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Raman and Infrared Spectra of Lanthanum Molybdate
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The infrared and Raman spectra of gel-grown lanthanum molybdate were recorded. Group theoreti-
cal analysis was carried out and a vibrational assignment proposed based on C,, symmetry. Factor

group and site effects are discussed.

Introduction

Trivalent rare earth molybdates and
tungstates  with  chemical formulas
Ly(Mo0OQy); and Ly(WQO,);, where L is a rare
earth element, crystallize in at least seven
different structures (/). The study of rare
earth molybdates and tungstates is impor-
tant because of their fluorescence (2), laser
action (3), and ferroelectricity (4). The fer-
roelectric and ferroelastic properties of ga-
dolinium molybdate, including the soft-
mode study (5) and the temperature-
dependent Raman scattering (6, 7), have
been investigated extensively (8-11).
A good deal of work on the mechanism
of the ferroelectric phase transformation
has been carried out on some of these
rare earth molybdates (/2). The NMR and
ir of lanthanum molybdate and tungstate
have been carried out to gain information
about their crystal structures (/3). How-
ever, not much work has been reported on
the vibrational spectroscopy of these rare

earth molybdates, except for gadolinium, -

terbium, and samarium molybdates. In the
present investigation Raman and infrared
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spectra of gel-grown lanthanum molybdate
were recorded and analyzed using factor
group analysis.

Lanthanum molybdate belorngs to an or-
dered defect scheelite type (/4). The struc-
ture is related to the CaWQ, scheelite struc-
ture (15), from which it can be derived
through vacancy ordering of % of the Ca
sites so as to comprise nine scheelite sub-
cells. The crystallographic formulas can be
written as Lagy O;53 (MoQOy)s, where O indi-
cates vacant sites.

Experimental

Gel-grown lanthanum molybdate was
used for the investigation. The details of
growth and morphology have been given by
Kurien and Ittyachen (/6). The infrared
spectrum was recorded in a Perkin—Elmer
599 spectrophotometer. A Spex Ramalog
1401 spectrophotometer equipped with a
Spectra-Physics Model 165 argon ion laser
was used to obtain the Raman spectrum of
the powdered sample, which was placed in
a capillary tube. The spectra were obtained
in the Stokes region of the blue line at 4880
A. Plasma lines of the laser were used for
calibration of the instrument. Spectral
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slitwidths of 250 to 50 um were employed
for different regions of the spectrum.

Factor Group Analysis

Lay(MoO,); crystallizes in a monoclinic
system with space group C2/c (C§;) and
has 12 formula units per unit cell (/4). The
primitive cell contains 18 molybdenums
surrounded by oxygen tetrahedra. Of the 18
molybdenums, 2 are in the Cy(2¢) site, and
the remaining 16 are in a general site C; (4
x 4f). The factor group analysis can be
done either by correlating the site symme-
try of MoO%~ ions in C, and C, sites and the
lanthanum ions in C; sites to the factor
group or by correlating the site group of
each atom in the primitive unit cell individ-
ually to the factor group. Both will give the
same total number of modes for each sym-
metry species. The 18 MoO, units form 5
different sets (4 X 4fand 1 X 2¢) in the
primitive unit cell. Each set is formed by
one or more pairs of MoQ, units. Each
member of a pair is related to the other
member by a center of symmetry. Coupled
vibrational motions of the pair(s) of MoO,
units related by the center of symmetry
cause factor group splitting of site group
bands. Further splitting also occurs be-
cause of multisite effects due to different
sets of pairs. Differences in the molybdate
ions will further perturb the band-splitting
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F1G. 1. Raman spectrum of La,(MoOy);.

pattern of the vibrational spectrum. Table I
illustrates the correlation of the internal vi-
brational modes for the MoO, units of
La,(MoO,); from the free MoO%~ ion group
to the factor group with the site effects. The
total active normal modes for the six for-
mula units of Lay,(MoQO,); in the Bravais
cell, as given by the factor group analysis,
are 76Ag, 77Bg, 75Au, and 75Bu. Of these,
162 are internal vibrations of MoO2%~ ions.
The remaining 141 external modes are sub-
divided into 35Ag, 37Bg, 34Au, and 35Bu
modes.

Assignments and Discussion

The internal modes of the molybdate ion
are expected to occur in the stretching

TABLE 1

Free ion
T4

Site Crystal
C2 Can
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FiG. 2. Infrared spectrum of La,(MoO,)s.

(750-950 cm™') and bending (250—400 cm™1)
regions, irrespective of its environment.
For the external modes, the frequency
strongly depends on the type of motion
(translation or rotation) and on the nature
of the cation. It is possible to make symme-
try assignments by comparison with the
normal modes of free molecules.

The observed spectra are expected to be
very complex due to the presence of six
formula units in the primitive unit cell.
Also, group theory predicts 72 stretchings,
(18Ag, 18Bg, 18Au, 18Bu) and 90 bendings
(23Ag, 22Bg, 23Au, 22Bu). The Raman
spectrum shows this complexity both in the
stretching and bending regions. The infra-
red spectrum shows a very broad absorp-
tion in the stretching region (800-960 cm™1)
with four distinct peaks. The bending re-
gion is complex with 11 lines.

The rotational and translational modes of
the molybdate ion and the lattice modes
will fall in the low-frequency region, 0-250
cm™!, The normal modes (stretching and
bending) of the molybdate ion fall in the
high-frequency region, 250-1000 cm™. The
Raman and infrared spectra are shown in
Figs. 1 and 2, respectively, and the vibra-
tional frequencies are tabulated in Table II.

