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The negative thermal-expansion material zirconium tungstate, when subjected to a moderate pressure of 2
GPa, turns amorphous irreversibly; the amorphous state being �26% more dense than the crystalline phase
�-Zr�WO4�2. Structure of pressure-amorphized Zr�WO4�2 is investigated using synchrotron x-ray diffraction.
Structure factors S�q� of samples recovered from different pressures are obtained. The first peak in S�q� for
10.5 GPa-treated sample is found to occur at a slightly larger q than that recovered from 5.5 GPa, suggesting
that the amorphous samples recovered from higher pressure could be more dense. The pair-correlation func-
tions g�r�, obtained by Fourier transforming S�q�, suggests that the further densification of amorphous phase
occurs via contraction of second and third neighbor shells representing O-O and W-W and W-Zr distances
rather than first neighbor shell. In contrast to earlier speculations, the present results do not show evidence for
an increase in the coordination number and consequent existence of distinct amorphous phases in samples
recovered from pressures up to 10.5 GPa.
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I. INTRODUCTION

There is considerable current interest in materials that ex-
hibit negative thermal expansion �NTE� �Refs. 1–4� from the
point of view of understanding the mechanism.5–7 In addi-
tion, these materials are useful for synthesizing composites
and solid solutions with desired coefficient of thermal expan-
sion including zero thermal expansion.8–10 Among the NTE
materials, zirconium tungstate is of special interest because
of large isotropic negative coefficient of expansion over a
wide temperature range. Consequently numerous investiga-
tions using a variety of techniques have been carried out to
probe various physical properties11–18 including phase transi-
tions driven by temperature3,19,20 and pressure.21–23 The am-
bient temperature cubic ��� phase of Zr�WO4�2 consists of a
corner-linked network of WO4 and ZrO6 polyhedra.
Zr�WO4�2 and several other compounds with similar network
structures are found to turn amorphous at high pressure11,24,25

and the amorphization is often irreversible. The amorphous
zirconium tungstate a-Zr�WO4�2 recovered after releasing the
pressure is found to be substantially denser than the starting
cubic � phase.26 The density, structure, and stability of
a-Zr�WO4�2 has been studied by several investigators26–33

and the samples are found to recrystallize to the � phase
when annealed above 900 K. On the other hand, if
a-Zr�WO4�2 is heated while under high pressure, it is re-
ported to either decompose into mixture of simple oxides30

or go to hexagonal U3O8-type structure31 depending on the
pressure and temperature of the treatment. The specific vol-
umes �volume per formula unit� of a-Zr�WO4�2 recovered
after pressure cycling in large-volume piston-cylinder-type
high-pressure apparatuses ranged between 142.6 and
152.6 Å3 for samples treated between 4 and 7.5 GPa. The
diffraction pattern of a-Zr�WO4�2 recovered from 4 GPa has
been fitted to an amorphous structure with oxygen coordina-
tion of tungsten to be 5. In addition, an increase in the coor-
dination number of Zr to 7 has also been recently found in
a-Zr�WO4�2 from Zr K-edge extended x-ray-absorption fine

structure.32 Whereas the oxygen coordination of W and Zr in
the cubic phase are 4 and 6, respectively. Earlier a sixfold
coordinated structure as a precursor to decomposition into a
mixture of simple oxides has also been suggested.26 Decom-
position of network structures subsequent to pressure-
induced amorphization into mixtures of simple oxides has
indeed been found to occur at ambient temperature in
ZrV2O7 �Ref. 25� and at elevated temperature in Zr�WO4�2.30

Formation of a sevenfold coordinated amorphous phase with
short-range order analogous to hexagonal U3O8-type struc-
ture could also occur at higher pressures.31 This suggests that
there are several possibilities for the amorphous phase in
terms of coordination numbers. The reported different densi-
ties of recovered samples and higher coordination numbers
raise the question whether this could be due to
polyamorphism34 �distinct amorphous states� similar to that
reported in ice,35 a-Si,36 and fused quartz.37 In order to ex-
plore this possibility, it is important to reinvestigate the
amorphous phase recovered from different pressures using a
single apparatus and see if there exist any systematic differ-
ences in the structure. In the present work, we have investi-
gated the structure of pressure-amorphized Zr�WO4�2 using
synchrotron radiation at Photon Factory. The a-Zr�WO4�2
samples were prepared by pressure-cycling cubic Zr�WO4�2
to different pressures in a gasketed diamond-anvil cell
�DAC�. The scattered intensity was analyzed to obtain the
structure factor S�q�, which was Fourier transformed to give
the pair-correlation function g�r�. The changes in S�q� and
g�r� are discussed in the context of the possibility of
polyamorphism.

