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Pressure-induced cubic-to-orthorhombic phase transition in ZrW2O8
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The crystal structure of ZrW2O8 and its variation with pressure and temperature have been investigated by
in situ neutron powder diffraction. At room temperature, the cubica phase is stable below 0.21 GPa, where a
first-order transition to the orthorhombicg phase, accompanied by a 4.95% reduction in volume occurs. The
transition involves the inversion of one third of the W2O8 units, which is made possible by the migration of
oxygen atoms that are bonded to only one W atom in the cubic phase. WO4 tetrahedra tilt off the threefold axes
of the cubic cell and oxygen atoms that are coordinated to only one W atom in the cubic phase become
coordinated to two W atoms in the orthorhombic phase. In spite of its smaller volume, the orthorhombic phase
has a volume compressibility@(DV/DP)/V521.53(1)31022 GPa21# that is slightly larger than that of the
cubic phase@21.38(1)31022 GPa21#. This appears to result from a larger contribution of coordinated tilting
of the ZrO6 octahedra and WOn polyhedra to the compression. The orthorhombic phase is retained upon
release of pressure. Below room temperature, the metastable orthorhombic phase exhibits an average negative
volume thermal expansion@(DV/DT)/V# of 23.431026 K21, which is an order of magnitude smaller than
that for the cubic phase (22.631025 K21), apparently because of the reduced framework flexibility of the
orthorhombic phase. Above room temperature, the thermal expansion of the orthorhombic phase becomes
positive, prior to a first-order transition back to the cubic phase that occurs at about 390 K.
@S0163-1829~99!01401-0#
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INTRODUCTION

Zirconium tungstate, ZrW2O8, was recently shown to ex
hibit negative thermal expansion over the large tempera
range 4 to 1050 K.1 The compound remains cubic with iso
tropic contraction over the entire temperature range. ZrW2O8
and isostructural HfW2O8 are the only materials with isotro
pic negative thermal expansion over such a wide tempera
range.1,2 Sc2W3O12 shows negative bulk thermal expansio
over the temperature range 10–1200 K, but the thermal
pansion is not isotropic.3,4 It is negative along two of the
three axes of the orthorhombic unit cell. Cubic ZrV2O7
shows isotropic negative thermal expansion only ab
100 °C.5,6 An anisotropic negative thermal expansion h
been observed in other oxides, such as NZP,7 but only above
room temperature. The isotropic negative thermal expan
in cubic ZrV2O7 was attributed to the transverse vibration
the central oxygen atoms in the O3V-O-VO3 groups.5 A simi-
lar mechanism was proposed to account for the thermal c
traction in ZrW2O8.

1 The ZrW2O8 structure consists of ZrO6
octahedra linked through oxygen atoms to WO4 tetrahedra.
Because of an unusually high degree of flexibility of t
framework, rotational mode vibrations of the polyhed
units ~called rigid unit modes!, rather than bond-stretchin
vibrational modes, are thought to dominate the thermal
pansion, even at low temperature. With increasing temp
ture, the structure contracts as the amplitudes of the r
tional vibrations increase.1,8,9
PRB 590163-1829/99/59~1!/215~11!/$15.00
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A unique feature of the cubic ZrW2O8 structure@Fig. 1~a!#
that contributes to this flexibility is the existence of an
atom associated with one of the two inequivalent WO4 tetra-
hedra@O~4! in Fig. 2# that is bonded to only one W atom an
is not bonded to any other metal atoms. The equivalen
atom in the other WO4 tetrahedron@O~3!# is also bonded to
only one W atom@W~2!#, but interacts at a longer distanc
with the W atom in the neighboring tetrahedron@the W~1!-
O~3! interaction in Fig. 2#. Within the two tetrahedra, the
corresponding W-O bonds@W~2!-O~3! and W~1!-O~4! in
Fig. 2# are aligned along thê111& threefold axes of the cubic
unit cell and point in the same direction for the neare
neighbor WO4 pairs @W~1!-W~2! group#. An order-disorder
phase transition at 428 K from the acentric cubica phase to
the centric cubicb phase is associated with the mobility o
the O~4! atom.1,2 In the ordereda phase, the two tetrahedr
associated with the W~1!-W~2! pair ‘‘point’’ in a specific
direction. When the O~4! oxygen atom becomes mobile,
can bond with equal probability to either end of a W~1!-W~2!
pair, giving equal probabilities for pointing in the1@111#
and 2@111# directions ~and symmetry equivalent pairs!.
Thus, the disorder is made possible by the mobility of t
one-coordinate O~4! atoms, which can detach themselv
from the W atoms and move through the open framew
structure to new sites. This degree of freedom, i.e., the
version of a W2O8 unit made possible by oxygen atom m
gration, gives rise to thea-to-b order-disorder phase trans
tion at 428 K. The inversion of a W2O8 unit is illustrated in
215 ©1999 The American Physical Society
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216 PRB 59J. D. JORGENSENet al.
Fig. 3. In the disorderedb phase, the orientations of th
W2O8 units are random because the O~4! oxygen atoms are
disordered. The W and O~3! sites also become disordere
~but over a small distance! because the entire W~1!-W~2!
pairs translate by a small amount along the^111& axes, with
the oxygen atoms that link these tetrahedra to the ZrO6 oc-
tahedra@O~1! and O~2! in Fig. 2# remaining essentially fixed
in position, as the W~1!-W~2! pairs reverse directions.

