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The crystal structure of ZrYDg and its variation with pressure and temperature have been investigated by
in situ neutron powder diffraction. At room temperature, the cubighase is stable below 0.21 GPa, where a
first-order transition to the orthorhombigphase, accompanied by a 4.95% reduction in volume occurs. The
transition involves the inversion of one third of the,@§ units, which is made possible by the migration of
oxygen atoms that are bonded to only one W atom in the cubic phasgtéf@hedra 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 compressibiliff AV/AP)/V=—1.53(1)x 10" 2 GPa '] that is slightly larger than that of the
cubic phas¢ —1.38(1)x 10" 2 GPa 1]. This appears to result from a larger contribution of coordinated tilting
of the ZrQy octahedra and WQpolyhedra 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 expansidri(AV/AT)/V] of —3.4x10°® K™%, which is an order of magnitude smaller than
that for the cubic phase{2.6x1075% K1), 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.
[S0163-182699)01401-7

INTRODUCTION A unique feature of the cubic Zr¥g structurg Fig. 1(a)]
that contributes to this flexibility is the existence of an O
Zirconium tungstate, Zr\WDg, was recently shown to ex- atom associated with one of the two inequivalent \W€ra-
hibit negative thermal expansion over the large temperaturkedraO(4) in Fig. 2] that is bonded to only one W atom and
range 4 to 1050 K.The compound remains cubic with iso- is not bonded to any other metal atoms. The equivalent O
tropic contraction over the entire temperature range. DYV  atom in the other W@tetrahedrorfO(3)] is also bonded to
and isostructural HNAOg are the only materials with isotro- only one W atom{W(2)], but interacts at a longer distance
pic negative thermal expansion over such a wide temperatungith the W atom in the neighboring tetrahedrghe W(1)-
range™? SGW;0;, shows negative bulk thermal expansion O(3) interaction in Fig. 2. Within the two tetrahedra, the
over the temperature range 10—1200 K, but the thermal excorresponding W-O bondpW(2)-O(3) and W1)-O(4) in
pansion is not isotropit? It is negative along two of the Fig. 2] are aligned along thel11) threefold axes of the cubic
three axes of the orthorhombic unit cell. Cubic 204  unit cell and point in the same direction for the nearest-
shows isotropic negative thermal expansion only aboveneighbor WQ pairs [W(1)-W(2) groupl. An order-disorder
100 °C>® An anisotropic negative thermal expansion hasphase transition at 428 K from the acentric cubiphase to
been observed in other oxides, such as NBRt only above the centric cubicB phase is associated with the mobility of
room temperature. The isotropic negative thermal expansiothe Q(4) atom®? In the orderedy phase, the two tetrahedra
in cubic ZrV,0; was attributed to the transverse vibration of associated with the Y¥)-W(2) pair “point” in a specific
the central oxygen atoms in the\»O-VO; groups® A simi-  direction. When the @) oxygen atom becomes mobile, it
lar mechanism was proposed to account for the thermal corean bond with equal probability to either end of dMWW(2)
traction in Zr'w,0g.! The ZrW,Oy structure consists of Zr©)  pair, giving equal probabilities for pointing in the[111]
octahedra linked through oxygen atoms to W@étrahedra. and —[111] directions (and symmetry equivalent pajrs
Because of an unusually high degree of flexibility of theThus, the disorder is made possible by the mobility of the
framework, rotational mode vibrations of the polyhedralone-coordinate @) atoms, which can detach themselves
units (called rigid unit modes rather than bond-stretching from the W atoms and move through the open framework
vibrational modes, are thought to dominate the thermal exstructure to new sites. This degree of freedom, i.e., the in-
pansion, even at low temperature. With increasing temperasersion of a WOg unit made possible by oxygen atom mi-
ture, the structure contracts as the amplitudes of the rotagration, gives rise to the-to-B order-disorder phase transi-
tional vibrations increask®?® tion at 428 K. The inversion of a YO unit is illustrated in
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(b)

FIG. 1. Structures of the cubie and orthorhombicy phases of
ZrW,0g illustrated with ZrQ octahedra and Wgtetrahedra.

