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Structural investigation of the negative-thermal-expansion material ZrW2O8
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Abstract

High-resolution powder diffraction data have been
recorded on cubic ZrW2O8 [a = 9.18000 (3) AÊ at 2 K]
at 260 temperatures from 2 to 520 K in 2 K steps. These
data have con®rmed that �-ZrW2O8 has a negative
coef®cient of thermal expansion, � = ÿ9.07 � 10ÿ6 Kÿ1

(2±350 K). A `parametric' approach to Rietveld re®ne-
ment is adopted and it is demonstrated that a full
anisotropic re®nement can be performed at each
temperature, despite using a data collection time of
only 5 min. Examination of the resulting structural
parameters suggests that the origin of the contraction
with increasing temperature can be traced straightfor-
wardly to the rigid-body transverse librations of bridging
O atoms. �-ZrW2O8 undergoes a phase transition from
P213 to Pa3Å at 448 K that is associated with the onset of
considerable oxygen mobility. The phase transition can
be described in terms of a simple cubic three-dimen-
sional Ising model. Unusual kinetics are associated with
this phase transition. Hysteresis in the cell parameter
through the phase transition is the opposite of that
normally observed.

1. Introduction

Zirconium tungstate, ZrW2O8 (Fig. 1), has recently been
shown to display the unusual property of negative
thermal expansion over a wide temperature range
(Evans et al., 1996; Mary et al., 1996). From close to
absolute zero to 1050 K the material shows an essen-
tially linear contraction with increasing temperature, the
linear coef®cient of thermal expansion, �l, of ÿ9 �
10ÿ6 Kÿ1 being of a similar magnitude to the positive
expansion of `normal' ceramics such as Al2O3 (Roy et al.,
1989; White, 1993). This property has been previously
attributed to the unusual connectivity present in the
cubic crystal structure (Evans et al., 1996; Pryde et al.,
1996). The lattice topology has been shown to support
the existence of rigid unit modes in the structure, which
can be brie¯y described as distortion-free librations of
the corner-sharing ZrO6 octahedra and WO4 tetrahedra
which make up the framework lattice (Hammonds et al.,

1996; Pryde et al., 1996, 1997). It is these rigid modes
which are thought to be of importance in determining
the negative thermal expansion properties of this
material. They have also been implicated in the
unusually large low-temperature heat capacity of
ZrW2O8 (Ramirez & Kowach, 1998) The framework
connectivity of ZrW2O8 has also been shown to lead to
unusual behaviour under applied pressure (Evans et al.,
1997; Jorgensen et al., 1999; Perottoni & da Jornada,
1998)

In the present work, we have utilized the high ¯ux and
consequent short data acquisition times available at a
pulsed neutron source to collect diffraction data on this
material in 2 K intervals from 2 to 520 K. These data
have allowed precise determination of the change in cell
parameter with temperature, determination of the
structural changes with temperature and a preliminary
investigation of the order±disorder phase transition
which occurs at around 450 K. We describe also the
methodologies developed for the analysis of these 260
data sets and for the transfer of information on variables
displaying a simple temperature variation between
individual re®nements.
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Fig. 1. Polyhedral representation of the cubic crystal structure of
�-ZrW2O8. ZrO6 octahedra (in white) share all vertices with WO4

tetrahedra (striped). Each WO4 tetrahedron shares only three of its
four O atoms resulting in one `terminal' O atom per WO4 group.
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2. Experimental and data analysis