The ZrW2O8 structural flexibility has been previously in

FIG. 1. Structures of the cubica and orthorhombicg phases of
ZrW2O8 illustrated with ZrO6 octahedra and WO4 tetrahedra.
vestigated by applying hydrostatic pressure. We have re
ported a pressure-induced phase transition from the cub
phase,a-ZrW2O8, to a complex orthorhombic structure,
g-ZrW2O8 ~Fig. 1!, accompanied by a 5% volume
reduction.10 The orthorhombic phase has a unit cell nomi-
nally three times larger than the cubic phase, as a result
inversion of one third of the W2O8 units. The orthorhombic
phase is retained as a metastable phase after release of
pressure at room temperature, allowing its thermal-expansio
properties to be compared to those of the cubic phase. Th
orthorhombicg phase also shows negative volume therma
expansion from 20 to 300 K but an order of magnitude

FIG. 2. A section of the cubica phase ZrW2O8 structure viewed
perpendicular to a threefold@111# axis with individual atoms
shown. Atom labels are the same as in Table I.

FIG. 3. Schematic illustration of what is meant by ‘‘inversion’’
of a W2O8 unit. The terminal oxygen atoms of the two WO4 tetra-
hedra@O~3! and O~4! in Fig. 2# move from the original ‘‘tip’’ ends
to the ‘‘blunt’’ ends. This requires migration of an O~4! atom, re-
moving the original O~4! atom ~Fig. 2! and placing a new atom at
O(48), and a very small displacement of the O~3! atom to a new
position, O(38), bonded to the other W atom. There is a small
translation of the two W atoms along the@111# axis because the
oxygen atoms@O~1! and O~2!# that link the WO4 tetrahedra to the
ZrO6 octahedra remain in nominally the same positions. The new
O(48) atom is likely to come from the tip of a nearby W2O8 group
~requiring a migration path of only 4.2 Å! not from the same W2O8

group.
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PRB 59 217PRESSURE-INDUCED CUBIC-TO-ORTHORHOMBIC . . .
smaller than that for thea or b phases. The metastable orth
rhombic g phase can be transformed back to the cubica
phase by heating above 390 K at ambient pressure.
paper presents a full description of the pressure-indu
phase transition, the compression of both the orthorhom
and cubic phases, the thermal-expansion properties of
orthorhombic phase, and the transition back to the cu
phase upon heating.

SAMPLE PREPARATION

The measurements described here were made on two
ferent samples. A 6 g sample was made at Oregon Sta
University. Reactants were appropriate quantities
ZrOCl2•8H2O and H2WO4. The ZrOCl2•8H2O was dissolved
in water. The H2WO4 was dissolved in aqueous NH4OH.
The tungstate solution was brought to boiling and its
adjusted to 5 by addition of aqueous HCl. The Zr41 contain-
ing solution was added to the hot solution containing W61.
This mixture was evaporated to dryness on a hot plate.
solid product was ground and heated at 600 °C for 2 h. T
product was cooled to room temperature, ground, heate
1200 °C for 1 h, and cooled by removing the sample fro
the furnace. This sample was used for the init
measurements.10 To allow faster neutron-diffraction mea
surements~including inelastic neutron-scattering measu
ments, to be reported separately!, a larger sample~;100 g!
was later obtained from Wah Chang. The synthesis met
used by Wah Chang was the same. However, they u
larger amounts, which inevitably leads to a somewhat slo
cooling rate and, therefore, slight decomposition. These
samples showed essentially identical lattice parameters
were assumed to be the same except that the sample
Wah Chang contains traces of ZrO2 and WO3 impurities
~visible by x-ray diffraction, but not prominent in neutron
diffraction patterns!, which give it a light yellowish color.
These impurities are thought to result from decomposit
that occurs during cooling between about 1200 and 800
because of the slower cooling rate. In the later stages of
experiments we observed a subtle difference in the press
induced phase transitions for the two samples. This is
cussed in the following section.

NEUTRON DIFFRACTION MEASUREMENTS

Neutron-diffraction data were collected as a function
pressure at room temperature and as a function of temp
ture at ambient pressure. The experiments were performe
the Argonne National Laboratory using the Special Enviro
ment Powder Diffractometer~SEPD! at the Intense Pulse
Neutron Source.11 For high-pressure measurements t
samples were contained in a thin walled vanadium tu
which was inserted into a helium gas pressure cell.12 Using
helium gas as the pressure medium, the pressure cell
vides hydrostatic pressure to 0.65 GPa over the tempera
range of 40–300 K, with the ability to vary pressure a
temperaturein situ. The collimation of the cell and the dif
fraction geometry ensure that the diffraction data are free
Bragg scattering from the cell. For low- and hig
temperature measurements at ambient pressure the sa
were contained in sealed vanadium cans with helium
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change gas. The low-temperature~20–300 K! data were col-
lected using a displex refrigerator while the high-temperat
data ~300–473 K! were collected using a simple radiatio
furnace. 300 K data at ambient pressure were recorded in
pressure cell, displex refrigerator, and furnace to provid
method for correcting for small errors in the measuremen
lattice parameters that can result from differences in sam
positioning.