Fig. 3. In the disorderegB phase, the orientations of the
W,0Og units are random because thé4Doxygen atoms are
disordered. The W and @) sites also become disordered
(but over a small distangebecause the entire W)-W(2)
pairs translate by a small amount along {fié1) axes, with
the oxygen atoms that link these tetrahedra to theg4r©
tahedrd O(1) and Q2) in Fig. 2] remaining essentially fixed
in position, as the W)-W(2) pairs reverse directions.

The ZrW,0q structural flexibility has been previously in-

FIG. 2. A section of the cubie phase ZrWOg structure viewed
perpendicular to a threefolfil11l] axis with individual atoms
shown. Atom labels are the same as in Table I.

vestigated by applying hydrostatic pressure. We have re-
ported a pressure-induced phase transition from the cubic
phase, a-ZrW,0g, to a complex orthorhombic structure,
v-Zr'W,0g (Fig. 1), accompanied by a 5% volume
reduction'® The orthorhombic phase has a unit cell nomi-
nally three times larger than the cubic phase, as a result of
inversion of one third of the WDg units. The orthorhombic
phase is retained as a metastable phase after release of the
pressure at room temperature, allowing its thermal-expansion
properties to be compared to those of the cubic phase. The
orthorhombicy phase also shows negative volume thermal
expansion from 20 to 300 K but an order of magnitude

FIG. 3. Schematic illustration of what is meant by “inversion”
of a W,0Og unit. The terminal oxygen atoms of the two \)€tra-
hedra[O(3) and Q4) in Fig. 2] move from the original “tip” ends
to the “blunt” ends. This requires migration of an(9) atom, re-
moving the original @4) atom (Fig. 2) and placing a new atom at
0O(4'), and a very small displacement of thé3Datom to a new
position, O(3), bonded to the other W atom. There is a small
translation of the two W atoms along ti#11] axis because the
oxygen atomgO(1) and Q2)] that link the WQ tetrahedra to the
ZrQg octahedra remain in nominally the same positions. The new
O(4') atom is likely to come from the tip of a nearby, @ group
(requiring a migration path of only 4.2)&ot from the same WDg
group.
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smaller than that for the or 8 phases. The metastable ortho- 120
rhombic y phase can be transformed back to the cubic __

