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Abstract

Thermodynamic properties of negative thermal expansion materials, ZrW2O8 substituted for Zr site, were studied by X-ray diffraction and
heat capacity measurements. Effect of substituted ions on lattice parameters of these materials was discussed from the viewpoint of ionic radius
of substituted and host ions, and of oxygen defect. The entropy of�-to-� phase transition in Zr1−xHfxW2O8 series (x= 0, 0.5 and 1) was the
same value of 2.1 J K−1 mol−1. The normalized 3 1 0 diffraction peaks in Zr1−xHfxW2O8 (x = 0 and 0.5) and Zr0.98Sc0.02W2O8−y, as an indicator
of the order parameter, followed the universal curve against(T − Ttrs)/Ttrs, whereTtrs is the transition temperature. These results suggest that
these materials have the same order–disorder phase transition mechanism. The abrupt decrease in transition temperatures of Zr1−xMxW2O8−y

(M = Sc, In and Y), compared to that of Zr1−xHfxW2O8, can be explained by the decrease of ordering in�-phase due to oxygen defect.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Many materials usually show a positive thermal expan-
sion with increasing temperature, but there exists some of
materials having a negative thermal expansion. Among them
zirconium tungsten oxide, ZrW2O8, is one of the interesting
materials, because this compound has an isotropic crystal
structure with a negative thermal expansion over a wide tem-
perature range from 4 to 1050 K[1–3]. The crystal structure
of ZrW2O8 has a framework structure that is characterized
by linkages of the corner-shared WO4 tetrahedra and ZrO6
octahedra. The ZrO6 octahedral units share all corners with
six WO4 tetrahedral units, whereas each WO4 unit shares
only three of its four oxygen atoms with the adjacent ZrO6
units. One of four oxygen atoms has, therefore, an unshared
vertex of the WO4 tetrahedron. The framework structure and
the libration of the WO4 and ZrO6 polyhedral units result
in the nature of negative thermal expansion. ZrW2O8 un-
dergoes a structural phase transition at about 430 K from an
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acentric (�-phase,P213) to a centric structure (�-phase,Pa3̄)
with increasing temperature. The structural phase transition
is of order–disorder-type related to the orientation of the un-
shared vertex of WO4 unit [1–5].

It is known that the ZrW2O8 forms a complete solid solu-
tion with HfW2O8 and ZrMo2O8 [6–9]. Lattice parameters
of Zr1−xHfxW2O8 [6,7] and ZrW2−xMoxO8 [8,9] substi-
tuted by the same valence decreased with substituted content,
due to smaller ionic radius of substituted ion than host lat-
tice. An anomalous lattice constant of Zr1−xHfxW2O8 (x =
0, 0.5 and 1) and ZrW2−xMoxO8 as a function of temper-
ature was observed around at 450 and 270 K, respectively,
by X-ray diffraction method. Zr1−xHfxW2O8 (x = 0, 0.5
and 1) showed an anomalous peak in heat capacity around
440–460 K by heat capacity measurement, and�-to-� struc-
tural phase transition temperature in Zr1−xHfxW2O8 in-
creased slightly with increasing substituted content[5,7,10].

In this paper, we synthesize Zr1−xMxW2O8−y solid
solutions substituted for Zr4+ site by Hf4+, Sc3+,
In3+ and Y3+, and report the effects of ionic valence,
ionic radius and substituted content on the lattice pa-
rameters of Zr1−xMxW2O8−y solid solutions and on
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their thermodynamic properties of phase transition. Lat-
tice parameters and phase transition temperatures of
Zr1−xMxW2O8−y solid solutions are compared to those of
ZrW2−xMoxO8.

2. Experimental

2.1. Sample preparation and characterization

Zr1−xScxW2O8−y (x = 0–0.04), Zr0.96M0.04W2O8−y

(M = In and Y) and Zr1−xHfxW2O8 (x = 0–1) solid
solutions were synthesized by a conventional solid-state re-
action. Starting materials were ZrO2, Sc2O3, In2O3, Y2O3,
HfO2 and WO3 with high purity. These materials were thor-
oughly mixed at the required proportion in an agate mortar
and pressed in a steel die to form pellet. The pellets were
then calcined at 1473 K for 12 h in air and rapidly cooled
down to room temperature. After grinding the quenched
pellets to get homogeneous solid solution, the resulting
powders were pressed into pellets. The pellets were sintered
at 1473 K for 12 h and quenched in liquid nitrogen to avoid
decomposition of solid solution.