Three separate experiments were done at room temp
ture as a function of pressure. In the first experiment,
sample from Oregon State University was studied at 0 G
~for 6 h!, 0.21 GPa~8 h!, 0.42 GPa~10 h!, and 0.62 GPa~8
h! upon increasing pressure and 0.52 GPa~7 h!, 0.31 GPa~7
h!, 0.10 GPa~8 h! upon decreasing pressure. The sample w
a mixture of orthorhombic and cubic phases at 0.21 GPa
fully orthorhombic at 0.42 GPa and remained orthorhom
after release of pressure. The larger sample from Wah Ch
was then used to achieve a faster counting rate, enab
measurements at closely spaced pressures, in an attem
fully characterize the pressure induced phase transition
establish an accurate transition pressure. Data were colle
at pressures of 0 GPa~4 h!, 0.05 GPa~4 h!, 0.11 GPa~4 h!,
0.16 GPa~4 h!, 0.21 GPa~3 h!, 0.22 GPa~2 h!, 0.24 GPa~1
h!, 0.25 GPa~1 h!, 0.27 GPa~3 h!, 0.30 GPa~2 h!, 0.32 GPa
~4 h!, 0.36 GPa~4 h!, and 0.50 GPa~4 h! upon increasing
pressure. Beginning at 0.21 GPa, a mixed-phase region
an increasing fraction of the orthorhombic phase upon c
tinuing to increase pressure was observed. The transition
complete at 0.32 GPa. Figure 4 shows the fractions of
cubic and orthorhombic phases vs pressure based on th
sults of two-phase Rietveld refinements~which will be de-
scribed later!. In a third measurement using the sample fro
Oregon State University, the sample was pressurized to
GPa and data were collected in sequential runs of 1 h each at
constant pressure. The transformation to the orthorhom
phase occurred over a period of time and was complete
h. Thus, the Oregon State University and Wah Cha
samples differ in a subtle way in the kinetics and press
dependence of the cubic-to-orthorhombic phase transit
The transition begins at 0.21 GPa for both samples, wit

FIG. 4. Fractions of the cubic and orthorhombic phases vs p
sure based on the results of two-phase Rietveld refinements.
taken with the Wah Chang sample upon increasing pressure~see
text!.
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218 PRB 59J. D. JORGENSENet al.
the precision of our measurements. The Oregon State
versity sample transforms fully at constant pressure ove
period of 6 h, while the Wah Chang sample requires a furt
increase of pressure to 0.32 GPa to produce a full trans
mation. The transformation kinetics for the Wah Cha
sample were not investigated in a separate measuremen
it is clear that it would not have transformed at const
pressure over a period of 12 h because of the time requ
for the transformation even with the application of increas
pressure. This behavior suggests that the phase trans
may be very sensitive to small variations in chemical co
position ~not apparent in other measurements! or to differ-
ences in the grain size and sintering between grains. Gr
interaction stresses could modify the pressure seen
individual grains even though the helium pressure medium
perfectly hydrostatic. These subtle differences were not
vestigated further.

Neutron-diffraction data from the Oregon State Univers
sample after removal from the pressure cell were collecte
a function of increasing temperature at temperatures of 3
373, 391, 398, 423, and 473 K. The orthorhombic phase
retained until about 373 K, but the sample transformed b
to the cubica phase with no measurable transition kinetics
391 K.

DATA ANALYSIS

The neutron powder-diffraction data were analyzed by
Rietveld method using theGSAS program.13 In high-pressure
measurements only the 90° data (Dd/d50.05) were col-
lected and analyzed. The backscattering, 145°, hi
resolution data (Dd/d50.035) were analyzed for ambien
pressure measurements done outside the pressure cell
90° data were refined over ad-spacing range of 1–4.65 Å
which included 175 peaks for the cubic and/or 1304 pe
for the orthorhombic phase. For the 145° data thed-spacing
range was 1–3.95 Å and included 172 peaks for the cu
and/or 1286 peaks for the orthorhombic phase. The dat
the cubic phase were analyzed with the same model~space
group P213) as used by Maryet al.1 Refined structural pa
rameters in the cubic phase were the fractional atomic c
dinates, cell parameters, profile parameters, backgro
terms, and anisotropic temperature factors for all atoms~54
parameters total!. The orthorhombic model~space group
P212121) has been presented previously.10 This is a chal-
lenging structure to refine using the 90° data from the hi
pressure cell because of the large number of parameter
the 33 inequivalent atoms in the cell. For this reason, o
three temperature factors~one for each chemical specie!
were refined, giving 136 parameters total. In the mixe
phase region, the refined scale factors provided a measu
the relative phase fractions~Fig. 4!.

The observed, calculated, and difference profiles fr
Rietveld refinements for the room-temperature data~the Wah
Chang sample! at three pressures are shown in Fig. 5. Patt
~a! corresponds to cubic ZrW2O8 at ambient pressure; patter
~b! represents a 48% cubic, 52% orthorhombic ZrW2O8 mix-
ture ~in weight percentages! at 0.26 GPa; and pattern~c! is
for the fully converted orthorhombic ZrW2O8 at 0.62 GPa.
The signal-to-background ratios and scale factors were
expected for all measurements, leading to the conclusion
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no significant amounts of amorphous or highly disorde
material were present at any pressure. A Rietveld refinem
plot for the orthorhombic phase at ambient pressure and
K, at the higher resolution provided by the 145° scatter
angle, is also shown in Fig. 5~d!. Tables I and II give refined
structural parameters for the cubic and metastable or
rhombic structures at room temperature and ambient p
sure, where the higher resolution back-scattering data co
be refined.

RESULTS AND DISCUSSION

The unit-cell volumes vs pressure for the cubica phase
and orthorhombicg phase at room temperature are shown
Fig. 6. The volume compressibility of the cubic phase, d
fined as (DV/DP)/V, is 21.38(1)31022 GPa21. The vol-
ume compressibility of the orthorhombic phase
21.53(1)31022 GPa21. The slightly larger compressibility
for the orthorhombic phase, in spite of its smaller cell vo
ume, suggests that the compression mechanisms coul
different.

