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Pressure-induced structural transformations in the molybdate Sc2„MoO4…3
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High pressure Raman scattering and x-ray diffraction studies of the molybdate Sc2(MoO4)3 are presented. A
sequence of changing symmetry effects is observed through two structural phase transitions ending up with an
amorphous state. The observed two structural phase transformations are reversible. The crystal to amorphous
transition is irreversible. Our results point out that the amorphization process in Sc2(MoO4)3 may be due to a
kinetic hindrance of a phase transition rather than due to chemical decomposition effects as have been pro-
posed to occur for some molybdates and tungstates.
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I. INTRODUCTION

The amorphization of crystals under high pressure con
tions is a phase transition where the long range order s
metry breaks down. This phenomenon has been observe
several kinds of materials with all intermolecular bonding
such as van der Waals, covalent, ionic, metallic, and hyd
gen bonds.1 The reversibility of the crystal to an amorphou
transition is one of the many intriguing issues behind
amorphization process. The reversible pressure-indu
amorphization has been observed for a large numbe
materials2–6 for which the initial crystalline configuration is
obtained when the pressure is released. The proposed m
nism responsible for the reversibility is based on the hypo
esis that rigid polyatomic units remain intact through t
crystal-amorphous transformation.6 An irreversible amor-
phization process has also been observed for a large nu
of materials1 including tungstates7–14 and rare-earth molyb
datesR2(MoO4)3 (R5Gd, Tb, Sm, Eu!.15,16 This irrevers-
ibility has been attributed either to a mechanical deformat
or the frustration of a phase transition~a kinetically impeded
phenomenon!,9 and to a chemical decomposition process.16

Among the materials for which the pressure-induc
amorphization phenomenon has been observed, the mo
dates and tungstates occupy a special place owing to
interesting physical-chemical properties, thereby mak
them good prototype materials to obtain new concepts ab
the physics of amorphization processes, about chem
decomposition,11,16 and about coordination changes13 under
high pressure as well. In particular, the molybda
Sc2(MoO4)3 is a special member of this family because
exhibits a negative thermal expansion~NTE! and a very flex-
ible framework structure composed of corner-shared MoO4

22

units.17,18The NTE has been widely discussed in connect
with the pressure induced amorphization process observe
some molybdates and tungstates.7–13,19 Perottoni and
Jornada7 proposed that there is a close relationship betw
NTE and the pressure induced amorphization proces
these flexible framework structures, i.e., both processes
0163-1829/2004/69~9!/094111~5!/$22.50 69 0941
i-
-
in

,
-

e
ed
of

ha-
-

ber

n

d
b-

eir
g
ut
al

n
in

n
in
re

due to the instabilities of some low energy modes. Ravind
et al.9 suggested that amorphization has its origin either fr
a kinetic hindrance of an equilibrium phase transition
from a kinetic hindrance of equilibrium decomposition, th
suggesting that the linkage between NTE~related to struc-
tural instabilities! and amorphization~related to slow kinetic
processes! is only marginal. As one can note, the amorphiz
tion phenomenon is a subject of intense debate, and still
several open issues to be addressed.

In this paper we study molybdate Sc2(MoO4)3 single
crystals under high pressure through Raman spectrosc
and x-ray diffraction. At about 0.29 and 2.7 GPa pressu
changes in the Raman spectra~softening and splitting of the
stretching modes! indicated two crystal to crystal phase tra
sitions. Upon increasing pressure the well defined Ram
peaks start to get broaden with a dramatic decrease in in
sity. These changes become dominant at about 4.0 GPa.
collapse of all the well resolved Raman peaks in broad ba
at high pressures indicates a pressure-induced amorphiz
process in Sc2(MoO4)3. The x-ray diffraction measurement
confirms the presence of pressure induced amorphization
releasing the pressure, we have observed that both cryst
crystal transitions in Sc2(MoO4)3 are reversible processe
The crystal to amorphous transition is reversible if the a
plied pressure is below 5.1 GPa, but it becomes irrevers
for higher pressures.

