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Abstract

The high-pressure behavior of Y,(WO,); has been investigated at room temperature by in situ X-ray diffraction and Raman
scattering measurements. Both the studies show that beyond ~3 GPa, this compound smoothly transforms from the ambient
orthorhombic phase to a disordered phase. The structural modifications are found to be reversible up to ~4 GPa but become
irreversible at higher pressures. Low pressures of transformation imply that these changes are intrinsic and not due to non-
hydrostatic stresses. In addition, the correlation between the stability range of orthorhombic phase and counter cation size supports
that this compound has a large field of negative thermal expansion in this family of compounds.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of negative thermal expansion
(NTE) in many tungstates and molybdates [1], there
have been several investigations aimed at the under-
standing of structural behavior of these compounds
under different thermodynamic conditions. Many of
these compounds display temperature and pressure-
dependent phase transformations and several of these
also transform to an amorphous phase at high pressures
[2-7]. Several of these compounds belong to A>(MOy);
family of compounds (with M=W®" or Mo®" and 4
ranging from AI>* to some of the heavier trivalent rare-
earth cations) and have structures characterized by
three-dimensional framework of corner-linked alternate
AO¢ octahedra and MO, tetrahedra. Due to this,
structural modifications, as brought about by the
pressure and temperature variations, including eventual
amorphization under compression, involve rotations/
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tilts of nearly rigid tetrahedra [8—13]. For example,
Scy,(WOy)3 transforms from the orthorhombic phase to
a low-symmetry phase at ~2 GPa before an irreversible
amorphization at ~4GPa [14,15]. Al (WO,); also
undergoes phase transformation from the orthorhombic
phase before turning amorphous at high pressures
[14,16,17]. For many of these NTE compounds,
although the volume contracts upon increase in the
temperature, this change may not necessarily be negative
along all the three crystallographic axes. However,
Yittrium tungstate [Yo(WOy,)s], which crystallizes in
orthorhombic Scy(WOQy); type structure (space group
Pnca), is one such compound which shows large NTE
along all the three crystallographic axes. Moreover, this
NTE behavior exists over a wide temperature range
(15-1373 K), without undergoing any phase transforma-
tion. In addition, this material has the highest negative
value of volume thermal expansion coefficient
(o, =—20.9 x 1075/°C) [8]. It would be interesting to
find whether the high-pressure behavior of Y,(WOQy); is
any different from other members of this family.
Therefore, we have now carried out high-pressure
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Raman and X-ray diffraction measurements, which are
presented here.

2. Experimental

Appropriate amounts of Y,0; and WOj; (both 99.9%
pure) were mixed thoroughly, palletized and heated at
900°C for 30h, with an intermittent grinding and
palletizing after ~15h. The product obtained after this
heat treatment, slightly yellowish in color, was again
thoroughly ground, mixed, repelletized and heated at
1100 °C for 4 h. All the heat treatments were carried out
in the static air. The resulting white compound was
characterized by powder X-ray diffraction to be phase-
pure Y,W;30;, (JC-PDS card no. 15-0447). In situ
high-pressure X-ray diffraction experiments were per-
formed by angle dispersive X-ray diffraction system
using the graphite monochromatized Mo-Ko X-rays
(2=0.7107A) from a Rigaku rotating anode X-ray
generator and mar345 imaging plate area detector. For
these studies, the powdered Y,(WQ,); sample was
loaded in a gasket hole (~140 pm diameter) of Mao—Bell
kind of diamond anvil cell. To avoid hydration, we
heated the material upto ~800°C in the furnace and
loaded the compound in the cell immediately after
removal from the furnace. Secondly, the material was
kept under a vacuum of ~107 Torr for about 1h and
the compound was loaded immediately after taking it
out of vacuum. In both the cases our results were
identical. Dry methanol:ethanol (4:1) mixture was used
as a pressure transmitting fluid and a small ruby chip
(~20 um) for pressure calibration [18]. The incident X-
ray beam was collimated to ~100 pum and the distance
between the sample and the imaging plate was kept at
~140 mm. At each pressure, the data were collected for
at least 8 h and these experiments were carried out up to
a hydrostatic pressure of 8.0 GPa. The two-dimensional
diffraction images recorded on the image plate were
integrated to get the diffraction profiles using FIT2D
software [19]. For Raman measurements, 514.5 nm line
of an Ar ion laser was used as the excitation source,
which was incident at the sample at an angle of 45°. For
modes higher than 200cm™', pressure-dependent Ra-
man spectra were obtained with a single stage spectro-
graph (Jobin—Yvon SPEX HR460) equipped with a
supernotch filter and liquid nitrogen cooled CCD
detection system. The spectrograph was calibrated using
reference neon lamps and by the plasma lines from Ar
ion laser. For Raman spectra in the low-frequency
region (20-200cm™ '), the excitation source was still
514.5 nm line of Ar ion laser, but the data were recorded
using a scanning 750 mm double grating monochroma-
tor, coupled with a Hammamatsu R943 photomultiplier
tube and computer-controlled photon counting system.
The entrance slit of the monochromator was ~250 um to