Identifying the compression mechanism that is operat
in the a phase is difficult because thea phase exists only
over a small pressure range~0–0.2 GPa!. Thus, even though
the diffraction data are of high quality, the pressure dep
dence of bond lengths and angles can be determined
with a limited precision. Various bond lengths and angles
pressure are shown in Fig. 7. It is common in covalen
bonded compounds that consist of corner sharing polyhe
that compression occurs by a coordinated tilting of polyhe
which brings them closer together. Therefore, we inve
gated the Zr-O~1!-W~1! and Zr-O~2!-W~2! bond angles,
which characterize relative tilting of ZrO6 and WO4 polyhe-
dra ~Fig. 2!. Both angles increase with increasing press
@Fig. 7~a!#. Intuitively, one would expect that increases
these angles would lead to expansion, not compress
However, a distance-least-squares refinement14 for an ideal-
ized cubic ZrW2O8 structure~with perfect, rigid polyhedra!
as a function of changing the unit-cell volume gives the s
prising result that, over a limited range of cell volumes~vol-
umes that correspond to negative pressure in the model
culation!, compression can occur byincreasingthe average
Zr-O-W angle. This model calculation suggests that the
usual bonding present ina-ZrW2O8 may lead to a situation
where the normal relationship between cell volume and po
hedral linking angles does not occur. This could explain
unexpected increase of Zr-O-W angles with pressure.

The data also suggest a shortening of the Zr-O distan
with increasing pressure@Fig. 7~b!#, implying a compression
of the ZrO6 octahedra. However, this effect is just outside t
experimental error. Moreover, based on observations of c
pression in other framework structures involving ZrO6 octa-
hedra, one would not expect a significant compression
Zr-O bonds.15 Additional data with higher precision would
be required to confirm whether significant Zr-O bond co
pression occurs ina-ZrW2O8.

The W-O distances do not change significantly. Howev
there is evidence for pressure-induced distortion of the W4
tetrahedra. In the cubica phase, the tetrahedron surroundin
W~1! is compressed along the threefold axis, taking
shape of a trigonal pyramid~Figs. 2!. The angles between th
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FIG. 5. Time-of-flight neutron-diffraction patterns for~a! cubica-ZrW2O8 at 300 K and atmospheric pressure,~b! 48%a-ZrW2O8, 52%
g-ZrW2O8 at 0.26 GPa,~c! fully converted orthorhombicg-ZrW2O8 at 0.62 GPa and~d! orthorhombicg-ZrW2O8 at 20 K and ambient
pressure with the higher resolution provided by the backscattering detector banks. The observed~1!, calculated~solid line!, and difference
~lower solid trace! profiles from the Rietveld refinements are shown. Tick marks below the profile indicate the positions of allowed
reflections. Background has been subtracted prior to plotting for all patterns.
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three basal oxygen atoms@O~1!#, W~1!, and the apical oxy-
gen atom@O~4!# are inequivalent by symmetry to the angl
between pairs of the three basal oxygen atoms@O~1!# and
W~1! ~Figs. 2!. At the ambient pressure, the O~1!-W~1!-O~4!
and O~1!-W~1!-O~1! angles are 101.7° and 115.9°, respe
tively, compared with a value of 109.5° for an ideal tetrah
dron. The W~2! tetrahedron is almost perfect with O~2!-
W~2!-O~2! and O~2!-W~2!-O~3! angles of 109.7° and 109.0°
respectively. Strong inter-tetrahedral O~1!-O~3! repulsion
may explain the observed deformation of the W~1! tetrahe-
dron and lack of deformation for the W~2! tetrahedron. With
-
-

increasing pressure, the W~1! atom gets even closer to th
tetrahedral face perpendicular to the threefold axis resul
in increased distortion due to a decrease of the O~1!-W~1!-
O~4! angle and an increase of the O~1!-W~1!-O~1! angle
@Fig. 7~c!#. Applied pressure has an opposite effect on
W~2! tetrahedral angles—increase of the O~2!-W~2!-O~3!
angle and decrease of the O~2!-W~2!-O~2! angle@Fig. 7~c!#,
but the distortion remains small for this tetrahedron. Ho
ever, the W~2! atom moves away from the W~2!O~2! tetra-
hedral face perpendicular to the threefold axis and gets cl
to the W~1! atom. From 0 to 0.21 GPa, the compressibility
es are
TABLE I. Refined structural parameters for cubica-ZrW2O8 at room temperature and ambient pressure. Numbers in parenthes
standard deviations from Rietveld refinement. Space groupP213, a59.1494(1) Å, wRp50.0642, Rp50.0956, R(F2)50.0712, x2

52.035.

Atom x y z U11 U22 U33 U12 U13 U23

Zr 0.0011~3! 0.0011~3! 0.0011~3! 0.0042~5! 0.0042~5! 0.0042~5! 0.0013~8! 0.0013~8! 0.0013~8!

W~1! 0.3401~3! 0.3401~3! 0.3401~3! 0.0071~14! 0.0071~14! 0.0071~14! 0.0051~15! 0.0051~15! 0.0051~15!

W~2! 0.6006~3! 0.6006~3! 0.6006~3! 0.0050~13! 0.0050~13! 0.0050~13! 0.0008~12! 0.0008~12! 0.0008~12!

O~1! 0.2055~4! 0.4376~4! 0.4467~4! 0.0091~20! 0.0163~26! 0.0228~25! 0.0074~17! 0.0094~18! 20.0030~18!

O~2! 0.7877~3! 0.5694~4! 0.5549~4! 0.0012~19! 0.0198~23! 0.0181~24! 0.0074~16! 0.0026~19! 0.0054~16!