The samples of Zr1−xScxW2O8−y (x = 0–0.04),
Zr0.96M0.04W2O8−y (M = In and Y) and Zr1−xHfxW2O8
(x = 0–1) were characterized by X-ray powder diffraction
(XRD) method, using Cu K�radiation with 40 kV/200 mA
(RINT 2500, Rigaku). The XRD data were collected with
a step width of 0.01 and a scan time of 0.7 s in the 2θ

range from 10◦ to 100◦ by a step scanning method. XRD
equipment has a low and intermediate temperature attach-
ment capable of controlling temperature within±1 K. The
powder XRD patterns of the samples were obtained in a
vacuum environment at about 35 temperatures from 90
to 560 K, at which temperature was kept constant at each
temperature.

2.2. Heat capacity measurement

The heat capacity of Zr1−xHfxW2O8 (x = 0, 0.5 and 1)
was measured by an adiabatic scanning calorimeter (ASC)
at temperatures from 340 to 550 K. Details of the apparatus
and the operation of ASC have been described elsewhere
[11,12]. Each crushed sample of Zr1−xHfxW2O8 (x = 0, 0.5
and 1) was loaded into a quartz ampoule as a calorimeter
vessel and sealed with small amounts of helium gas (20 kPa
at room temperature) to assist thermal equilibration within
the ampoule. The amount of the sample used for the mea-
surement was about 16 g. Before heat capacity measurement
was carried out, the ampoule with the sample was annealed
at about 800 K for 1 h in order to remove the quenching ef-
fect in the sample preparation. The heating rate (scanning
rate) chosen in this study was about 1.8 K min−1. A pre-
liminary heat capacity measurement of sapphire using ASC
showed that a precision and an accuracy of the calorimeter
were within±2 and±2%, respectively, in comparison with
the reliable data of sapphire[13].

Fig. 1. XRD profiles of (a) �-Zr0.96Sc0.04W2O8−y, (b) �-Zr0.96-
In0.04W2O8−y, (c) �-Zr0.96Y0.04W2O8−y, (d) �-Zr0.5Hf0.5W2O8 and (e)
�-ZrW2O8.

3. Results and discussion

3.1. Lattice parameter

Fig. 1 shows the XRD profiles of�-Zr0.96M0.04W2O8−y

(M = Sc, In and Y) and�-Zr1−xHfxW2O8 (x = 0
and 0.5) solid solutions at 121 K. The XRD profiles
of �-Zr0.96M0.04W2O8−y (M = Sc, In and Y) and
�-Zr0.5Hf0.5W2O8 solid solutions are very similar to that of
�-ZrW2O8. All samples of Zr1−xScxW2O8−y (x = 0–0.04),
Zr0.96M0.04W2O8−y (M = In and Y) and Zr1−xHfxW2O8
(x = 0–1) solid solutions prepared were characterized to
be a single phase having a cubic crystal structure by a
powder XRD method. The diffraction peaks in the X-ray
profiles inFig. 1 were assigned by referring to the previous
work on ZrW2O8 by Sleight and coworkers[2]. We express
the peak intensities of the 2 1 0 and 3 1 0 shown inFig. 1
as I2 1 0 and I3 1 0, respectively. TheI3 1 0/I2 1 0 ratios of
�-Zr0.96M0.04W2O8−y (M = Sc, In and Y) substituted for
Zr(IV) site by lower valence of M(III) are about half of that
of �-ZrW2O8, but theI3 1 0/I2 1 0 ratio of �-Zr0.5Hf0.5W2O8
substituted by the same valence of Hf(IV) is nearly the same
as that of�-ZrW2O8. The 3 1 0 peak of all samples shown
in Fig. 1 disappeared above phase transition temperature as
will be shown inFig. 3. It is thus expected that phase tran-
sition temperatures of Zr0.96M0.04W2O8−y (M = Sc, In and
Y) are lower than those of Zr0.5Hf0.5W2O8 and ZrW2O8,
as will be shown inFig. 7.