phase by heating above 390 K at ambient pressure. This¥ 100 |
paper presents a full description of the pressure—induced.‘g '
phase transition, the compression of both the orthorhombic-g I
and cubic phases, the thermal-expansion properties of theZ 60 -
orthorhombic phase, and the transition back to the cubic
phase upon heating. :
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The measurements described here were made on two dif i
ferent samplesA 6 g sample was made at Oregon State
University. Reactants were appropriate quantities of 0 01 02 03 04 05 06 07
ZrOCl,-8H,0 and HWO,. The ZrOC}-8H,0 was dissolved Pressure (GPa)
in water. The HWO, was dissolved in aqueous NEH.
The tungstate solution was brought to boiling and its pH FIG. 4. Fractions of the cubic and orthorhombic phases vs pres-
adjusted to 5 by addition of aqueous HCI. ThéZcontain- ~ Sure ba§ed on the results of two-phase Ri_etveld _refinements. Data
ing solution was added to the hot solution containin§'w  taken with the Wah Chang sample upon increasing pressee
This mixture was evaporated to dryness on a hot plate. Thigx?.
solid product was ground and heated at 600 °C for 2 h. This
product was cooled to room temperature, ground, heated ahange gas. The low-temperat29—300 K data were col-
1200 °C for 1 h, and cooled by removing the sample fromiected using a displex refrigerator while the high-temperature
the furnace. This sample was used for the initialdata (300-473 K were collected using a simple radiation
measurement€. To allow faster neutron-diffraction mea- furnace. 300 K data at ambient pressure were recorded in the
surements(including inelastic neutron-scattering measure-pressure cell, displex refrigerator, and furnace to provide a
ments, to be reported separajels larger samplé~100 9  method for correcting for small errors in the measurement of
was later obtained from Wah Chang. The synthesis methophttice parameters that can result from differences in sample
used by Wah Chang was the same. However, they usegbsitioning.
larger amounts, which inevitably leads to a somewhat slower Three separate experiments were done at room tempera-
cooling rate and, therefore, slight decomposition. These tWyre as a function of pressure. In the first experiment, the
Samples showed essentially identical lattice parameters al’gémme from Oregon State University was studied at 0 GPa
were assumed to be the same except that the sample from,r 6 h), 0.21 GPa8 h), 0.42 GPa(10 h), and 0.62 GP48
Wah Chang contains traces of zZr@nd WGQ impurities  h) upon increasing pressure and 0.52 GP#&), 0.31 GPA7
(visible by x-ray diffraction, but not prominent in neutron- h) 0.10 GP48 h) upon decreasing pressure. The sample was
diffraction pattern which give it a light yellowish color.  a mixture of orthorhombic and cubic phases at 0.21 GPa and
These impurities are thought to result from decompositiorfylly orthorhombic at 0.42 GPa and remained orthorhombic
that occurs during cooling between about 1200 and 800 °Gfter release of pressure. The larger sample from Wah Chang
because of the slower cooling rate. In the later stages of oyyas then used to achieve a faster counting rate, enabling
experiments we observed a subtle difference in the pressurgheasurements at closely spaced pressures, in an attempt to
induced phase transitions for the two samples. This is disfully characterize the pressure induced phase transition and
cussed in the following section. establish an accurate transition pressure. Data were collected
at pressures of 0 GR4 h), 0.05 GPa4 h), 0.11 GPa4 h),
0.16 GPa4 h), 0.21 GP&3 h), 0.22 GP&2 h), 0.24 GP41
h), 0.25 GP41 h), 0.27 GP4&3 h), 0.30 GP42 h), 0.32 GPa
Neutron-diffraction data were collected as a function of(4 h), 0.36 GPa(4 h), and 0.50 GPd4 h) upon increasing
pressure at room temperature and as a function of temperafressure. Beginning at 0.21 GPa, a mixed-phase region with
ture at ambient pressure. The experiments were performed ah increasing fraction of the orthorhombic phase upon con-
the Argonne National Laboratory using the Special Environinuing to increase pressure was observed. The transition was
ment Powder DiffractometefSEPD at the Intense Pulsed complete at 0.32 GPa. Figure 4 shows the fractions of the
Neutron Sourcé! For high-pressure measurements thecubic and orthorhombic phases vs pressure based on the re-
samples were contained in a thin walled vanadium tubesults of two-phase Rietveld refinemeritghich will be de-
which was inserted into a helium gas pressure @ellsing  scribed latey. In a third measurement using the sample from
helium gas as the pressure medium, the pressure cell pr@regon State University, the sample was pressurized to 0.22
vides hydrostatic pressure to 0.65 GPa over the temperatuf@Pa and data were collected in sequential riristoeach at
range of 40—300 K, with the ability to vary pressure andconstant pressure. The transformation to the orthorhombic
temperaturan situ. The collimation of the cell and the dif- phase occurred over a period of time and was complete in 6
fraction geometry ensure that the diffraction data are free oh. Thus, the Oregon State University and Wah Chang
Bragg scattering from the cell. For low- and high- samples differ in a subtle way in the kinetics and pressure
temperature measurements at ambient pressure the samptiependence of the cubic-to-orthorhombic phase transition.
were contained in sealed vanadium cans with helium exThe transition begins at 0.21 GPa for both samples, within