2.1. Data collection

Diffraction data were collected on a sample of high-
purity ZrW2O8 (Wah Chang, Oregon) on the High-
Resolution Powder Diffractometer (HRPD) at the ISIS
neutron source of the Rutherford Appleton Laboratory,
England. Powdered ZrW2O8 (15.7 g) was packed into a
5.9 cm3 rectangular can and cooled over a 4 h period to
1.5 K in an AS Scienti®c Instruments cryofurnace. Data
were collected every 2 K from 2 to 520 K on warming
over a time-of-¯ight range of 34000±114000 ms (d =
2.364±0.7050 AÊ ; 744 predicted re¯ections) for a total
count time corresponding to 3 mA (ca 5 min per spec-
trum). A typical spectrum is shown in Fig. 2. Two
minutes were allowed between spectra for temperature
change and equilibration. This resulted in an approxi-
mately constant heating rate. Minor deviations in
heating rate occurred at around T = 120 K owing to a
slight decrease in neutron ¯ux (approximately 8 min per
spectrum for ®ve spectra). Extended sample equilibra-
tion for 4 h at T = 386 K and 8 h at T = 508 K was
enforced by beam losses; these led to small but signi®-
cant structural changes that are discussed more fully
below.

2.2. Data analysis

The low-temperature (<450 K) structure of �-
ZrW2O8 can be described as a corner-sharing network of
ZrO6 octahedra and WO4 tetrahedra (Fig. 1) (Auray et
al., 1995; Mary et al., 1996). We have previously
described how the material undergoes a phase transition
to �-ZrW2O8 at 450 K, which involves the introduction
of a centre of symmetry in the structure, causing the
disordering of the WO4 tetrahedral groups that lie on
the threefold axis (Fig. 3). Implicit to this phase transi-
tion is the onset of signi®cant oxygen mobility in the
structure. The atom O4, originally located at

(0.23, 0.23, 0.23) and three symmetry-related sites in
P213, becomes disordered over the eight sites of Pa3Å

[approximately (0.23, 0.23, 0.23), (0.77, 0.77, 0.77) etc.].
To parameterize fully the �/�-ZrW2O8 structure
requires, therefore, a total of 11 atoms in the asymmetric
unit. To model the �-to-� phase transition we assume
that the two independent WO4 tetrahedra in �-ZrW2O8

can invert independently, but that terminal-oxygen
migration occurs at the same rate as the W site hopping
(i.e. each W atom always retains tetrahedral coordina-
tion). There are thus 13 variables required to describe
atomic positions and occupancies. With 13 additional
variables to de®ne displacement parameters [anisotropic
O atoms (see below), isotropic metals] and the usual
histogram variables (scale, cell parameter, two pro®le
terms, three background terms), this results in 33 vari-
ables to be re®ned at each experimental temperature.
Given the number of signi®cant independent observa-
tions in a powder pattern, such as that of Fig. 2, with a
relatively low signal-to-noise ratio, the standard devia-
tions of individual re®nements will be high. However,
many structural and pro®le parameters will vary
smoothly with temperature; a variable de®ning peak
shape or background at temperature T K, for example,
will be closely related to the same variable at tempera-
ture T � �T K. Although each individual data set was
recorded in only 5 min, the combined statistics of 260
runs can be viewed as the measurement of a relatively
small number of parameters and their temperature
dependence over the full 31 h of the experiment. To
implement this information when analysing the data we
adopted, therefore, a sequential re®nement strategy in
which selected individual variables are re®ned, their
temperature dependence determined and function-
alized, and then reintroduced into subsequent rounds of
Rietveld re®nement as ®xed quantities.

In an initial round of Rietveld re®nements, the full 33
parameters were re®ned at each temperature. Individual
pro®le variables were found to undergo only minor and
smooth changes with temperature, and could be well
described by a ®rst-order polynomial. Background terms

Fig. 2. Powder diffraction pattern of ZrW2O8 collected in 5 min on
HRPD. Observed data (+) are shown along with the pattern (solid
line) calculated from Rietveld analysis and difference/s.u. (lower
trace). The peak at ca 100 000 ms is due to the cryofurnace.