O~3! 0.4922~5! 0.4922~5! 0.4922~5! 0.0178~10! 0.0178~10! 0.0178~10! 20.0083~14! 20.0083~14! 20.0083~14!

O~4! 0.2323~3! 0.2323~3! 0.2323~3! 0.0290~15! 0.0290~15! 0.0290~15! 20.0114~15! 20.0114~15! 20.0114~15!



it-

le
ce
-

Zr

ll

s

rm
he

of

n

e
.
er-
2

at
igh-

-
ne-
ang
the
ly,
by

in

in-

-

e-
en

The
um
i-

lin-
se, is
rties

o
re

d

220 PRB 59J. D. JORGENSENet al.
the W~1!-W~2! distance@D l //DP) l ] is 21.831022 GPa21

@Fig. 7~d!#, which is substantially larger than the linear un
cell compressibility, (Da/DP)/a524.6931023 GPa21.
Most of the decrease in the W~1!-W~2! distance comes from
a large compressibility@D l //DP)/ l ] of the W~1!-O~3! dis-
tance@27.031022 GPa21, Fig. 7~d!#.

The result of these changes in bond lengths and ang
and distortions of the polyhedra, is that the Zr-W distan
decrease as shown in Fig. 7~e!. Because of the unusual bond
ing of the cubic structure, the shorter Zr-W distance,
W~1!, has a compressibility (27.231023 GPa21) about
twice that of the linear compressibility of the unit ce
(24.6931023 GPa21), while the Zr-W~2! distance is al-
most constant with pressure (2131024 GPa21).

The pressure-induced transition from the cubica phase to
the orthorhombicg phase is most easily understood in term
of an ‘‘inversion’’ of one third of the W2O8 units. In the

TABLE II. Refined structural parameters for metastable orth
rhombic g-ZrW2O8 at room temperature and ambient pressu
Numbers in parentheses are standard deviations from Rietvel
finement. Space group P212121 , a59.0608(2) Å, b
527.0141(6) Å, c58.9191(2) Å, wRp50.0382, Rp50.0251,
R(F2)50.0292,x251.715.

Atom x y z U

Zr~1! 0.2117~8! 0.4215~3! 0.8074~9! 0.0007~18!

Zr~2! 0.7238~9! 0.4243~3! 0.2291~9! 0.0007~18!

Zr~3! 0.7439~10! 0.2549~4! 0.7410~10! 0.0007~18!

W~1! 0.9025~17! 0.3730~5! 0.5787~16! 0.0001~14!

W~2! 0.6319~13! 0.4488~5! 0.8306~16! 0.0001~14!

W~3! 0.1497~16! 0.2186~6! 0.8587~14! 0.0001~14!

W~4! 0.3788~15! 0.3169~6! 0.6132~16! 0.0001~14!

W~5! 0.4033~14! 0.4498~6! 0.4627~15! 0.0001~14!

W~6! 0.1236~14! 0.3789~6! 0.2114~15! 0.0001~14!

O~11! 0.7128~14! 0.5924~4! 0.9595~12! 0.0066~9!

O~12! 0.6508~13! 0.6862~5! 0.1428~12! 0.0066~9!

O~13! 0.4991~12! 0.5926~4! 0.2327~12! 0.0066~9!

O~101! 0.4554~12! 0.6390~4! 0.9526~11! 0.0066~9!

O~21! 0.6887~12! 0.4416~5! 0.0211~12! 0.0066~9!

O~22! 0.4361~12! 0.4394~4! 0.8527~13! 0.0066~9!

O~23! 0.7082~13! 0.5057~4! 0.7801~12! 0.0066~9!

O~102! 0.7897~12! 0.6030~4! 0.2444~12! 0.0066~9!

O~31! 0.6685~12! 0.3469~4! 0.1963~13! 0.0066~9!

O~32! 0.6898~13! 0.2771~4! 0.9434~13! 0.0066~9!

O~33! 0.4478~13! 0.2674~5! 0.1726~12! 0.0066~9!

O~103! 0.4441~10! 0.3669~4! 0.5072~13! 0.0066~9!

O~41! 0.2273~12! 0.6494~4! 0.2540~12! 0.0066~9!

O~42! 0.9572~14! 0.7151~5! 0.1682~12! 0.0066~9!

O~43! 0.2165~13! 0.7204~4! 0.9688~12! 0.0066~9!

O~104! 0.7642~12! 0.2502~5! 0.2508~12! 0.0066~9!

O~51! 0.3563~14! 0.5133~5! 0.3963~14! 0.0066~9!

O~52! 0.9786~14! 0.5671~4! 0.7974~12! 0.0066~9!

O~53! 0.2352~14! 0.5566~4! 0.1041~12! 0.0066~9!

O~105! 0.9540~12! 0.5383~4! 0.0883~14! 0.0066~9!

O~61! 0.1846~14! 0.3943~5! 0.0288~11! 0.0066~9!

O~62! 0.1595~13! 0.3155~4! 0.2128~12! 0.0066~9!

O~63! 0.9418~15! 0.4031~5! 0.1892~14! 0.0066~9!