II. EXPERIMENTAL DETAILS

Zirconium-tungstate samples used in the present experi-
ments were synthesized by Dr. T. A. Mary. Each powdered
sample was loaded into a 300 micron hole, drilled through a
preindented stainless-steel gasket �about 70 �m thick� of a
Mao-Bell-type high-pressure diamond-anvil cell. No
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pressure-transmitting medium was used in the DAC. Ruby
fluorescence was used for the estimation of pressure.
Samples were soaked at the desired pressure for 2 h and then
the pressure was released. Although amorphization is re-
ported to occur at 2.1 GPa,11 it is likely that amorphization
may not be complete by this pressure. In view of this the
pressure soaking was done at 5.5, 7.5, and 10.5 GPa. The
recovered gaskets, with the sample embedded in the gasket
hole, were used as such in the x-ray diffraction measure-
ments that were made using synchrotron radiation ��
=0.4270�2� Å� from 13A beamline at Photon Factory, KEK.
A 30 �m collimator was used and an xy translation stage
was used for aligning the sample in the hole of the gasket
with the collimator. An image plate was used as the detector.
The two-dimensional �2D� image plate data were integrated
to convert it to one-dimensional intensity versus 2� data. An
image plate distance of 344.6�1� mm from the sample per-
mitted a maximum scattering angle 2� of 32.52°. Air-
scattering data were collected without the sample in a sepa-
rate experiment. Transmittances of the direct beam through
the samples were also measured.

III. DATA ANALYSES AND RESULTS

Figure 1�a� shows the as-measured data as a function of
scattering angle 2�. One can see typical amorphouslike scat-
tering pattern for all the samples. Weaker scattering pattern
for 10.5 GPa sample is due to smaller sample thickness. In
5.5 GPa sample, four weak sharp diffraction peaks at 6.15°,
6.82°, 7.73°, and 9.12° 2� riding over the first amorphous
peak correspond to the high-pressure orthorhombic
�-Zr�WO4�2 phase and imply persistence of a few small
crystalline grains in the amorphous phase. A comparison of
the intensity of these weak peaks with those of a fully crys-
talline sample suggests that the residual crystalline fraction is
less than 0.1%. One can see from the 2D image of the scat-
tering pattern �inset in Fig. 1�a�� that only a few weak dif-
fraction spots are present. 7.5 GPa sample shows only one
weak sharp diffraction peak. In order to remove the weak
diffraction peaks riding over the amorphous scattering pat-
tern, the data were filtered using OMITSPOT software. Figure
1�b� shows the resulting patterns. One can see that the inten-
sities of the diffraction peaks have substantially reduced;
however, these could not be completely eliminated. For more
detailed quantitative analysis, the OMITSPOT data were used.

One can see from Fig. 1 that the scattering patterns ride
on a rising background toward lower 2�. This background
arises due to air scattering. In order to quantitatively estimate
the contribution of air scattering to the background, air scat-
tering was measured in a separate experiment and is shown
as inset in Fig. 1�b�. The air-scattering data were used as
such, after suitable scaling, for subtracting the background.
The measured x-ray scattering intensity was analyzed after
applying corrections for air scattering and attenuation in the
samples using the following procedure. The corrected inten-
sity Icor�q� is obtained as

Icor�q� = � Iobs�q�
I0

−
Iair�q�

I0�
exp�− �t�� 1

F��t,2��
, �1�

where q=4��−1 sin � is the scattering vector and Iobs�q� is
the measured scattered intensity at the incident-beam inten-

sity I0. The intensity arising from the air scattering Iair�q�,
measured at incident intensity I0�, is also normalized to unit
incident intensity. Normalization of intensities by I0 and I0� is
required to account for change in the synchrotron intensity
�current� between different experiments. As only the trans-
mitted intensity through the sample contributes to the air
scattering, the second term is multiplied by the transmission
factor of the direct beam, i.e., exp�-�t�, where � is the linear
absorption coefficient and t the sample thickness. F��t ,2��
is the correction factor for the angle-dependent attenuation in
the sample given as

F��t,2�� = �1 − exp�− �t�sec 2� − 1�	�/��t�sec 2� − 1�� .