Lattice parameters of all samples prepared were de-
termined using about 40 diffraction peaks between 40◦
and 100◦ by a least-square calculation after correct-
ing 2θ with Nelson and Rieley’s method[14]. Fig. 2
shows the lattice parameters of�-Zr1−xScxW2O8−y (x =
0–0.04), �-Zr0.96M0.04W2O8−y (M = In and Y) and
�-Zr1−xHfxW2O8 (x = 0–1) solid solutions at 121 K as
a function of substituted content. The lattice parameters
of �-Zr1−xHfxW2O8 (x = 0–1) substituted by the same
valence decrease linearly with increasing hafnium content,
reflecting smaller ionic radius of hafnium (85 pm) than
that of zirconium (86 pm)[15]. The dependence of the
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Fig. 2. Lattice parameters of (�) �-Zr1−xScxW2O8−y (x = 0–0.04),
(�) �-Zr0.96In0.04W2O8−y, (�) �-Zr0.96Y0.04W2O8−y and (�)
�-Zr1−xHfxW2O8 solid solutions at 121 K as a function of substituted
content.

lattice parameter on hafnium content follows the Vegard’s
law, and �-Zr1−xHfxW2O8 (x = 0–1) is considered to
form a complete solid solution. Closman and Sleight[8]
reported that the lattice parameter of�-ZrW2−xMoxO8
substituted for W site by the same valence of Mo(VI) de-
creased with the increase of Mo content, due to smaller
ionic radius of molybdenum (55 pm) than that of tungsten
(56 pm). It can be expected that the lattice parameter of
�-Zr1−xScxW2O8−y (x = 0–0.04) substituted for zirco-
nium site by scandium increases with increasing scandium
content, because the ionic radius of Sc3+ (88.5 pm) is
larger than that of Zr4+ (86 pm). However, the experimen-
tal results show the opposite tendency, although the lattice
parameter of�-Zr1−xScxW2O8−y (x = 0–0.04) linearly
decreases up tox = 0.04 against scandium content, follow-
ing the Vegard’s law. One solution of this problem can be
oxygen defect which was made by difference of valence of
Zr4+ and Sc3+ in �-Zr1−xScxW2O8−y to conserve electri-
cal neutrality. The increase of lattice parameter in the order
of Sc, In and Y for�-Zr0.96M0.04W2O8−y in Fig. 2 may
be explained by larger decrease of lattice parameter due to
oxygen defect and smaller increase in the order of the ionic
radius of substituted ions, Sc3+ (88.5 pm), In3+ (94.0 pm)
and Y3+ (104.0 pm). It is noticed that the dependence of
lattice parameter on hafnium content substituted by the
same valence is smaller than that on scandium, indium
and yttrium contents substituted by lower valence, where
oxygen defect is formed.

3.2. α-to-β structural phase transition

3.2.1. XRD data
Fig. 3 shows the powder XRD patterns of ZrW2O8 and

HfW2O8 at room temperature and 573 K. The powder XRD
pattern of HfW2O8 at room temperature is very similar to
that of ZrW2O8 by the previous works[2,3]. A few diffrac-
tion peaks of ZrW2O8 and HfW2O8, for example 3 1 0
peak, are absent at 573 K in comparison with the powder

Fig. 3. Powder XRD patterns of ZrW2O8 and HfW2O8 at room temper-
ature and 573 K.

patterns at room temperature. The indices of the disappear-
ing peaks in Zr0.96M0.04W2O8−y (M = Sc, In and Y) and
Zr1−xHfxW2O8 (x = 0.25, 0.5 and 0.75) were also iden-
tical to those in ZrW2O8 on the �-to-� phase transition.
This disappearance, thus, suggests that Zr0.96M0.04W2O8−y

(M = Sc, In and Y) and Zr1−xHfxW2O8 (x = 0.25, 0.5
and 0.75) undergo the�-to-� phase transition above room
temperature.

Fig. 4shows the lattice parameter of Zr0.96M0.04W2O8−y

(M = Sc, In and Y) and Zr0.5Hf0.5W2O8 solid solutions as
a function of temperature, together with that of ZrW2O8.
An anomaly in the lattice parameter of Zr0.96M0.04W2O8−y

(M = Sc, In and Y) and Zr0.5Hf0.5W2O8 solid solutions is
seen for each sample in the temperature range from 300 to
500 K, similar to that of ZrW2O8 [10]. The �-to-� phase
transition temperature of Zr1−xHfxW2O8 (x = 0 and 0.5)
solid solutions was determined from disappearance of the
3 1 0 diffraction peak inFig. 3 and from the temperature
where the lattice parameter curve in the low-temperature

Fig. 4. Lattice parameters of (�) ZrW2O8, (�) Zr0.96Y0.04W2O8−y, (�)
Zr0.96In0.04W2O8−y, (�) Zr0.96Sc0.04W2O8−y and (�) Zr0.5Hf0.5W2O8

as a function of temperature. A broken line in the figure is the extrapolated
line of the lattice parameter in the high-temperature�-phase.
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Fig. 5. Normalized intensities, (I3 1 0/I2 1 0)T /(I3 1 0/I2 1 0)91, of typical (�)
ZrW2O8, (�) Zr0.5Hf0.5W2O8 and (�) Zr0.98Sc0.02W2O8−y samples as
a function of (T−Ttrs)/Ttrs, where (I3 1 0/I2 1 0)T and (I3 1 0/I2 1 0)91 are the
relative intensities atT and 91 K, respectively.