II. EXPERIMENT

Single crystals of Sc2(MoO4)3 were grown by cooling the
molten mixture containing Sc2(MoO4)3 and solvent
Na2Mo2O7 in a 1:1 ratio. The cooling rate was 2 °C/h from
1020 to 840 °C and 5 °C/h down to room temperature. T
pressure dependent Raman spectra were obtained w
triple-grating spectrometer~Jobin Yvon T64000! equipped
with a N2-cooled charge coupled device~CCD! detection
system. The line 488.0 nm of an argon ion laser was use
excitation. An Olympus microscope lens with a focal d
tancef 520.5 mm and a numeric aperture of N.A50.35 was
©2004 The American Physical Society11-1
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used to focus the laser beam on the sample surface. H
pressure Raman experiments were performed using a
ostat diamond anvil cell with a 4:1 methanol:ethanol mixtu
as the transmitting fluid. The spectrometer slits were set f
resolution of 2 cm21. In order to avoid any polarization ef
fect to be observed in the spectra due to the eventual rota
of the sample inside the cell during pressure loading,
have used an optical device to destroy the polarization
both incident and scattered light.

High-pressure powder x-ray diffraction patterns were
corded at room temperature using the white-beam ene
dispersive method and synchrotron radiation at Station F
HASYLAB-DESY in Hamburg, Germany. High pressure
were obtained in a Syassen-Holzapfel type diamond-a
cell. A finely ground powder sample and a ruby chip we
placed in a 200-mm-diameter hole of the inconel gasket, pr
indented to a thickness of 60mm. A 16:3:1 methanol:etha
nol:water mixture was used as the pressure-transmitting
dium. The Bragg angle was calculated from a zero-press
diffraction spectrum of NaCl in the diamond-anvil cell. I
the spectra shown, the lower level of the analog-to-dig
converter has been set to cut off the Mo fluorescence lin
For both Raman spectroscopy and x-ray experiments
pressure calibration was achieved by using the well kno
pressure shift of the ruby luminescence lines.

III. RESULTS AND DISCUSSION

At room temperature and ambient pressure
Sc2(MoO4)3 crystallizes in an orthorhombic structure (D2h

14

space group,Z54) with 68 atoms per unit cell.17,18A stan-
dard point group analysis leads to 204 degrees of freedo
the Brillouin zone center (G point! distributed among the
irreducible representation of theD2h point group as

G525Ag126B1g125B2g126B3g125Au

126B1u125B2u126B3u . ~1!

Selection rules state that onlyAg , B1g , B2g , and B3g are
Raman active modes. The unpolarized Raman spectru
room temperature and ambient pressure is shown in Fi
~lower trace!. The number of observed modes is mu
smaller than expected because the factor group splittin
too small to be resolved in the unpolarized spectra. Base
lattice dynamics calculations, polarized Raman scatte
studies ~not discussed in this paper!,20 and studies on
an isomorphous material,21 we have identified the spectra
ranges where we expect to observe the bending mo
(300–400 cm21), antisymmetric stretching mode
(810–960 cm21), and symmetric stretching mode
(960–990 cm21).

Provided these general aspects of the Sc2(MoO4)3 at am-
bient conditions, we now move to analyze the pressure
fects on the vibrational/structural properties of this crys
Upon applying pressure, the Raman spectra exhibit chan
at 0.29 GPa. We observe a splitting of the stretching mo
very clear for the symmetric modes located in t
960–1000-cm21 frequency range. For the antisymmetr
stretching modes such a splitting is significantly smal
09411
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This modification indicates the first structural phase tran
tion in the compression run. More drastic changes occu
about 2.7 GPa. It is observed that some modes upshif
downshift during the compression along with changes
their relative intensity. The peaks at 330, 347, a
364 cm21, assigned to the bending modes of the MoO4

22

tetrahedra, evolve to give rise to a broad band. The p
structures observed in the 810–850-cm21, 950–960-cm21,
and 950–1000-cm21 frequency ranges@see Fig. 1~b!# expe-
rience drastic changes as can be observed in the spec
recorded at 2.8 GPa pressure. The observed changes ind
a second structural phase transition whereby the structur
the new phase differs significantly from the structures of
two stable phases below 2.7 GPa.

