of two degenerate zone-boundary phonons
on cooling to T, . Below T„ this degeneracy is re-
moved and the two soft phonons become Raman-
active &, modes. These have not been identified
unequivocally; in fact, the behavior below T, has
not yet been elucidated. The explanation of the
lattice dynamics of the ferroelectric phase will
have to account for the anomalous damping of cer-
tain modes, '4' the absence of a dielectric anoma-
ly, "the existence of anomalies in some of the el-
astic constants, "and the ferroelasticity. '~

If the Lyddane-Sachs-Teller relation is valid for
this system, the observed absence of any dielectric
anomaly for the clamped crystal must mean that
the ratio of the Lo to To frequencies remains
fixed, and if there is any softening, the two soften

F)

I-

UJ

I-

UJ
GC

I I ~ l I I I

SO 40 50 60 70 80 90 t00
WuVE XUMBER (cm-t)

I I I

60 70 8090Ke
eavE xUMBER (cm-~)

FIG, 6. A&(TO) spectra, 0-100 cm ~, for four tem-
peratures: (a) 80'K, (b) 160'K, (c) 210'K, and
(d) 300 K.

FIG. 7. Behavior of 83-cm ~
1.ine (75 cm ' at 300'K)

on heating through T~: (a) 300'K, (b) 373 K&T&432'K
=T, (c) T& 432'K.
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(e) 425'K.
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45 60 75 90 30

~pyE NUMBER ( t:rn I )

I I I I

45 60 75 90

together but the TG branch never reaches zero in
the tempexatuxe range T ~ T,. Dorner et «x' ha
suggested this type of behavior among several pos-
sible types for the two &, modes involved in the
ferroelectric transition. This assumption of little
or no softening, as observed, "~' is consistent
with the absence of the dielectric anomaly but of-
fers no clue to the observed anomalies in the elas-
tic constants. There is a clue, however, in the
anomalous damping of the three coupled modes at
44.5, 51.5, and 88 cm '(at 80'K). We have offered
a brief explanation of this damping previously'; it
goes as fonows. The 51.5-cm ' A, QO) mode that
exhibits anomalous damping has been shown froxn
measurements of the Lo-phonon scattering to be-
come a 8, mode above T, and not a zone-boundary
mode; therefore it cannot be one of the modes in-
volved in the transition. From comparisons of the
SO'K spectra with higher-temperature spectxa, the
83-cm ' peak can clearly be seen to begin to soften
on heating with a large amount of intensity trans-
fer, presumably into the 51.5-cm ' peak, as evi-
denced by the much more rapid decrease in peak

height of the 83-cm ' peak relative to the 51.5-
cm ' peak. Since the 51.5-cm ' mode is not soft-
ening, it "pins" the upper peak at '75 cm ' above
room temperature. The behavior of the 44.5-cm '
mode is not apparent above room temperature
since it is obscured by the 51.5-cm ' mode. How-
ever, there is no indication that it softens. Since
the damping of the 51.5-cm ' mode disappears
above T„ the damping mechanism may be associ-
ated with a nest of modes of small wave vector in
the vicinity of 44 cm ', of which the 44.5-cm '
mode is the zero wave-vector limit. We suggest
that the damping is due to a two-phonon decay pro-
cess involving one of these 44-cm ' modes and a
long-wave acoustic phonon (- 5-V cm '). This im-
plies a strong peak in the imaginary part of the
self-energies of both the 50-cm ' phonon and the
acoustic phonon. This, in turn, implies a marked
negative shift in the real part of the self-energy
for acoustic phonons of lower frequency (& 5-7
cm '). Thus there will be an anomalous decrease
in the associated elastic constant. If no phase
transition took place at T„ the damping and de-
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crease in the elastic constant would continue to
change with heating. However, the first-order
change at T, in which the 44-cm ' modes move to
the zone boundary causes the damping to disappear,
and hence an apparent anomaly in the elastic con-
stant. The elastic behavior is thus a consequence
of the phase transition rather than one of its
causes. There will also be an associated effect on
the real part of the self-energy of the 50-cm ' pho-
non which could explain the failure of the simple
Lorentzian fit.' Specifically, the deviation be-.

tween the measured and calculated spectra is such
that the former is always higher than the latter be-

low the peak and lower above. This is what is ex-
pected when the imaginary part of the self-energy
shows a strong peak. " In these circumstances,
the real part will tend to decrease the effective
frequency of the Lorentzian below the peak and in-
crease it above. Such an effect mould be in quali-
tative agreement with the observed behavior.

As mentioned above, the absence of any mode
softening in the ferroelectric phase is consistent
with some of the qualitative temperature
dependences of the "soft modes" below T, suggested
by Dorner, Axe, and Shirane" and, therefore,
should not be regarded as anomalous.
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