�-phase reaches the extrapolated line of the lattice parameter
in the high-temperature�-phase. A typical extrapolation line
of ZrW2O8 determined by a least-square method is shown as
a broken line inFig. 4. Phase transition temperatures (Ttrs)
of Zr1−xHfxW2O8 (x = 0 and 0.5) obtained by two methods
were 444±2 and 456±2 K, respectively. On the other hand,
phase transition temperatures of Zr0.96M0.04W2O8−y (M =
Sc, In and Y) were determined to be at about 360, 380 and
390 K by the former method, respectively.

The 3 1 0 peak inFig. 3 is considered to be one indicator
in the order–disorder-type phase transition, since the 3 1 0
diffraction peak disappears above�-to-� structural phase
transition temperature, whereP213 in the low-temperature
�-phase changes toPa3̄ in the high-temperature�-phase.
The relative intensity of (I3 1 0/I2 1 0)T at the temperatureT
and that of (I3 1 0/I2 1 0)91 at 91 K were calculated from XRD
profiles, whereI3 1 0 and I2 1 0 are intensities of 3 1 0 and
2 1 0 diffraction peaks, respectively.Fig. 5shows normalized
intensities (I3 1 0/I2 1 0)T /(I3 1 0/I2 1 0)91 of typical ZrW2O8,
Zr0.5Hf0.5W2O8 and Zr0.98Sc0.02W2O8−y samples as a func-
tion of (T − Ttrs)/Ttrs, whereTtrs is the �-to-� structural
phase transition temperature. The normalized intensities of
Zr0.98Sc0.02W2O8−y and Zr0.5Hf0.5W2O8 follow the same
curve as that of ZrW2O8. The normalized intensities are
constant in the low-temperature region and approach to zero
at Ttrs. These facts support that Zr1−xScxW2O8−y (x =
0–0.04) and Zr1−xHfxW2O8 (x = 0–1) have the same phase
transition mechanism as ZrW2O8.

3.2.2. Heat capacity data
In order to get further information on thermodynamic

properties of Zr1−xHfxW2O8 (x = 0, 0.5 and 1) solid so-
lutions, a calorimetric experiment was performed from 340
to 520 K by an adiabatic scanning calorimeter.Fig. 6shows
heat capacity,Cp, of ZrW2O8 and HfW2O8 as a function
of temperature by the present authors[5,10]. Curiously, the
magnitude of heat capacity before and after phase transition

Fig. 6. Heat capacity of (�) ZrW2O8 and (�) HfW2O8 as a function of
temperature. The broken and dotted lines in the figure are the base lines.

of HfW2O8 is smaller than that of ZrW2O8, in spite of the
larger mass of hafnium than zirconium. The inversion of the
heat capacity may result from a difference in frequency of
high-energy optical phonon modes of Zr–O and Hf–O. The
lattice parameter and ionic radius suggest that the Hf–O bond
is shorter and stronger than Zr–O one, leading the stretch-
ing vibration modes of Hf–O to higher energy than those
of Zr–O. Therefore, the vibration modes of Hf–O probably
have smaller contribution to the heat capacity than those of
Zr–O at the same temperature and a more detailed discus-
sion is given elsewhere[16]. Those facts demonstrate the
inadequate statement that physical properties of two com-
pounds are almost identical, as pointed out by Sleight and
coworkers[1,2].