Fig. 3. Schematic representation of the �±� order±disorder phase
transition in ZrW2O8. The pair of striped WO4 tetrahedra which lie
on the body diagonal of Fig. 1 is shown. Sites W1, W2, O1, O2, O3
and O4 are occupied in �-ZrW2O8. Sites W11, W21, O31 and O41
become 50% occupied in �-ZrW2O8.
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(Fig. 4) showed similar systematic trends with
temperature and were described by either ®fth-order
(background coef®cient 1) or third-order (background
coef®cients 2 and 3) polynomials. These functionalized
values were then reintroduced as ®xed quantities in the
next round of Rietveld re®nements. Isotropic metal
displacement parameters were then ®tted to a hyper-
bolic cotangent that models the displacive motion as a
single-frequency quantum oscillator; these function-
alized values were introduced in the following round of
re®nement. Finally, individual components of O-atom
anisotropic displacement parameters were ®tted to
hyperbolic cotangents and introduced in the ®nal round
of re®nement. Using this protocol, the total number of
re®ned parameters could be systematically reduced
from 33 per temperature (8580 variables in total for the
260 re®nements) to just 15 (3942 in total). Such a
protocol also leads to considerable reduction in the
scatter of highly correlated variables and allows, for
example, the simultaneous determination of occupancy
and displacement parameters on the same lattice site.

Various models of structural re®nement were tested.
During these tests it became apparent that an accurate
structure determination required anisotropic displace-
ment parameters for O atoms. When the displacement
parameters of the metal atoms were re®ned aniso-
tropically, however, little change in structural para-
meters was observed, and off-diagonal terms remained
at zero within experimental error. Metal atoms were
therefore left isotropic in the ®nal model. Using the
model described above, a ®nal �2 of between 1.13 and
1.23 was obtained at each temperature. Pro®le R factors
were unsurprisingly high (due to the poor signal-to-
noise ratio), but varied smoothly between 15.8 and
16.8%. Bragg R values varied smoothly between 7.5 and
11%. All calculations were performed using the ISIS

time-of-¯ight Rietveld re®nement program TF12LS.
Data parameterization was performed using customized
Fortran routines. Further details are available from the
authors on request. Full tabulations of fractional atomic
coordinates and displacement parameters as a function
of temperature have been deposited and are again
available from the authors on request.²

3. Results

3.1. Cell parameter

The temperature dependence of the cubic cell para-
meter is shown in Fig. 5. Although there is weak
evidence of positive thermal expansion between 0 and
8 K, even at the lowest temperatures measured the
thermal expansion of this material remains zero or
negative to within experimental error (cell parameter
precision �0.00003 AÊ ). The phase transition from P213
to Pa3Å symmetry is clearly seen at around 448 K;
although there is a discontinuity in the slope of the
lattice constant at the transition, the transition itself
appears to be continuous. Premonitory effects asso-
ciated with this phase transition are visible down to
250 K. Below 250 K, the material may be considered to
be completely ordered and thus the temperature
dependence of the lattice constant may be analysed in
terms of a simple thermodynamic model. The Gruneisen
relation predicts that the volume expansivity, �(T), of a
material will have the same temperature dependence as
the speci®c heat, CV(T), according to

��T� � 
K0CV�T�=V0

where K0 and V0 are the isothermal compressibility and
molar volumes at T = 0 K and 
 is the Gruneisen
constant. The temperature dependence of the molar
volume, V, is obtained by integrating this equation to
give

V�T� ÿ V0 ' 
K0

RT
0

CV�T�dT:

In this paper, the temperature dependence of the unit-
cell volume has been approximated by two Debye
contributions with different associated Gruneisen
constants. Accordingly, the molar volume may be
written as

V�T� ÿ V0 'K0

P2

i�1


�i�g�i�
n
�3RT=x3

D�i��

� RxD�i�

0

t3=�exp�t� ÿ 1�dt
o
;

Fig. 4. Temperature dependence of the three background parameters
from Rietveld re®nement. Points represent re®ned values at each
individual temperature and the solid line the functionalized values
used in subsequent cycles of least squares.