keep low instrumental broadening (~2.5cm™"). All the
Raman spectra were recorded up to a pressure of
11 GPa.

3. Results and discussion
3.1. X-ray diffraction measurements

Fig. 1(a) shows the X-ray diffraction profiles of
Y>(WOy); in the 20 range of 5-19° and up to 8 GPa. At
ambient conditions, the diffraction profile can be fully
indexed with the space group Pnca. The profile fitting of
the data was performed by Le-Bail method using GSAS
program [20]. For this, the starting structural para-
meters are taken from Ref. [8]. The refined cell
parameters at ambient condition are found to be
a=9.952) A, b=13.92(3) A, ¢=10.08(2) A, which com-
pare well with the reported values of Forster et al. [8]
as obtained from neutron diffraction data viz.,
a=9.99372A, b=13.9593 A, ¢=10.0838 A. Almost all
the pressure-induced changes observed in the diffraction
profiles are found to be reversible up to a pressure of
4.4 GPa as shown in Fig. 1(b). However, the unloading
of pressure from 8 GPa shows irreversible degradation
of the diffraction signal. The pressure dependence of the
cell parameters up to ~4.4 GPa is shown in Fig. 2(a). All
the diffraction peaks broaden with pressure and the
inset Fig. 2(a) shows the change in width of one of the
Bragg peaks (111) with pressure. The observed smooth
variation of the lattice parameters implies that this
compound does not undergo any phase transition up to
~4 GPa, though beyond ~2.5GPa we observe an
increased peak broadening as well as loss of diffraction
signal. Fig. 2(b) shows the pressure—volume data up to
4.4 GPa along with the fits to Birch-Murnaghan (BM)
equation of state [21]. If we restrict the fitting to the data
prior to line broadening, i.e., up to ~2.5GPa, we get
B=27GPa and B =2. However, if we extend the
analysis to ~ 4.4 GPa, we get B=24.2GPa, B' = 6.7. We
note here that the smaller value of B’ is consistent with
the analysis of Sikka [22] who showed that the NTE
materials should have low B’. In addition, our low-
pressure value of B’ is similar to what has been observed
for NbOPOy, [23].

As mentioned above, signal/background ratio starts
deteriorating beyond ~3 GPa and is partly due to the
increased line broadening at higher pressures. This
implies that at around this pressure some kind of atomic
positional disorder sets in, as the increased line broad-
ening cannot be ascribed to the non-hydrostatic stresses
at these low pressures. Moreover, this disorder increases
with pressure and at ~8 GPa, essentially two broad
diffraction peaks persist suggesting that the phase is
highly disordered. Moreover, as mentioned earlier, these
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Fig. 1. (a) X-ray diffraction patterns of Y,(WO,); at different pressures. At ambient conditions, the fitted profile as well as difference plot is also
shown [(+) observed intensities, and (—) profile fit, difference plot is shown at the bottom]. R represents the diffraction patterns as the pressure is
released from 8 GPa. (b) X-ray diffraction patterns of Y,(WQOy); up to 4.4 GPa and after release from this pressure.
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Fig. 2. (a) Variation of lattice parameters and unit cell volume as a
function of pressure. The solid lines are to guide the eye. (b) Pressure
—volume data have been fitted with the BM equation of state (—). Inset
shows the broadening of the (111) Bragg peak with pressure. (@)
Increasing pressure, and (O) releasing pressure.

changes are irreversible if Y,(WOQO,); is compressed up to
~8 GPa.