By further increasing pressure new and remarka
changes in the Raman spectra are observed. At around
GPa, the higher frequency stretching modes start to lose t
sharpness~linewidths of;5 cm21) and all of them develop
an excessive broadening, thus resulting in a broad band~line-
width of ;50 cm21) centered at about 970 cm21. This
anomalous broadening points out to a breakdown in
translational symmetry of the system, thus suggesting
the Sc2(MoO4)3 experienced a gradual transition from a
ordered to a disordered state between 3.7 and 5.1 GPa,
pressure has induced an amorphization process. The m
changes observed in the spectra can be followed by ana
ing the frequencyv vs pressureP plot shown in Fig. 2. The
results shown in Fig. 2 clearly indicate that the material e
periences structural modifications at aboutP50.29, 2.6, and
3.7 GPa. All the peaks can be well fit with a linear press
dependencev(P)5v01aP. It is noticeable that some
modes present negativea values that are typically observe
in materials that exhibit the NTE phenomenon.7,12

In order to get more insight into the behavior
Sc2(MoO4)3 under pressure, we have performed additio
x-ray studies~see Fig. 3!. These studies show very clear
significant changes in the diffraction pattern of the sam
measured at ambient@Fig. 3~a!# and 4.0 GPa@Fig. 3~b!# pres-
sures, indicative of the 2.7 GPa phase transition. The x-

FIG. 1. Raman spectra of Sc2(MoO4)3 crystals recorded at dif-
ferent pressures during compression experiments in the~a! low and
~b! high frequency ranges.
1-2
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data also show that as a result of pressure the diffrac
peaks starts to broaden and a very broad background ap
in the pattern obtained atP56.0 GPa@see Fig. 3~c!#. These
changes clearly reveal that the gradual amorphization of
sample starts slightly below 4.0 GPa.

The observed phase transitions in Sc2(MoO4)3 is the
first definitive proof of a pressure induced phase transit
in any member of the orthorhombic or closely relat
monoclinic M2(XO4)3 compounds (M5Sc,Al,In,Fe,Cr;X
5Mo,W).17,22The first phase transition occurs at about 0.
GPa. We have noticed that the spectrum at high pressu
quite similar to that observed at ambient pressure below
K except for some upshifts due to the compression effects
particular, a mode located at 1001 cm21 ~see the solid squar
in the inset to Fig. 2! is an exclusive signature of a low
temperature phase. The appropriate way of comparing
spectra at high pressure with that recorded at ambient p
sure is made by comparing the frequency interceptsv0. We
have found thatv0 for the highest frequency mode for th
0.26–2.2 GPa pressure interval is 999 cm21, in good agree-
ment with the value measured for the monoclinic pha
(1001 cm21).20 We may therefore conclude that the crys
structure above 0.29 GPa is most likely the same as tha
the low temperature phase of Sc2(MoO4)3. This low tem-
perature structure is ferroelastic, belonging to the sp
group C2h

5 , and this phase transition is characterized
slight rotations of the MoO4

22 tetrahedra along with a uni
cell doubling.18 The second phase transition is surely co
nected with significant changes in the crystal structure ow
to abrupt frequency changes observed for this phase@see
Figs. 1~b! and 2#. It is also interesting to note that usual
amorphization in molybdates and tungstates takes place
pressure induced phase transitions.7,8,10,11The study of rare-
earth molybdates has also suggested that an orthorhomb
monoclinic phase transition is a precursor for t

FIG. 2. Frequency vs pressure plot of the stretching modes
served in Sc2(MoO4)3 crystals for compression experiments. T
solid lines are linear fits on the data tov(P)5v01aP. The solid
square in the inset stands for the frequency of the stretching m
observed in the low temperature phase~Ref. 20!.
nge
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amorphization.16 This experimental evidence leads us to pr
pose that as a result of the phase transition in the hig
flexible framework of the Sc2(MoO4)3 crystal, the material
becomes quite dense and the structure cannot support a
ther pressure increase because the external pressure b
MoO4

22 units against each other, thus giving rise to a stro
repulsion of these units. The competition between the rep
sion of the MoO4

22 units and the volume decrease due
external pressure leads the material to lose its long ra

b-

es

FIG. 3. X-ray diffraction of Sc2(MO4)3 recorded at ambien
pressure~a!, 4.0 GPa~b!, and 6.0 GPa~c!.
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order, thus becoming disordered~amorphous phase!, albeit
some intact atomic groups should prevail. Our Sc2(MoO4)3

data show that after amorphization the MoO4
22 tetrahedra

units ~bands around 350, 800, and 950 cm21) are present in
the material but they are not distributed in a well defin
symmetry site. This is confirmed by observing the large lin
widths of the bands (50 cm21) in the Raman spectra of th
disordered phase. This result tells us that the amorph
Sc2(MoO4)3 presents rigid units which are not destroy
during the amorphization process. We now move to anal
the decompression run to get further insights into the am
phization mechanism.