O~106! 0.2570~14! 0.5817~4! 0.8152~10! 0.0066~9!
s,
s

-

cubica phase, pairs of W atoms lie along the^111& threefold
axes of the cubic unit cell@the W~1!-W~2! pair illustrated in
Fig. 2#. The oxygen atoms bonded to these W atoms fo
two WO4 tetrahedra pointed in a specific direction. When t
cubic a phase transforms to the orthorhombicg phase, ter-
minal oxygen atoms are rearranged such that one third
these W2O8 units ~those involving W~3! and W~4! in the
orthorhombic phase! reverse their direction. This inversio
of one third of the W2O8 units results in a tripling of the
unit-cell volume to form the new orthorhombic cell. Th
inversion of a W2O8 unit is illustrated schematically in Fig
3. The inversion requires the coordinated diffusion of a t
minal O~4! oxygen atom~Fig. 2! over a distance of about 4.
Å from the ‘‘tip’’ of one W2O8 unit to the ‘‘blunt end’’ of
another unit, while the original ‘‘tip’’ oxygen atom of the
neighboring W2O8 unit diffuses to the ‘‘blunt end’’ of a
fourth unit, and so on throughout the structure. In thea-to-g
transition, when one third of the W2O8 units invert, the re-
maining structure relaxes. In particular all of the WO4 tetra-
hedra tilt off the original threefold axes in such a way th
their terminal oxygen atoms become associated with ne
boring W atoms.

There is a 4.95~3!% volume reduction at the cubic-to
orthorhombic phase transition as determined from refi
ments in the mixed-phase pressure range for the Wah Ch
sample. This volume reduction appears to result from
topological changes in the W-O sublattice—specifical
from the additional W-O bonding that is made possible
the inversion and the resulting tilts of WOn polyhedra. The
threefold symmetry present in the cubic phase is broken
the orthorhombic structure by tilting of the WO4 tetrahedra
off the ^111& axes, as shown in Fig. 8. There are three
equivalent Zr atoms (ZrO6 octahedra! and six inequivalent
W atoms (WOn polyhedra) in the orthorhombic phase in
stead of one and two, respectively, in the cubica phase. The
tetrahedral tilting allows the oxygen atom@O~4! in Fig. 2#
that was previously coordinated to only one W atom to b
come coordinated to a second W atom. Thus, all oxyg
atoms are two-coordinated in the orthorhombic phase.
oxygen valence, calculated using bond valence s
techniques,16 changes significantly. The valence of the orig
nally one-coordinate oxygen atom@O~4!# changes from 1.72

FIG. 6. Unit-cell volumes of the cubica-ZrW2O8 and ortho-
rhombicg-ZrW2O8 phases vs applied pressure. Solid lines are
ear least-squares fits to the data. Because the orthorhombic pha
retained upon release of pressure after being formed, its prope
can be measured over the full pressure range.
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FIG. 7. ~a! Zr-O-W bond angles,~b! W-O bond lengths,~c! O-W-O bond angles,~d! W~1!-W~2! interatomic distance and W~1!-O~3!
bond length, and~e! Zr-W distances in cubica-ZrW2O8 over the pressure range of 0–0.21 GPa. Solid lines are linear least-squares
the data.
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to 1.96~average of the three corresponding oxygen atom
the orthorhombic structure!, while the valence of the O~3!
atom changes only slightly from 2.07 to 2.06. Thus, in t
orthorhombic phase, all oxygen atoms attain a calculated
lence near 2. Additionally, whereas the WOn polyhedra can
be viewed as tetrahedra with four oxygen atoms bonde
each W atom in the cubic phase, this is not the case in
orthorhombic phase, where the bonding of oxygen atom
the W atoms is more complex and is significantly differe
for each W atom~as shown in Fig. 8!.

The best comparison of the cubic and orthorhombic str
tures comes from refinements using data taken at amb
pressure outside the pressure cell, where the high-resolu
back-scattering data can be used~see Tables I and II!. Com-
parisons of bond lengths and angles for the cubic and or
rhombic phases are done using these data. The degre
polyhedral tilting in theg phase is characterized by the Z
O-W angles. Each of the two Zr-O-W angles in the cub

FIG. 8. Structural arrangement of the WO4 groups of~a! cubic
a-ZrW2O8 and ~b, c, and d! orthorhombic g-ZrW2O8 phase,
viewed perpendicular to a threefold^111& axis in the cubica phase.
Bond lengths are shown in angstroms. Open symbols are oxy
atoms; W atoms are shaded. Bond distances less than 2.3 Å
drawn as solid lines; longer distances, as dashed lines. Atom la
are the same as in Tables I and II.
in
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phase corresponds to nine Zr-W-O angles in the orthorh
bic phase. The Zr-O-W~1! angle in the cubic phase~153.0°!
is significantly larger than the average of theg-phase Zr-
O-W angles which correspond to it~145.9°!. Similarly, the
a-phase Zr-O-W~2! angle~170.7°! is larger than average o
the correspondingg-phase Zr-O-W angles~168°!. In spite of
this reduction in Zr-O-W angles, the Zr and W atoms do n
move significantly closer. The average Zr-W distance
3.808~2! Å in the cubic phase and 3.799~3! Å in the ortho-
rhombic phase~only 0.2% shorter!. This leads to the conclu
sion that the compression must come from the changes in
W-O bonding. Because of the inversion of one third of t
W2O8 groups, these changes cannot be viewed in a sim
way; i.e., it is not possible to correlate all bonds and ang
in the orthorhombic structure to their counterparts in the
bic structure. However, some general observations can
made. The W~1!-W~2! distance within a pair of tetrahedra i
the cubic structure is 4.129~9! Å. In the orthorhombic struc-
ture, the three corresponding distances ared@W~1!-W~2!#
53.905(20) Å, d@W~3!-W~4!#54.018(23) Å, and
d@W~5!-W~6!#53.891(18) Å, giving an average o
3.968~12! Å ~4% shorter!. Changes in other W-W distance
are more difficult to evaluate. In the cubic structure, ea
W~1! atom has three W~2! second nearest neighbors at
distance of 4.621~4! Å, and vice versa. In the orthorhombi
structure, the number of second-nearest-neighbor W atom
a distance of less than 5 Å is different for every W atom:
four for W~1!, three for W~2!, two for W~3!, seven for W~4!,
three for W~5!, and three for W~6!. The most remarkable
changes are for the W~3!-W~4! pair that is inverted. Becaus
the W-W arrangement is so different in the orthorhomb
structure, it is not meaningful to compare W-W bond d
tances. However, the data suggest that the changes in
W-O bonding and the resulting compression of the W-O s
lattice is principally responsible for the 5% volume redu
tion.