² Supplementary data for this paper are available from the IUCr
electronic archives (Reference: BM0018). Services for accessing these
data are described at the back of the journal.
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where g(i) is the oscillator strength per formula unit for
the ith Debye contribution [g(1) + g(2) = 33, the number
of degrees of freedom per formula unit], R is the gas
constant, xD(i) = �D(i)/T and �D(i) is the ith Debye
temperature. Since the molar volume V(T) = (N/Z)a3(T)
(where N is Avogadro's number and a is the lattice
constant), the unit-cell variation may be ®tted to the
function

a�T� ÿ a0 ' �ZK0=a2
0�
P2

i�1


�i�g�i�
n
�kBT=x3

D�i��

� RxD�i�

0

t3=�exp�t� ÿ 1�dt
o
:

Fitting the lattice-constant data from 2 to 250 K using
this model gives the following values (�2 = 2.5): a0 =
9.179989 AÊ , 
(1)g(1) = ÿ33.1, 
(2)g(2) = +16.0, �D(1) =
95 K and �D(2) = 1370 K. Since g(1) must be positive,
the negative thermal expansion is dominated by low-
frequency phonon modes with a characteristic Debye
temperature of around 95 K; this strongly supports the

existence of low-energy rigid unit modes and their
dominant contribution to negative thermal expansion.
The second Debye contribution is associated with
positive thermal expansion and corresponds to higher
frequency phonon modes. Fig. 5(b) shows the difference
between the observed lattice constant and the two-
Debye model ®t. This highlights the order±disorder
phase transition; the disordering of the structure below
the phase transition leads, perhaps surprisingly, to a
lattice contraction. Further analysis of the temperature
dependence of the cell parameter will be reported
elsewhere (David, Evans & Sleight, 1999)

Two marked discontinuities can be seen in the
experimental curve at T = 386 K and T = 508 K. These
correspond to a 4 and 8 h anneal at the respective
temperatures. These features are clearly sample-related,
and are not merely artefacts due to thermal lag between
the cryofurnace and sample. Two observations support
this conclusion: for a material showing negative thermal
expansion, a thermal lag on warming would be expected
to give rise to a reduction in cell dimension over time ±
at 386 K an increase is observed; furthermore, the
sample anneals at 386 and 508 K give rise to opposite
effects ± at 386 K an increase in cell parameter is
observed with time, at 508 K a decrease. This change in
cell parameter with time appears intimately related to
the order±disorder phase transition discussed below. In
fact, in addition to the discontinuity in cell dimensions,
discontinuities are also observed in the overall scale
factor (related to the fraction of the material contri-
buting to coherent scatter), background parameters and
pro®le R factors. The implication of these observations
is discussed further below.

3.2. Structural changes

Rietveld re®nement of each of the 260 data sets
recorded allows the examination of changes in fractional

Fig. 5. (a) Cubic cell parameter as a function of temperature. A typical
Rietveld s.u. of 0.00003 AÊ (representing the precision of the
measurement) is substantially narrower than the width of the
plotted line. (b) Difference between the observed cell parameter
and the ®t to the two-Debye model discussed in the text. The
negative volume change associated with the order±disorder
transition is clearly visible.

Fig. 6. Oxygen (O4) fractional coordinate as a function of temperature.
Values re®ned from a 5 min data collection on HRPD (open circles)
are compared to values using a more conventional methodology
(closed circles). Error bars are �3 s.u.'s
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atomic coordinates and bond distances and angles with
temperature. Table 1 contains fractional atomic coordi-
nates for ZrW2O8 at 2 K. Table 2 contains selected bond
distances and angles. The values quoted are derived not
from a single re®nement, but are `ideal' coordinates
obtained by a simple least-squares ®t of a straight line to
the 150 re®ned coordinates determined between 2 and
300 K. Coef®cients of these ®ts, which thus describe
structural changes as a function of temperature, are
included in Table 1. Bond valences calculated using
these coordinates and the room-temperature rij values of
Brese and O'Keeffe give an indication of the quality of
the re®nement (Brese & O'Keeffe, 1991; Brown &
Altermatt, 1985) It can be seen that the valence sums
around W1 and W2 (6.051 and 6.050. respectively) are,
as expected, essentially identical, as are those around O1
and O2 (2.079 and 2.072, respectively). O3 has a calcu-
lated valence of 2.0, indicating that its chemical envir-
onment, with one short and one long bond to W, is
perfectly reasonable. O4, however, which is strictly one-
coordinate and becomes mobile at the 448 K phase
transition, is signi®cantly underbonded with a valence
sum of only 1.78.