NEUTRON DIFFRACTION MEASUREMENTS
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the precision of our measurements. The Oregon State Unio significant amounts of amorphous or highly disordered
versity sample transforms fully at constant pressure over aaterial were present at any pressure. A Rietveld refinement
period of 6 h, while the Wah Chang sample requires a furtheplot for the orthorhombic phase at ambient pressure and 20
increase of pressure to 0.32 GPa to produce a full transfolK, at the higher resolution provided by the 145° scattering
mation. The transformation kinetics for the Wah Changangle, is also shown in Fig(&). Tables | and Il give refined
sample were not investigated in a separate measurement, kgituctural parameters for the cubic and metastable ortho-
it is clear that it would not have transformed at constantrhombic structures at room temperature and ambient pres-
pressure over a period of 12 h because of the time requiresure, where the higher resolution back-scattering data could
for the transformation even with the application of increasingbe refined.
pressure. This behavior suggests that the phase transition
may be very sensitive to small variations in chemical com-
position (not apparent in other measuremenas to differ- RESULTS AND DISCUSSION
ences in the grain size and sintering between grains. Grain- The unit-cell volumes vs pressure for the cubiphase
interaction stresses could modify the pressure seen byng orthorhombicy phase at room temperature are shown in
individual grains even though the helium pressure medium i¥ig. 6. The volume compressibility of the cubic phase, de-
perfectly hydrostatic. These subtle differences were not ingiyeq as AV/AP)/V, is —1.38(1)x 10"2 GPa L. The vol-
vestigated further. __ume compressibility of the orthorhombic phase is
Neutron-diffraction data from the Oregon State University _ 1.53(1)x 10"2 GPa . The slightly larger compressibility
sample after removal from the pressure cell were collected a8, the orthorhombic phase, in spite of its smaller cell vol-
a function of increasing temperature at temperatures of 34%me, suggests that the compression mechanisms could be
373, 391, 398, 423, and 473 K. The orthorhombic phase Wagiferent.

retained until about 373 K, but the sample transformed back genifying the compression mechanism that is operative
to the cubica phase with no measurable transition kinetics ati, the o phase is difficult because the phase exists only

391 K. over a small pressure ran¢@—0.2 GPa Thus, even though
the diffraction data are of high quality, the pressure depen-
DATA ANALYSIS dence _of_bond Ier_1g_ths and_ angles can be determined only
with a limited precision. Various bond lengths and angles vs

The neutron powder-diffraction data were analyzed by thepressure are shown in Fig. 7. It is common in covalently
Rietveld method using thesas program®® In high-pressure  bonded compounds that consist of corner sharing polyhedra
measurements only the 90° datAd/d=0.05) were col- that compression occurs by a coordinated tilting of polyhedra
lected and analyzed. The backscattering, 145°, highwhich brings them closer together. Therefore, we investi-
resolution data £d/d=0.035) were analyzed for ambient- gated the Zr-Q1)-W(1) and Zr-Q2)-W(2) bond angles,
pressure measurements done outside the pressure cell. TWhich characterize relative tilting of Zgand WQ, polyhe-
90° data were refined over dispacing range of 1-4.65 A dra (Fig. 2. Both angles increase with increasing pressure
which included 175 peaks for the cubic and/or 1304 peak$Fig. 7(a)]. Intuitively, one would expect that increases of
for the orthorhombic phase. For the 145° datadkspacing these angles would lead to expansion, not compression.
range was 1-3.95 A and included 172 peaks for the cubitiowever, a distance-least-squares refinefitdot an ideal-
and/or 1286 peaks for the orthorhombic phase. The data iized cubic ZrwWOg structure(with perfect, rigid polyhedra
the cubic phase were analyzed with the same m¢sfice as a function of changing the unit-cell volume gives the sur-
group P2,3) as used by Margt al! Refined structural pa- prising result that, over a limited range of cell voluntesl-
rameters in the cubic phase were the fractional atomic coormes that correspond to negative pressure in the model cal-
dinates, cell parameters, profile parameters, backgrounculation), compression can occur bgcreasingthe average
terms, and anisotropic temperature factors for all at¢dds Zr-O-W angle. This model calculation suggests that the un-
parameters total The orthorhombic modelspace group usual bonding present ia-ZrwW,Og may lead to a situation
P2,2,2,) has been presented previou¥lyThis is a chal- where the normal relationship between cell volume and poly-
lenging structure to refine using the 90° data from the highhedral linking angles does not occur. This could explain the
pressure cell because of the large number of parameters fanexpected increase of Zr-O-W angles with pressure.
the 33 inequivalent atoms in the cell. For this reason, only The data also suggest a shortening of the Zr-O distances
three temperature factor®ne for each chemical specjes with increasing pressuféig. 7(b)], implying a compression
were refined, giving 136 parameters total. In the mixed-of the ZrQ; octahedra. However, this effect is just outside the
phase region, the refined scale factors provided a measure ekperimental error. Moreover, based on observations of com-
the relative phase fractiori&ig. 4). pression in other framework structures involving Zr@rta-