1000- to 250-cm™ Region

Twenty-three lines observed in the Ra-
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man spectrum between 969 and 737 cm™
are due to the vy, and +y; of the molybdate
ion. All the 36 stretchings predicted by
group theory could not be observed. The
oxygen environment of the five different
molybdenum atoms in La,(MoQy); is al-
most perfectly tetrahedral with Mo-O dis-
tances between 1.73 and 1.82 A; the aver-
ages for each molybdenum atom vary
between 1.771 and 1.781 A (I4). A calcula-
tion of the phonon energies for the Mo-0O
stretchings, making use of the different
Mo-0 distances given by Jeitschko (/4), is
expected to give closely spaced energies,

TABLE 11
VIBRATIONAL FREQUENCIES AND ASSIGNMENTS OF
La,(MoQOy),
Frequencies Raman Infrared Assignment
of free frequency frequency
MoO5 ion (cm™) (cm™1)
(em™)
v, = 891 (A,)° 969, 959
952, 950 Symmetric
048, 946 240 s br stretching
943
y: = 381 (E) ;;g ;gg 407,397 m  Symmetric
323, 315 352, 320 m bending
ys = 833 (Fp) 926, 916
913, 902
899, 885
859,852 SE0VSPT Aymmerric
839, 834 750 S’ sh stretching
824, 818 >
805, 780
744, 737
¥4 = 318 (Fy) 358, 342 382 ms
333, 327 377 sh
302, 291 336, 300 w Asymmetric
284, 274 287 vw bending
264 272 w, br
265 w
ggf’ fgg 240, 255 w Rotational
’ 210, 205 w modes
183
165, 161 Translational
134, 122 modes
112
100, 74

53

2 Symmetry: vs, very strong; s, strong; ms, medium strong;
m, medium; vw, very weak; w, weak; br, broad; sh, shoulder.
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which is actually the case observed for ga-
dolinium molybdate (/7). Even with single-
crystal work on gadolinium molybdate,
only 68 modes in total could be observed
out of a possible 201 Raman active modes
(5b).

The frequencies of the different normal
modes of a free MoO%~ ion and their sym-
metries (I8) are shown in Table II. The
totally symmetric line at 969 cm™! has been
assigned to vy, of the molybdate ion at a C;
site. The primitive unit cell contains two
molybdate ions at a C, site. Hence, there
should be two stretchings. The broadness
of the line at 969 cm™ may be due to these
two y; modes, vibrating with very close
energy. Exact overlapping of these modes
is equally possible since these two MoO3~
ions are in crystallographically equivalent
sites. The strong broad band centered at
948 cm™~! with factor group splittings at 943,
946, 950, 952, and 959 cm™! may be as-
signed to the 7y, of the molybdate ions in
general sites C;. An assignment of this band
to s, the asymmetric stretching of the mo-
lybdate ion at the C, site, also seems rea-
sonable since the band has the exact pre-
dicted factor group splittings. If this is the
case, the broad band centered at 916 cm™!
with splittings at 926, 922, 913, and 899
cm™! has to be assigned to y, of the molyb-
date ions in the general site C;. However,
the intensity of this line (916 cm™) is very
low when compared to the lines at 948 and
969 cm™'. Further, this assignment tends to
increase the difference in frequency be-
tween vy, of the molybdate ions at the C,
and C, sites, which is not expected as all
these ions are almost tetrahedral and their
average Mo-O distances are very close.
Therefore, the assignment of the line at 948
cm™! to y; of the molybdate ions in general
site C; seems more probable. This assign-
ment gives a factor group splitting of 16
cm™! to the y, mode and 27 cm™! to the y,
mode, which is in conformity with the gen-
eral observation that the factor group split-

161

ting of the y; mode is larger than that of 7,
(19, 20).

Discrepancies exist (21 —24) in the assign-
ments of y, and y, of the MoO5™ ion. From
single-crystal data and valence force field
analysis, an assignment of y, > v, is prefer-
red (25). However, Busy and Keller (/8)
and Ullman ef al. (7) prefer the assignment
¥2 > ¥s. Ullman et al. (7), in their work on
Gdy(Mo0Oy);, assign the lines between 385
and 300 to v, and between 404 and 279 cm™!
to 4. In the present work there are 15 lines
between 374 and 264 cm~t. The exact num-
ber of lines could not be estimated because
of the overlapping of the plasma line at 351
cm™!. The labeling of vy, and v, as internal
modes is only approximate as mixing
is expected with the lattice modes.
Identification of the y, and y, components
is difficult without single-crystal data. How-
ever, a tentative assignment is given in Ta-
ble I1.

In the infrared, a strong broad absorption
between 740 and 960 cm™ with distinct
peaks at 750, 855, 880, and 940 cm™ was
observed in the Mo-O stretching region.
The strong broad absorption is also indica-
tive of closely spaced phonon energies. The
assignment of the 11 lines between 407 and
265 cm™!, which are due to the y, and ¥y,
modes of the molybdate ion, is given in
Table II.

50- to 250-cim™' Region

Ten lines observed between 232 and 53
cm™! may be due to rotational and transla-
tional modes. The possibility that some of
the lines are lattice modes cannot be ex-
cluded. Further, to distinguish between ro-
tational and translational modes also is very
difficult. But in general rotational modes
are expected to have higher wavenumber
and intensity than the translational modes.
A tentative assignment is shown in Table
II.

The observed broad structure of the
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spectra may be due to the perturbation
caused by the disorder, introduced into the
crystal structure by vacancy ordering.

To conclude, the site approximation
without the inclusion of factor group effect
is insufficient to interpret the large number
of bands and the mutual exclusion of fre-
quencies observed in the spectra. The Mo-
O stretching and bending frequencies oc-
cupy a wide range of the spectrum
indicative of a large number of molybdate
ions in the primitive unit cell.
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