Fig. 6 shows the fractional atomic coordinate of a
typical atom (O4) as a function of temperature. Data are
compared to those from re®nements using more
conventional methodologies and a ®xed-wavelength
source. In an experiment of this type, where multiple
data sets are collected and re®ned under comparable
conditions, one can obtain a direct indication as to the
true standard uncertainty of the measurement. This is of
relevance as there is frequently controversy in the
literature as to the true signi®cance of standard uncer-

tainties re®ned from powder data. For a parameter such
as the x coordinate of O4 (Fig. 6), which remains
essentially unchanged over the temperature range of the
experiment, one can estimate directly the standard
uncertainty. For the 150 re®nements performed up to
300 K, the O4 x coordinate has an average value of
0.23312 and a standard uncertainty of 0.00037. The
estimated standard uncertainty derived from Rietveld
re®nement varies from 0.00030 at 2 K to 0.00040 at
300 K and has an average value of 0.00036 for all the
re®nements in that range. We thus conclude that the
estimated standard uncertainties derived in the re®ne-
ments are trustworthy.

Table 1. Fractional atomic coordinates and bond-valence sums for the `ideal' 2 K structure of ZrW2O8

Values were obtained by linear regression on 150 individual re®nements between 2 and 300 K. Values in square brackets are coef®cients b in the
expression coordinate = a + (b � temperature).

x y z Valence sum

Zr1 0.0013 (1) 0.0013 (1) 0.0013 (1) 4.138
[ÿ3 (6) � 10ÿ7]

W1 0.3405 (1) 0.3405 (1) 0.3405 (1) 6.051
[2.0 (5) � 10ÿ6]

W2 0.59982 (7) 0.59982 (7) 0.59982 (7) 6.050
[1.7 (4) � 10ÿ6]

O1 0.20631 (7) 0.4392 (1) 0.44700 (9) 2.079
[7 (4) � 10ÿ7] [ÿ4.1 (7) � 10ÿ6] [4 (5) � 10ÿ7]

O2 0.78662 (7) 0.5676 (1) 0.55598 (9) 2.072
[1.8 (4) � 10ÿ6] [4.2 (7) � 10ÿ6] [1.6 (6) � 10ÿ6]

O3 0.49177 (7) 0.49177 (7) 0.49177 (7) 2.001
[ÿ7 (5) � 10ÿ7]

O4 0.23318 (6) 0.23318 (6) 0.23318 (6) 1.784
[ÿ4 (3) � 10ÿ7]

Fig. 7. Temperature dependence of the two unique O1ÐZrÐO2 `90�'
bond angles based on isotropic (open points) and anisotropic
(closed points) re®nement models.
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Fig. 7 shows how the sequential re®nement of
multiple data sets can immediately reveal inadequacies
in a structural model. Preliminary re®nements using
isotropic displacement parameters resulted in certain
variables showing chemically unjusti®able trends. For
example, any one of the individual OÐZrÐO bond
angles plotted in Fig. 7 lies within the normal range
expected for ZrO6 octahedra; certainly none of these
values would cause question if reported from a powder
re®nement. However, the apparent distortion of bond
angles as a function of temperature is harder to justify
and cannot be easily rationalized. The use of anisotropic
displacement parameters, however, results in bond
angles that are essentially temperature independent, as
expected for a relatively rigid ZrO6 group.

Thus we conclude that not only is it possible to re®ne
anisotropic displacement parameters from powder
neutron data collected in as little as 5 min, it is, at least in
the current work, essential to do so for an accurate
structural description.

It has been previously described how the topology of
the ZrW2O8 framework gives this material the potential
ability to undergo facile low-energy distortions via the
coupled rotations of essentially undistorted ZrO6 and
WO4 polyhedra (Evans et al., 1996; Pryde et al., 1996).
An applied pressure or asymmetric libration of these
groups would result in gradually changing tilts of these
polyhedra and shifts in fractional atomic coordinates.
Rietveld re®nement at each temperature shows,
however, that systematic changes in fractional atomic
coordinates are minimal. Two parameters that re¯ect
polyhedral tilts are ZrÐOÐW bridging bond angles and
the tilt angle of a ZrO6 octahedron relative to the
threefold axis. ZrÐOÐW angles are found to be
essentially invariant with temperature. ZrO6 tilt angles,
as shown in Fig. 8, also undergo minimal change with
temperature. The invariance of structural coordinates
with temperature con®rms that static distortions are not
the source of negative thermal expansion in this mate-
rial.