An anomalous peak in heat capacity of ZrW2O8 and
HfW2O8 is seen at about 440 and 460 K inFig. 6, respec-
tively. The anomalous temperature range in the heat capacity
of ZrW2O8 seems to correspond to that in lattice parameter
in Fig. 4. The anomaly, therefore, attributes to the�-to-�
structural phase transition. The shape of the anomaly of
HfW2O8 is very similar to that of ZrW2O8, but the anoma-
lous peak in heat capacity of HfW2O8 is 26 K higher than
that of ZrW2O8. It is very interesting to note that, if the en-
tire heat capacity of ZrW2O8 shifts to higher temperature by
26 K, the heat capacity curve of ZrW2O8 matches with that
of HfW2O8. For more detailed discussion on the thermody-
namic properties of the phase transition, it is necessary to
separate the excess heat capacity due to the phase transition
from the total heat capacity by determining the base line. In
general, the base line may be determined by interpolating
heat capacities in both higher- and lower-temperature ranges
excluding the phase transition region. Smooth interpolating
curve of ZrW2O8 and HfW2O8, as shown by the broken and
dotted lines, respectively, inFig. 6, was thus estimated for
the base line of both samples to be consistent each other. The
shape of the excess heat capacity for ZrW2O8 and HfW2O8
is remarkably similar to each other and regarded as�-type,
which is a general shape of the second-order phase transition.
Accordingly, the phase transition of ZrW2O8 and HfW2O8
is of second (or higher) order. This is also supported by the
X-ray experiment, which shows the continuous temperature
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Table 1
Transition temperature (Ttrs), excess enthalpy (�trsH) and entropy (�trsS)
attributable to the phase transition of Zr1−xHfxW2O8 (x = 0, 0.5 and
1) determined by heat capacity measurement, together with transition
temperature (Ttrs) by XRD measurement

Ttrs (XRD)
(K)

Ttrs (ASC)
(K)

�trsH
(J mol−1)

�trsS
(J K−1 mol−1)

ZrW2O8 444 ± 2 437± 1 907± 10 2.1± 0.2
Zr0.5Hf0.5W2O8 456 ± 2 447± 2 924± 10 2.1± 0.2
HfW2O8 468 ± 2 463± 1 934± 10 2.1± 0.2

dependence on the lattice parameter around the phase tran-
sition temperature as seen inFig. 4.

Transition temperature (Ttrs), excess enthalpy (�trsH)
and entropy (�trsS) attributable to the phase transition
of Zr1−xHfxW2O8 (x = 0, 0.5 and 1) were determined
from heat capacity data and the results are summarized in
Table 1, where transition temperature determined by X-ray
diffraction method is also shown. Transition temperatures
of ZrW2O8 and HfW2O8 decided from peak in the heat ca-
pacity measurement are 5–7 K lower than those determined
by XRD measurement as seen inTable 1. In ASC the sam-
ple in the calorimeter vessel was in some He gas to assist
quick thermal equilibration. On the other hand, the XRD
measurement was carried out under vacuum environment,
where the sample showed poorer thermal conductivity
due to larger gas thermal resistance among particles. This
different thermal conductivity of the sample in ASC and
XRD measurements may lead to the difference in the phase
transition temperature. The magnitudes of�trsH and�trsS
depend on the choice of the base line, which is not included
in the error assessment inTable 1. The present�trsH and
�trsS should be regarded as the minimum enthalpy and en-
tropy of phase transition, respectively. It is possible that a
depression of the base line, which extends the temperature
range for the integration of the excess heat capacity, leads
to larger values of�trsH and �trsS. The obtained�trsS
(2.1 J K−1 mol−1) of Zr1−xHfxW2O8 (x = 0, 0.5 and 1)
agrees well within the possible estimated errors. This coin-
cidence of the excess entropy suggests that Zr1−xHfxW2O8
(x = 0, 0.5 and 1) undergoes the phase transition with the
same order–disorder mechanism.

The order–disorder�-to-� phase transition in ZrW2O8
results from disordering of the orientation of the two WO4
tetrahedra (and crystallographic equivalents) that lie on
the [1 1 1] body diagonal in the unit cell. Two disordering
processes have been proposed so far. One is an inverting
process with breaking and rebuilding the bond between
terminal oxygen and tungsten ions[2,3], while the other is
without breaking the bond[4]. The available space for the
two WO4 tetrahedra suggests that only two orientations can
be taken into consideration in a concerted manner[2–4].
The entropy of the phase transition is thus expected to
be R ln 2 (=5.8 J K−1 mol−1) as a magnetic transition in a
spin 1

2, whereR is the gas constant. On the other hand, if
two tetrahedra can independently take two orientations, the

Fig. 7. Transition temperature of (�) Zr1−xScxW2O8−y (x = 0–0.04), (�)
Zr0.96In0.04W2O8−y, (�) Zr0.96Y0.04W2O8−y and (�) Zr1−xHfxW2O8

determined by XRD measurement as a function of substituted content.