3.2. Raman measurements

Fig. 3 shows Raman active lattice modes at 71, 81 and
115cm™" for various pressures. At ~5.9 GPa, these
modes become quite weak and disappear upon further
increase of pressure. For the Raman active vibrational
modes higher than ~200cm™', the changes observed
with pressure are shown in Fig. 4. In analogy with the
Raman spectra of several tungstates of NTE group, the
strong modes centered at 1016, 998 and 954cm™' are
assigned to the symmetric stretching of WO, tetrahedra
and modes at 847 and 800cm ™" are taken to represent
the asymmetric stretching [6]. The Raman active modes
at 376 and 455cm ™! are assigned to the WO, symmetric
and asymmetric bendings, respectively. Above 5.7 GPa,
all the modes become increasingly weak and broad. At
this pressure the Raman peaks are centered approxi-
mately at ~400, 870 and 980cm~' implying the
persistence of WO, tetrahedra. At ~11 GPa, the only
visible modes are highly broadened symmetric stretch of
tetrahedra. In fact, at a pressure higher than ~6 GPa,
the features of our Raman spectra are very similar to the
WO, Raman modes observed at 3.5 GPa in amorphous
ZrW,0g [24]. The pressure-induced variations of these
Raman modes are shown in Fig. 5. Absence of any
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Fig. 3. Low-frequency Raman lattice modes observed at various
pressures.

splitting of modes, or vanishing of any mode or any
substantial change in slope indicates lack of any
structural phase transformation, in agreement with the
X-ray diffraction results. Except the symmetric stretch
modes, all the modes stiffen with pressure. A similar
softening of the symmetric stretch modes has also been
observed in Zr(MoQOy), [3] and in Sc,(M00Qy); [6]. While
the complete softening of any mode leads to a structural
phase transformation, the softening of the modes by a
few tens of cm~! (by 11 GPa), as seen here, implies a
small reduction in the restoring force and, may be, also a
slightly larger bond length. Gross implications of our
Raman results are that beyond ~6 GPa, Y,W30,, starts
becoming progressively disordered while still retain-
ing WO, tetrahedral nature. The Raman results at
11.2 GPa, suggest an amorphous state. Upon release of
pressure from 11 GPa, the modes remain broad indicat-
ing the irreversible nature of the structural evolution
into a disordered state. These results are in agreement
with our X-ray diffraction results. And, as in the present
case the pressure of emergence of disorder is much lower
than the pressure of solidification of the pressure
transmitting fluid, it cannot be ascribed to the onset of
non-hydrostatic stresses. As mentioned earlier, similar
results have also been observed in Sc,(WOQO,); and
AlL(WOy);.
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Fig. 4. High-frequency Raman internal modes observed at various
pressures.

As in most of the corner-linked structures [13], in the
NTE [45(MOy)3] compounds the A—-O—M bond bending
is the easiest form of deformation. Thus as the lattice
parameters of these compounds decrease with pressure,
the A—O-M linkage starts bending. As a consequence,
the increased repulsive energy due to reducing non-
bonded contacts leads to distortions of the poly-
hedra [10,13,22,25]. However, this variation has to
compete with the crystal-crystal structural phase transi-
tions [27]. It is well known that if a compound is
kinetically frustrated to undergo a phase transition
to the equilibrium form, the metastable amorphous
phase becomes a preferred state [13,26]. This is clearly
reflected in a correlation between the pressure of
transformation and the limiting values of the non-
bonded atomic distances [13,26]. Thus in some favorable
cases, such as Sc)(WOy); and Al,(WOy)s [14,16], the
approach of limiting distances brings about the struc-
tural phase transformations [27], while in others, such as
Lus(WOy); [7] and Y»2(WO,);, the structure becomes
amorphous. Though the pressure-dependent fractional
coordinates are not available in the present case, we
speculate that the onset of amorphization at ~6 GPa is
quite likely to be due to the approach of limiting
distance between some non-bonded (probably O-O)
atoms [22,26].
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Fig. 6 shows the variation of the pressure of
transformation (P,) (from orthorhombic to another
crystalline or amorphous phase) with the cation size.
As the existence of NTE is closely related to the
orthorhombic phase in this family of compounds,
this figure implies that larger the counter cation size,
higher the maximum pressure up to which the system
can have NTE before transformation to a structure
which may not show NTE. It has also been suggested
that larger the counter cation size, more facile is the
rocking of polyhedra, and in turn higher is the
magnitude of the NTE [28]. Therefore, Y,(WQy); may
be one of the most useful compounds for tailoring NTE
for composites.

4. Conclusion

Our high-pressure X-ray diffraction and Raman
studies on Y,(WOQOy); reveal that this compound mono-
tonically and systematically evolves towards an amor-
phous phase beyond ~4-6 GPa. The emergence of the
disordered phase at low pressures implies that the non-
hydrostatic stresses do not play a vital role in these
structural changes for this compound as in several other
members of this family. Correlation between the
stability range and counter cation size implies that this
compound may have the largest field of stability in this
family of compounds.
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