The diffraction data do, however, contain information
regarding the origin of the negative thermal expansion
behaviour in this material. The six individual compo-
nents of the oxygen (O1/O2 equated) displacement

Fig. 8. (a) ZrO6 tilt angles '1 and '2 as a function of temperature. (b)
90% atomic displacement parameters at 300 K.

Table 2. Selected bond distances (AÊ ) and angles (�) of the
idealized 2 K model

Zr1ÐO1 2.045 (1) O1ÐZr1ÐO1 91.21 (5)
Zr1ÐO2 2.106 (1) O1ÐZr1ÐO2 89.14 (5)

O1ÐZr1ÐO2 87.59 (5)
O2ÐZr1ÐO2 92.06 (5)

W1ÐO1 1.815 (1) O1ÐW1ÐO1 115.82 (6)
W1ÐO4 1.707 (1) O1ÐW1ÐO4 101.96 (6)
W2ÐO2 1.786 (1) O2ÐW2ÐO2 109.76 (5)
W2ÐO3 1.718 (1) O2ÐW2ÐO3 109.18 (5)
W1ÐO3 2.405 (1) ZrÐO1ÐW1 153.73 (6)

ZrÐO2ÐW2 172.53 (6)

Fig. 9. The six individual Bij components of the ZrÐOÐW bridging O
atom as a function of temperature. Solid lines represent the ®t to a
hyperbolic cotangent used in subsequent re®nements.
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parameter are shown in Fig. 9, along with the theoretical
®ts to a hyperbolic cotangent of form

hu2i � hu2
0i coth�h�=2kT�

or

hu2i � hu2
0i � 2hu2

0i=�exp�h�=2kT� ÿ 1�

used in subsequent cycles of re®nement (Dunitz et al.,
1988). Fig. 8(b) shows views of the 90% ellipsoids at the
representative temperature of 300 K. The eigenvectors
extracted from these coef®cients are consistent with a
model in which the ZrO6 octahedra librate as rigid
bodies around the threefold axis. Magnitudes of the
root-mean-square (r.m.s.) libration have been derived
by two methods: ®tting a TLS matrix to the re®ned
displacement parameters (Schomaker & Trueblood,
1968) or from the principal eigenvalues via the expres-
sion  ? � tanÿ1�hu2

?i=d�ZrÿO��1=2. Either method gives
similar values; those derived from the latter are shown in
Fig. 10.

It is well established that the libration of pseudo-rigid
groups such as the ZrO6 octahedron discussed here will
lead to an apparent decrease in experimental bond
distances as a function of temperature (Busing & Levy,
1964; Cruickshank, 1956; Downs et al., 1992; Willis &
Pryor, 1975) A bond-distance correction can again be
extracted from the data of Fig. 9 using the expression
�d�ZrÿO� � ÿhu2

?i=2d�ZrÿO�. Fig. 11 compares the frac-
tional apparent decrease in ZrÐO bond distance as a
function of temperature and the fractional decrease in
cell parameter. The coef®cient of thermal expansion of
ZrW2O8 is thus directly related to the apparent reduc-
tion in bond length with temperature, which is in turn
related to the librational amplitude of ZrO6 (and WO4)
polyhedra.