A striking feature of theg-ZrW2O8 structure is the lack of
similarity among the symmetry-independent polyhedral un
~Fig. 8!. Most W atoms become five-coordinated with o
long W-O distance and their oxygen environments take
shape of distorted trigonal bipyramids~Fig. 8!. Only the oxy-
gen atoms around W~3! form an almost perfect tetrahedro
with an average~apical O!-W~3!-~basal O! angle of 110.0°
and~basal O!-W~3!-~basal O! angle of 108.8°. The other five
symmetry inequivalent polyhedra are highly deformed. F
example, the average~apical O!-W~1!-~basal O! angle is
98.3° in contrast to the average~basal O!-W~1!-~basal O!
angle which is 117.8°. The respective angles in the W~2!
polyhedron are 109.2° and 118.8°, in the W~4! polyhedron
102.7° and 115.2°, and in the W~6! polyhedron 97.4° and
118.4°.

The compression mechanism in the orthorhombic phas
difficult to describe owing to the large number of atoms
the unit cell. An informative qualitative view of the compre
sion can be based on the observed pressure dependen
average bond lengths and angles. Such an approach lea
the conclusion that coordinated tilting of the polyhedra, as
typical for covalently bonded framework solids, is an impo
tant contribution to the compression in the orthorhom
phase. The average Zr-O-W bond angle decreases sig
cantly with pressure, as shown in Fig. 9~a!. The average
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Zr-O and W-O bond lengths are nominally constant,
shown in Figs. 9~b! and 9~c!. Because so many inequivale
angles and distances are involved, it is not possible to
scribe distortion of individual polyhedra vs pressure. T
increased contribution of coordinated tilting is probably
sponsible for the slightly higher volume compressibility f
the orthorhombic phase@21.53(1)31022 GPa21 vs
21.38(1)31022 GPa21 for the cubic phase#, even though
its volume is 5% smaller. Apparently, the lowering of sym
metry and tilting of the WO4 tetrahedra off the threefold axe

FIG. 9. ~a! Average Zr-O-W bond angle,~b! Zr-O bond length,
and~c! W-O bond length vs pressure for orthorhombicg-ZrW2O8.
Solid lines in~a!, ~b!, and~c! are linear least-squares fits to the da
s

e-
e
-

allows this tilting mechanism of compression to occur in t
orthorhombic phase, whereas symmetry and bonding c
straints prevent it in the cubic phase.

In our previous neutron powder-diffraction study10 we
measured the temperature dependence of theg-ZrW2O8 unit-
cell parameters and volume over a range of 20 to 300 K.
found thatg-ZrW2O8 has an average negative volume co
ficient of thermal expansion of23.431026 K21 in the tem-
perature range of 20–300 K, which is an order of magnitu
smaller than that fora- or b-ZrW2O8 (22.631025 K21,
averaged over the temperature range of 4–693 K!. In the
present work we collected data at more temperatures
over a wider temperature range, 20–473 K. Figure 10 sh
the g-ZrW2O8 cell volume for the Oregon State Universit
sample over this temperature range. As observed previou
the g phase has a negative thermal expansion below ro
temperature. However, the magnitude of the coefficient
thermal expansion decreases gradually and becomes
around room temperature. Above room temperature, as
transition to the cubica phase is approached, the cell volum
increases. There is a first-order transition to the cubic ph
between 373 and 391 K. Above the phase transition,
volume coefficient of thermal expansion is again negati
The increase in unit-cell volume at the phase transition
about 5%, which corresponds in magnitude to the volu
change induced by pressure in the cubic-to-orthorhom
phase transition. Using neutron diffraction, data were
taken at enough closely spaced temperatures to invest
mixed phase~i.e., cubic plus orthorhombic! behavior at this
transition. However, separate laboratory x-ray measurem
suggest that a mixed-phase region perhaps 15° wide
exist at temperatures of 380–395 K. Such effects could
pend on subtle properties of the sample being studied~as we
observed for the pressure-induced transition! and were not
investigated further.

The temperature dependences of the lattice paramete
the orthorhombicg phase as the transition to the cubica
phase is approached are shown in Fig. 11. Below room t
perature, all lattice parameters show a small decrease
increasing temperature. Above room temperature, the la
parameters behave rather differently; whilea andb increase
with temperature approaching the phase transition,c de-

.

FIG. 10. Unit-cell volume of orthorhombicg-ZrW2O8 and cu-
bic a-ZrW2O8 vs temperature over a temperature range of 20–
K. Data were obtained by heating the metastable orthorhom
phase through the transition back to the cubic phase.
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creases with temperature. Becausec is the shortest lattice
parameter, its pretransition decrease results in diverg
orthorhombic lattice parameters just before the transition
the cubic phase. Thus, this pretransition behavior does
have the expected behavior for fluctuations towards the c
a phase. There is apparently some other kind of struct
instability that is then interrupted by the transition to t
cubica phase. We propose two possible explanations for
pretransition anomaly. First, it is possible that there are la
fluctuations of the structure away from the metastable ort
rhombic phase, but toward a larger-volume configuration
ferent from the cubica phase. The transition to the cubica
phase could occur before this intermediate phase forms
coherent way. Second, it is possible that a phase transitio
an intermediate phase does occur and we are not ab
identify it from our diffraction data because of its complexi
and similarity to the orthorhombic phase. The complexity
the orthorhombic phase structure is already near the limi
what can be refined using data from the Special Environm
Powder Diffractometer. Further studies of this curious p
transition behavior will require better experimental reso
tion.