�2�

One can see that F��t ,2��→1 if �→0 or t→0 or �→0.
Figure 2 shows the corrected intensity along with the inten-
sity before applying the F��t ,2�� correction for the 7.5 GPa
sample. One can see that in the present strongly absorbing
a-Zr�WO4�2 sample F��t ,2�� correction significantly modi-
fies intensity at large q.

(a)

(b)

FIG. 1. �Color online� �a� Observed scattered intensity as a func-
tion of scattering angle at ambient for a-Zr�WO4�2 samples recov-
ered from different pressures. The curves are shifted vertically for
the sake of clarity. The inset shows the 2D scattering pattern of 5.5
GPa-treated sample containing a few diffraction spots. �b� The scat-
tering data were filtered through OMITSPOT program. The inset
shows the air-scattering data recorded without the sample in the
path of the beam.
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The coherent scattering Icoh�q� was obtained by multiply-
ing the corrected intensity by a normalization constant
� /n0N and subtracting the incoherent scattering 
Iincoh�q��
arising from Compton background as

Icoh�q� = ��/n0N�Icor�q� − 
Iincoh�q�� , �3�

where n0 is the total number of atoms in the compound �11
for ZrW2O8� and N is the number of formula units per unit
cell. The normalization constant � /n0N is obtained from the
total scattered intensity using Krogh-Moe method38 as

�� Icor�q�q2dq = n0N
� 
f2�q��q2dq +� 
Iincoh�q��q2dq

− 2�2
Z2�� , �4�

where 
Z2� is the mean-square atomic number. 
Z2�
= �� jnjZj

2� /n0, where nj is number of jth-type atom of atomic
number Zj in the compound �� jnj =n0�. Similarly averaged

f2�q�� and 
Iincoh�q�� are, respectively, defined as 
f2�q��
= �� jnjf j

2�q�� /n0 and 
Iincoh�q��= �� jnjIj
incoh�q�� /n0. f j�q� and

Ij
incoh�q� are, respectively, the atomic form factor and inco-

herent scattering from the jth-type atom in the compound.
Ij

incoh�q� can be theoretically calculated from the reported39

analytic approximation. Similarly f j�q� are also obtainable
from nine-parameter analytic expressions40 for the atomic
form factors. Thus all the terms on the right-hand side of Eq.
�4� are theoretically calculated while the term on the left-
hand side is obtained from the experimental data. The nor-
malization constant � /n0N is thus obtained by taking the
appropriate ratio. The structure factor S�q� is then
calculated41 from the coherent scattering as

S�q� = 1 +
Icoh�q�

f�q��2 −


f2�q��

f�q��2 , �5�

where 
f�q��= �� jnjf j�q�� /n0. Figure 3 shows the structure
factors of amorphous zirconium tungstate recovered from
different pressures. The S�q� of 5.5 GPa treated sample is

similar to that reported28 for a-Zr�WO4�2 recovered from 4
GPa; however, the pressure dependence had not been inves-
tigated earlier.

IV. DISCUSSIONS

The broad peaks in the structure factor of amorphous sol-
ids and liquids arise from short- and medium-range structural
correlations. The systematic changes in the height and the
position of the first broad peak have been often analyzed to
obtain insight about evolution of the structural
correlations42,43 and relative density.44,45 One can see from
Fig. 3 that the height of the first peak and subsequent oscil-
lations around S�q�=1 decrease for samples recovered from
successively higher pressures, This suggests that the struc-
tural correlations within the amorphous state become weaker
as the amorphous samples are subjected to higher pressures.
The position of the first peak qP in the S�q� is known to be
inversely correlated with the nearest-neighbor distance and
shifts to higher values at higher densities when the system is
subjected to high pressure. This is in analogy with the shift
of diffraction peaks arising from reflections from unique
�h k l� planes in crystalline solids at high pressure. The
present diffraction patterns �Fig. 3� suggest that the first peak
in 10.5 GPa-treated sample is centered at slightly larger q
than that in the 5.5 GPa sample. This suggests that the den-
sity of 10.5 GPa-treated sample could be higher than that of
the 5.5 GPa sample.