In Fig. 4 we show the Raman spectra for Sc2(MoO4)3
recorded during a decompression run. Upon releasing p
sure from 5.1 GPa the spectrum of the starting orthorhom
phase was recovered, as can be observed in Fig. 4~see lower
trace!, thus indicating the reversibility of the processes; ho
ever, we have observed some hysteresis in the pressure
sition values. The x-ray study shows, however, that up
releasing pressure from 20.0 GPa the amorphous to cry
transition is no longer reversible. These results point out
the amorphous to crystal transition is irreversible and
observed reversibility of this process in the Raman exp
ment can be attributed to an incomplete transformation~re-
sidual crystallinity!. The observed gradual, irreversible amo
phization and the presence of molybdate tetrahedra in
amorphous phase show that the behavior of Sc2(MoO4)3 is
very similar to the behavior of zirconium tungstate. In t
latter case the amorphization was shown to be result o
kinetic hindrance of a phase transition to a new denser h
agonal phase.14 We then argue that the amorphization pr
cess in Sc2(MoO4)3 is due to steric constraints. The increa
of pressure leads to an increase of repulsive forces am
oxygen atoms. In order to lower the free energy of the s
tem, the long range order breaks down, thus leading to
appearance of the amorphous phase. As there is no defin
picture, the x-ray measurements19,23in Sc2(WO4)3 have sug-

FIG. 4. Raman spectra of Sc2(MoO4)3 crystals recorded at dif-
ferent pressures during decompression experiments in the~a! low
and ~b! high frequency regions.
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gested a phase transition before the amorphization proc
which points out that the existence of a phase transition
fore the amorphization takes place is a general trend for
lybdates and tungstates.7,8,11,16

On the basis of the experimental results, we are now
position to state that on applying pressure the Sc2(MoO4)3
crystal exhibits a sequence of changing symmetry event
starts with an orthorhombic structure (D2h

14), changes to a
low temperature monoclinic phase (C2h

5 ), changes to a high
pressure phase with low symmetry, and finally, an am
phous state takes place for pressures higher than 3.7 GP
lowering symmetry path to the amorphous state has b
reported for other molybdates and tungstates such
ZrMo2O8, HfW2O8, and ZrW2O8, whose phase transition
are characterized by an abrupt volume decrease and a
metry lowering sequence as follows: cubic→orthorhombic
→amorphous.7–13 Our data for Sc2(MoO4)3 also show a
similar high pressure behavior when compared with th
molybdates and tungstates. This similarity is reasona
since they have quite a close structure with a very flexi
framework due to the corner-shared tetrahedra configurat
and also exhibit NTE. The second observed phase trans
is surely abrupt. Since it is known that a significant increa
in interactions among molecular units results in a decreas
stretching modes frequencies due to increase of the b
lengths,24 the observed frequency decrease of ma
molybdenum-oxygen stretching modes at the 2.7 GPa ph
transition suggests a severe volume decrease at this tr
tion.

IV. CONCLUSIONS

A high pressure Raman study of the Sc2(MoO4)3 crystal
was reported here. We observed that pressure induced
reversible structural transformations and irreversible am
phization in Sc2(MoO4)3. A clear sequence of symmetr
changes in a process that ends up with the loss of tran
tional symmetry, leading to an amorphous state, was
served. Our results point out that pressure does not prom
the chemical decomposition in Sc2(MoO4)3 and the amor-
phization driven mechanism probably due to a kinetic h
drance of equilibrium phase transition. Sc2(MoO4)3 should
be added to the list of materials with NTE that exhibit amo
phization at high pressures. Certainly, the richness of
structural phase transformation in the Sc2(MoO4)3 crystal
observed in a relatively low pressure range will encoura
further experimental and theoretical efforts for understand
the amorphization process and its relation with the NTE p
nomenon in the large class of molybdates and tungst
compounds withMx(XO4)3 formula.

Note added in proof. After our paper was accepted, a wo
by Arora et al.25 came to our attention.
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