CONCLUSIONS

It is instructive to view the behavior of ZrW2O8 in terms
of a conceptual free-energy picture that includes only
possible structural configurations for ZrW2O8. We conclude
that~of the configurations that are kinetically allowed for th
synthesis procedure! the cubica phase is energetically fa
vored at ambient pressure and room temperature. Upon
creasing pressure above 0.21 GPa, as a result of chang
the topology of the energy surface resulting from the

FIG. 11. Lattice parameters of orthorhombicg-ZrW2O8 in the
temperature range below the transition back to the cubic phase
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sponse of the cubic structure to applied pressure, the or
rhombicg phase becomes the lowest energy phase that
be reached by an energetically allowed transition from
cubic phase. The transition to the orthorhombic phase is
order, meaning that there is an energy barrier between
cubic and orthorhombic minima, and involves a 5% volum
reduction. The fact that the orthorhombic phase is retai
upon the release of pressure shows that the energy minim
associated with this phase exists in the energy surfac
ambient pressure. The energy barrier for transformation b
to the energetically favored cubic phase is large enough
the transformation does not occur until the material is hea
above 390 K.

The observation of a pressure-induced cubic-
orthorhombic transition in ZrW2O8 is a manifestation of the
thermodynamic principles that must apply to a material w
negative thermal expansion. Maxwell’s relation,

~dV/dT!P52~dS/dP!T , ~1!

requires that the entropyS must increase with increasin
pressureP for a material with negative thermal expansio
Thus, materials with negative thermal expansion will exhi
the unusual phenomena that pressure-induced phase tr
tions will lead to more complex structures~i.e., structures
with more structural degrees of freedom! at higher pressure
ZrW2O8 provides an especially interesting example of th
phenomena. The cubic-to-orthorhombic transition occurs
remarkably low pressure of 0.21 GPa and involves a subs
tial increase in the number of structural degrees of freed
Upon increasing the pressure further, the material beco
amorphous over the pressure range of 1.5 to 3.5 GPa.17 In-
terestingly, the amorphous phase is also retained upon
lease of pressure. Although the structure of the amorph
phase has not yet been characterized, one might spec
that it involves random static inversions of W2O8 units, lead-
ing to a large number of possible configurations~consistent
with the required increase in entropy!, with many of the
other features of the short-range structure remaining int
However, the metastable amorphous phase does not tr
form back to the cubic phase at ambient pressure unless
heated to quite high temperatures~923 K!, suggesting that
the structural rearrangements may be more extensive
those resulting from random inversions.

Landau and Lifshits18 have derived an interesting relation
ship between the bulk thermal expansion of a material
the correlation between fluctuations of entropy and volum

^DSDV&5kT~dV/dT!P , ~2!

where DS and DV are the correlated entropy and volum
fluctuations in a local region of the body and the brackets^ &
indicate an average over all such local regions. From
equation, one learns that the entropy and volume fluctuat
must be anticorrelated~on average! in a material with nega-
tive thermal expansion; i.e., in a localized region of the bo
a fluctuation that increases the entropy will decrease the
ume. The proposed mechanism for negative thermal exp
sion in ZrW2O8, based on rigid unit modes that pull th
entire structure inward as the amplitudes of vibration
crease, is consistent with this equation.
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The thermally excited inversion of W2O8 units could also
provide a mechanism for negative thermal expansion sat
ing Eq.~2!. The observation of a 5% volume reduction wh
1/3 of the W2O8 units are inverted in the cubic-to
orthorhombic transition suggests that fluctuations that
duce an inversion could locally reduce the volume. It is
clear whether such fluctuations actually contribute a sig
cant amount to the negative thermal expansion of ZrW2O8.
Because the number of thermally excited inversions is lik
to be small except for temperatures just below thea-to-b
transition, one might speculate that this contribution is o
significant in that temperature range. Interestingly, the n
tive thermal expansion exhibits its largest magnitude in tha
phase just below the transition to theb phase,1,2 where a
contribution from thermally excited inversions could add
that of the rigid unit modes.

The concepts discussed above provide a general fra
work for understanding negative thermal expansion in c
plex structures like ZrW2O8 and can suggest what kinds
additional materials should be investigated for such beh
ior. The complexity of the energy surface for ZrW2O8 is, in a
qualitative sense, a result of unusual features of the struc
such as the significant differences between the two inequ
lent WO4 tetrahedra, the large degree of polyhedral dis
tion, and the one-coordinated oxygen atom. Negative the
expansion over a large temperature range has already
discovered in other complex open-framework structure3,4
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and more new compounds are likely to follow. Understa
ing the response of such structures to pressure is impo
for several reasons. First, structural measurements vs
sure can provide a useful view of the flexibility of the stru
ture, showing what structural degrees of freedom may
important in the negative thermal expansion. Second, a
the case of ZrW2O8, pressure may produce a transformati
to a closely related phase whose thermal expansion pro
ties can be compared with those of the ambient-pres
phase. Third, understanding the response to pressure i
rectly relevant to the behavior of the negative-therm
expansion material in a composite, where grain-interac
stresses can produce large local pressures.
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