3.3. Phase transition

The occurrence of an order±disorder phase transition
from �-ZrW2O8 to �-ZrW2O8 at around 450 K has been
previously reported (Evans et al., 1996; Mary et al., 1996).
Both diffraction data and dielectric measurements
suggest a disordering of O4 above this temperature such
that each O atom at (x, x, x) (x' 0.23) becomes formally
disordered over this position and (ÿx, ÿx, ÿx). Such a
transition can occur via a �4.6 AÊ hop of oxygen to an
adjacent empty lattice site. A concerted migration of W1
and W2 (~0.9 AÊ ) and O3 (~0.25 AÊ ) leads, on average, to
the introduction of a centre of inversion at (1/2, 1/2, 1/2),
a consequent increase in symmetry from P213 to Pa3Å ,
and an overall reversal of the direction in which the
WO4 tetrahedra point along the threefold axis (Fig. 3).

The variation in the fractional occupancy of the two
tetrahedral orientations as the phase transition is
approached is shown in Fig. 12. These order-parameter

Fig. 10. ZrO6 librational angle derived from the Bij values of Fig. 9. The
solid line represents a ®t to the square root of a hyperbolic
cotangent.

Fig. 11. Fractional apparent reduction in ZrÐO bond length due to
correlated librational motion (open circles) compared to fractional
decrease in cell parameter (closed circles).

Fig. 12. Occupancy of W1 as a function of temperature. The solid line
represents a ®t to a three-dimensional cubic Ising model (see text).
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data may be ®tted to an essentially parameter-free
model by considering the topology of the phase transi-
tion. This is most simply visualized by considering the
low-temperature and high-temperature positions of the
O4 atom within the unit cell. In the ordered P213 phase
at lowest temperatures, the O4 atoms are arranged
essentially on a face-centred-cubic lattice with the origin
displaced to (1/4, 1/4, 1/4) and with unit-cell parameter a
= 9.18 AÊ . Above the phase transition, the O4 atoms
disorder onto a simple cubic lattice with origin again at
(1/4, 1/4, 1/4) and a lattice length equal to a/2. Since a
site may be either empty or occupied, the phase transi-
tion must be equivalent to a spin 1/2 magnetic transition
on the same lattice. Thus the disordering of the O4 site is
topologically equivalent to a three-dimensional face-
centred-cubic Ising model. The solid line in Fig. 12 is the
order parameter calculated for such a model. There are
no free parameters; the temperature of the transition
was ®xed at 448 K as determined by the lattice-constant
data. The agreement between the fractional occupancy
and three-dimensional Ising model is excellent,
con®rming the topology of the transition. A less obvious
conclusion that may be drawn from the ®t is that not
only is the disordering process local but that the lattice
strain effects induced by the O4 mobility must be rela-
tively short-range; long-range strain effects would lead
to mean-®eld non-critical behaviour. Thus a short-range
O4 disordering process is con®rmed as the mechanism
for the P213 to Pa3Å transition in ZrW2O8.

As discussed above, unusual hysteresis effects are
observed in, for example, the cubic cell parameter in the
vicinity of the phase transition. The inset of Fig. 5 shows
the discrepancy observed in the cell parameter between
warming and cooling cycles. The work described here is
performed under inherently non-equilibrium, though
systematic, conditions. The discontinuities at 360 and
508 K will thus be in¯uenced both by thermodynamic
considerations and the kinetics of the processes by
which equilibrium is achieved. One possible explanation
for the observed discontinuities is that they may be
described in terms of the relationship suggested by
Landau & Lifshits (1958). For the correlation between
¯uctuations in entropy and volume

h�S�Vi � kT�@V=@T�P;
where �S and �V are the correlated entropy and
volume changes in a local region of the body and h i
represents the average over the whole body. This
suggests that for a material displaying negative thermal
expansion, �S and �V are anticorrelated. Thus, as the
entropy is increased due to O-atom disordering in a
local region of the body, there will be a reduction in the
cell volume. The observed increase in the cell parameter
at 386 K may then be due to annealing of the partial

O-atom disorder just below the phase transition, leading
to a reduction in entropy and increase in volume. This
involves longer-range effects than those of the simple
Ising model used to describe the phase transition.

The authors would like to express their thanks to
Kevin Knight for his assistance during the data collec-
tion, Jonathan Bones and Richard Down for invaluable
assistance with the sample environment equipment, and
Mark Newman at the Santa Fe Institute for providing
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