The observed, calculated, and difference profiles fromhedra, one would not expect a significant compression of

Rietveld refinements for the room-temperature ddta Wah ~ Zr-O bonds'® Additional data with higher precision would
Chang sampleat three pressures are shown in Fig. 5. Patteribe required to confirm whether significant Zr-O bond com-
(a) corresponds to cubic ZrYydg at ambient pressure; pattern pression occurs im-ZrW,Og.
(b) represents a 48% cubic, 52% orthorhombic Z26%4/mix- The W-O distances do not change significantly. However,
ture (in weight percentag¢sat 0.26 GPa; and patteljs) is  there is evidence for pressure-induced distortion of the,WO
for the fully converted orthorhombic Zr'\Dg at 0.62 GPa. tetrahedra. In the cubie phase, the tetrahedron surrounding
The signal-to-background ratios and scale factors were a#/(1) is compressed along the threefold axis, taking the
expected for all measurements, leading to the conclusion thahape of a trigonal pyramidFigs. 2. The angles between the
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FIG. 5. Time-of-flight neutron-diffraction patterns fta) cubic a-ZrwW,0g at 300 K and atmospheric pressufia), 48% a-ZrW,0Og, 52%
v-Zr'W,0g at 0.26 GPa(c) fully converted orthorhombicey-ZrwW,0g at 0.62 GPa andd) orthorhombicy-ZrW,0Og at 20 K and ambient
pressure with the higher resolution provided by the backscattering detector banks. The obs¢reattulated'solid line), and difference
(lower solid tracg profiles from the Rietveld refinements are shown. Tick marks below the profile indicate the positions of allowed Bragg
reflections. Background has been subtracted prior to plotting for all patterns.

three basal oxygen atomi©(1)], W(1), and the apical oxy- increasing pressure, the (I atom gets even closer to the
gen atomO(4)] are inequivalent by symmetry to the angles tetrahedral face perpendicular to the threefold axis resulting
between pairs of the three basal oxygen atd@&l)] and  in increased distortion due to a decrease of thig)-®V(1)-
W(1) (Figs. 2. At the ambient pressure, thd T)-W(1)-O(4) O(4) angle and an increase of the(XpW(1)-O(1) angle
and Q1)-W(1)-O(1) angles are 101.7° and 115.9°, respec-[Fig. 7(c)]. Applied pressure has an opposite effect on the
tively, compared with a value of 109.5° for an ideal tetrahe-W(2) tetrahedral angles—increase of thd2PW(2)-O(3)
dron. The W2) tetrahedron is almost perfect with(2)- angle and decrease of théZpW(2)-O(2) angle[Fig. 7(c)],
W(2)-0(2) and 42)-W(2)-O(3) angles of 109.7° and 109.0°, but the distortion remains small for this tetrahedron. How-
respectively. Strong inter-tetrahedral(IpO(3) repulsion ever, the W2) atom moves away from the &)O(2) tetra-
may explain the observed deformation of thd)tetrahe- hedral face perpendicular to the threefold axis and gets closer
dron and lack of deformation for the (&) tetrahedron. With  to the W(1) atom. From 0 to 0.21 GPa, the compressibility of

TABLE |. Refined structural parameters for culieZrW,Og at room temperature and ambient pressure. Numbers in parentheses are
standard deviations from Rietveld refinement. Space grB@p3, a=9.1494(1) A,pr:0.0642, R,=0.0956, R(F?)=0.0712, x?
=2.035.