In order to compare the structures of the amorphous
phases in the real space, the structure factor was Fourier
transformed using MATLAB to obtain the pair-correlation
function g�r� using following equation:

g�r� = 1 +
1

2�2rn0N
� �S�q� − 1�q sin�qr�dq . �6�

Figure 4 shows the pair-correlation functions for the three
recovered samples. As the S�q� data are available only up to

FIG. 2. �Color online� The OMITSPOT intensity before and after
subtracting air-scattering background for 7.5 GPa sample. The cor-
rected intensity Icor�q� after implementing correction for angle-
dependent attenuation is also shown.

FIG. 3. �Color online� Structure factors for a-Zr�WO4�2 recov-
ered from different pressures. The curves are vertically displaced
for the sake of clarity. Dashed vertical lines represent the peak
centers. Note that the height of the first peak reduces as the soaking
pressure increases.
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certain q, the range of integration becomes finite. This is
known to result in spurious high-frequency oscillations44 in
the calculated g�r�. For avoiding such spurious oscillations,
often Blackman44 or Sinc41 windows are employed for inte-
gration. In order to ascertain the possible existence of such
spurious oscillations in g�r� obtained from the present analy-
sis, g�r� was also calculated using a Sinc window. This was
found to reduce only the amplitude of peaks in g�r� whereas
no peaks were found to disappear confirming that all the
features were genuine. In view of this g�r� obtained without
using any window was used for further analysis. The three
prominent peaks in g�r� in Fig. 4 are qualitatively similar to
those reported28 for a-Zr�WO4�2 recovered from 4 GPa. One
can see that the first peak in g�r� appears at 1.88 Å in the 5.5
GPa-treated sample and marginally shifts to the left at higher
pressures. On the other hand, second and the third peaks
appear at systematically smaller r for samples recovered
from higher pressures. It may be pointed out that the WO4
tetrahedra and ZrO6 octahedra are not regular even in the
cubic phase due to lower site symmetries. The shortest bond
in crystalline �-Zr�WO4�2 is the W-O bond and the bond
length, averaged over all four distinct oxygen neighbors O1
to O4, is 1.767 Å. In addition, the average Zr-O distance in
the cubic phase is 2.078 Å, only 0.3 Å longer than the W-O
distance.17 Although the amorphous phase is about 26%
denser than the cubic phase, the fundamental bond distances
such as W-O and Zr-O are not expected to be drastically
different from those in the crystalline phase. Of course, these
bond distances could increase slightly if the oxygen coordi-
nation number of W and Zr go up. In view of this it is likely
that the first peak that extends up to 2.3 Å could include
both W-O and Zr-O coordinations. Since the ZrO6 octahedra
are less strongly bound than the WO4 tetrahedra, one can
expect ZrO6 octahedra to compress and overlap with the
W-O peak. It may be pointed out that only the neutron-
weighted pair distribution function of 4 GPa-treated sample28

shows separate peaks for Zr-O and W-O correlations. This
arises due to large neutron weights to correlations involving
oxygen. On the other hand, because of small x-ray weights
for zirconium and oxygen, in the x-ray-weighted g�r� the

Zr-O correlations appear only as small shoulder riding on the
first peak.28 It is worth comparing the g�r� reported for 4
GPa sample obtained using the S�q� data up to 15 Å−1 with
that for the 5.5 GPa sample �Fig. 4� obtained using the S�q�
data up to 8 Å−1. It is found that the asymmetry of the first
peak and the weak sharp feature at 3.25 Å are not noticeable
in the present work; however, the first peak in the two cases
has nearly the same width. This suggests that the broad na-
ture of the peaks is predominantly due to the amorphous
structure and partly due to lower resolution. On the other
hand, for crystalline solids, it is essential to measure data
typically up to 25 Å−1 to get a good g�r�.

The second peak in g�r� appears at 2.77 Å in 5.5 GPa-
treated sample. This peak has been attributed to O-O distance
on the basis of reverse Monte Carlo �RMC� simulation28 on
densified crystal-based model for a-Zr�WO4�2 that con-
strained the coordination for W to be 5. In the cubic phase,
O-O distance occurs at 2.9 Å.28 Short O-O distance in the
amorphous phase suggests that the open network of the crys-
tal is indeed compressed to allow closer O-O contacts both
within and between polyhedra. The center of the second peak
shows a systematic shift to lower r at higher pressures. This
suggests that the oxygen atoms move even closer in the
samples recovered from higher pressures. An increase in the
height of the second peak suggests a growth of the O-O
correlations at high pressure.