expected entropy of transition isR ln 4 (=11.5 J K−1 mol−1).
The obtained�trsS (=2.1 J K−1 mol−1) is even smaller
than R ln 2, implying that the former is preferred from the
thermodynamic point of view. The smallest of�trsS can
be attributed to the overestimation of the base line. If the
base line can be estimated correctly, the entropy of the
�-to-� phase transition would become larger, but not ex-
ceedR ln 2, because the present�trsS is only 36% ofR ln 2.
The magnitude of the excess entropy supports that the
phase transition is of order–disorder-type, where two WO4
tetrahedra on the [1 1 1] diagonals in the unit cell have only
two conformations in a concerted manner. This suggestion
is not contradictory to the previous reports[1,2] as well
as the X-ray diffraction results described above. In order
to determine the entropy and enthalpy of phase transition
more precisely, heat capacity measurement of ZrW2O8 was
recently carried out in the temperature range from 10 to
483 K by an adiabatic calorimeter at Research Center for
Molecular Thermodynamics, Osaka University, and the heat
capacity and the thermodynamic data of phase transition
will be published elsewhere.

3.2.3. Effect of substituted ions and its content on phase
transition temperature

Fig. 7 shows phase transition temperatures of Zr1−xScx-
W2O8−y (x = 0–0.04), Zr0.96M0.04W2O8−y (M = In
and Y) and Zr1−xHfxW2O8 (x = 0–1) as a function of
substituted content. The phase transition temperature of
Zr1−xHfxW2O8 (x = 0–1) solid solutions substituted for
zirconium site by the same valence increases with increas-
ing hafnium content, and enthalpy of transition�trsH also
increases as seen inTable 1. This means that the energy
necessary for the order–disorder phase transition is larger
and the transition temperature is higher. On the other hand,
phase transition temperature of Zr0.96M0.04W2O8−y (M =
Sc, In and Y) substituted by lower valence decreased dras-
tically, probably due to oxygen defect, compared to that of
Zr1−xHfxW2O8 substituted by the same valence. This fact
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can be explained by the decrease in the degree of ordering,
corresponding to intensity ratio (I3 1 0/I2 1 0)121 which is one
indicator of the order parameters, since the intensity ratio
(I3 1 0/I2 1 0)121 of Zr0.96M0.04W2O8−y (M = Sc, In and Y)
in �-phase is about half of that of Zr0.5Hf0.5W2O8 and
ZrW2O8 as seen inFig. 1. The same trend is reported for
ZrW2−xMoxO8, where the disordering of ZrW2−xMoxO8
in �-phase is larger than that of ZrW2O8 and the transition
temperature of the former is lower than that of the latter[8].
It is needed to get more precise information on the inten-
sity ratio (I3 1 0/I2 1 0)121 of Zr0.96M0.04W2O8−y (M = Sc,
In and Y) in order to discuss the tendency of ionic size of
substituted ion and its content. It is interesting to note that
the lattice parameter of Zr0.96M0.04W2O8−y (M = Sc, In
and Y) inFig. 2and their transition temperature inFig. 7as
a function of substituted content show the similar tendency.

4. Conclusions

(1) Lattice parameters of�-Zr1−xHfxW2O8 and�-ZrW2−x-
MoxO8 substituted by the same valence decreased with
substituted content, due to smaller ionic radius of sub-
stituted ion than host lattice.

(2) Lattice parameter of�-Zr1−xScxW2O8−y substituted by
lower valence decreased with substituted content, prob-
ably due to oxygen defect. The increase of lattice pa-
rameter for�-Zr0.96M0.04W2O8−y (M = Sc, In and Y)
in the order of Sc, In and Y can be explained by large
decrease of lattice parameter due to oxygen defect and
smaller increase due to ionic radius of host and substi-
tuted ions.

(3) The entropy of�-to-� structural phase transition in
Zr1−xHfxW2O8 (x = 0, 0.5 and 1) has the same
value of 2.1 J K−1 mol−1 and the normalized 3 1 0
diffraction peaks of Zr1−xHfxW2O8 (x = 0 and 0.5),

and Zr0.98Sc0.02W2O8−y as one indicator of the or-
der parameters follow the universal curve against
(T −Ttrs)/Ttrs. These results support that Zr1−xHfxW2O8
and Zr1−xScxW2O8−y have the same order–disorder
phase transition mechanism.

(4) The abrupt decrease in phase transition temperature of
Zr1−xMxW2O8−y (M = Sc, In and Y), in compar-
ison with that of Zr1−xHfxW2O8, can be caused by
the decrease of ordering in the�-phase due to oxygen
defect.
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