The third peak occurs at 3.72 Å in 5.5 GPa-treated
sample and it corresponds to both W-W and W-Zr distances.
In the cubic phase, W-Zr and W-W distances are 3.82 Å and
4.11 Å respectively.17 Significantly shorter distance in the
amorphous phase as compared to that in the crystal essen-
tially represents collapse of corner-linked network structure
resulting in densification. This peak also shifts inward at
higher pressures. Shift of this peak to shorter r also suggests
further densification at high pressures. The small shifts of the
different neighbor distances to lower r suggesting monotonic
densification is consistent with the shift of the first peak of
S�q�. Figure 5 shows the dependence of the positions of the
peaks in g�r� as a function of soaking pressure. One can see
that the second and the third neighbor shells are much
smaller in radius than the corresponding O-O and the W-W
and W-Zr distances in the cubic phase suggesting that the
densification occurs via reduction in these nonbonding dis-
tances. It may be pointed out that Zr-Zr distance in the cubic
phase �specific volume 192 Å3� appears at 6.4 Å. In order
to account for reduced specific volume of 153 Å3, a value of
6 Å was used for the Zr-Zr distance in a disordered crystal-
based RMC simulation28 of 4 GPa-treated amorphous
sample, where Zr-sublattice remained crystalline. On the
other hand, in the g�r�’s for the present 5.5 GPa-treated
sample as well as in that reported for 4 GPa sample,28 no
prominent features corresponding to Zr-Zr correlations are
found. This is because of small weight factors of Zr-Zr par-
tial pair correlations for the neutron as well as the x-ray
diffraction, and hence the RMC simulation with a crystalline
Zr-sublattice could reproduce the data.

As discussed in Sec. I, in the amorphous Zr�WO4�2, there
are several possibilities about the coordination numbers of W
such as 5,28 6,26 and 7.31 Similarly a coordination of 7 has
been found for Zr also.32 Distortions and relative tilts of

FIG. 4. �Color online� Pair-correlation function g�r� obtained by
Fourier transforming the structure factor. Curves are shifted verti-
cally for the sake of clarity.
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octahedra with respect to those of the tetrahedra can cause
O-O distance to reduce. This can bring oxygen of one WO4
in the neighborhood of another ZrO6 and vice versa and
eventually result in higher coordination for W and Zr. Such
tilts would also transform corner-sharing polyhedra to edge-
sharing first and to face-sharing next thereby reducing the
empty spaces in between the distorted polyhedra leading to
gradually denser random polyhedral packing. Hence as pres-
sure is increased, a gradual increase in the number of edge-
and face-sharing polyhedra at random locations in the struc-
ture could occur. Thus it is, in principle, possible to have
amorphous phases distinct in terms of coordination number
and local topology. We now examine the present results in

the context of possible increase in coordination number
within the amorphous phase and consequent polyamorphism.
One can see from Fig. 4 that the first peak broadens and its
height reduces at 10.5 GPa. The integrated intensity for this
peak is a weighted average of the number of bonds for W-O
and Zr-O nearest-neighbor pairs. We find that the integrated
intensity marginally reduces. This implies that the coordina-
tion number essentially remains unchanged within the amor-
phous phase. Furthermore, monotonic changes in the neigh-
bor distances rules out the possibility of distinct amorphous
phases.

V. CONCLUSIONS

Structure of pressure-amorphized Zr�WO4�2 is investi-
gated using synchrotron x-ray diffraction. Structure factors
S�q� of samples recovered from different pressures are ob-
tained after applying corrections for air-scattering and angle-
dependent attenuation correction to the data. The first peak in
the structure factor of 5.5 GPa-treated sample is found to
occur at a lower q than those recovered from higher pres-
sures. The pair-correlation functions g�r�, obtained by Fou-
rier transforming S�q�, suggests that further densification of
amorphous phase occurs via contraction of second and third
neighbor shells representing O-O and W-W and W-Zr dis-
tances, respectively, rather than first neighbor shell. Further-
more, there is no evidence of increase in coordination num-
ber in the recovered samples and consequent
polyamorphism.
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