Atom X y z U1l u22 u33 Uiz ui3 u23

zr 0.00113) 0.00113) 0.00113) 0.00425) 0.00425)  0.00425) 0.00138) 0.00138) 0.00138)

W(1)  0.34013) 0.34013) 0.34013) 0.007114) 0.007114) 0.007i14)  0.005115  0.005115  0.005115)
W(2)  0.60063) 0.60063) 0.60083) 0.005G13) 0.005G13) 0.005@13)  0.000§12  0.000§12)  0.000812)
O(1)  0.20534) 0.43764) 0.44674) 0.009120) 0.016326) 0.022825)  0.007417)  0.009418) —0.003Q19)
O(2) 0.78773) 0.56944) 0.55494) 0.001219) 0.019823) 0.018124)  0.007416)  0.002619)  0.005416)
O(3)  0.49275) 0.49225) 0.49225) 0.017810) 0.0178§10) 0.017§10) —0.008314) —0.008314) —0.008314)
O(4)  0.23233) 0.23233) 0.23233) 0.029q15 0.029G15 0.029G15) —0.011415 —0.011415) —0.011415)
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TABLE Il. Refined structural parameters for metastable ortho-cubic a phase, pairs of W atoms lie along t#el1) threefold
rhombic y-ZrW,Og at room temperature and ambient pressure.axes of the cubic unit cefthe W(1)-W(2) pair illustrated in
Numbers in parentheses are standard deviations from Rietveld r¢=ig. 2]. The oxygen atoms bonded to these W atoms form
finement. Space group P2:2,2;, a=9.0608(2) A, b  two WO, tetrahedra pointed in a specific direction. When the
=272-0141(6) A,2C=8-9191(2) A, WR,=0.0382, R,=0.0251,  cybjic a phase transforms to the orthorhomhighase, ter-
R(F%)=0.0292,x"=1.715. minal oxygen atoms are rearranged such that one third of
these WOg units (those involving W3) and W4) in the

Atom X y z U orthorhombic phagereverse their direction. This inversion
Zr(1) 0.21178) 0.42153)  0.80749) 0.000718) of one third of the WOg units results in a tripling of the
71(2) 0.72389) 0.42433)  0.22919) 0.000718) unit-cell volume to form the new orthorhombic cell. The
7r(3) 0.743910) 0.25494) 0.741G10) 0.000718) inversion of a WOg unit is illustrated schematically in Fig.
W(D) 0.902517) 0.373G5) 0.578716) 0.000114) 3..The inversion requires. the coordina_ted diffusion of a ter-
e 0.631913 0.44885) 0.830816) 0.000114) minal O4) oxygen atom(Fig. 2 over a distance of about 4.2
W) 0.149716) 021866) 0858714 0.000114) A from the_“tlp” _of one W.ZQB ur‘1‘|t. t9 the “blunt end” of
W 0378815 0.31696) 0.613216 0.000114) anpther gnlt, while the qnglnal tip” oxygen atom of the
W) 0.403314) 0.44986) 0462715 0.000114) nelghborl_ng WOg unit diffuses to the “blunt end” of a
W) 0.123614) 0.37896) 0211415 0.000114) fourth unit, and so on throughout the structure. In dht-y

transition, when one third of the g units invert, the re-
maining structure relaxes. In particular all of the Wi@tra-
hedra tilt off the original threefold axes in such a way that
their terminal oxygen atoms become associated with neigh-
boring W atoms.

There is a 4.98)% volume reduction at the cubic-to-

01 0.712814) 0.59244) 0.959%12) 0.00669)
0(12 0.650813) 0.68625) 0.142812) 0.006G9)
0(13 0.499112) 0.59264) 0.232712) 0.006&9)
0(101) 0.455412) 0.639@4) 0.952611) 0.00669)
021 0.688712) 0.44185) 0.021112) 0.0069)

022 0436112  0.43944)  0.852713  0.00669) orthorhombic phase transition as determined from refine-
0(23) 0.708213)  0.50574) 0.780112)  0.00669) ments in the mixed-phase pressure range for the Wah Chang
0(102  0.789712  0.603@4)  0.244412)  0.00669) sample. This volume reduction appears to result from the
0(3) 0.668512) 0.34694) 0.196313) 0.0069) topological changes in the W-O sublattice—specifically,
0(32) 0.689813) 0.27714) 0.943413) 0.00669) from the additional W-O bonding that is made possible by
033 0.447813 0.26745)  0.172612)  0.00669) the inversion and the resulting tilts of W®olyhedra. The
0(103 0.444110) 0.36694) 0.507213) 0.006@9) threefold symmetry present in the cubic phase is broken in
0(41) 0.227312) 0.64944) 0.254Qq12) 0.00649) the orthorhombic structure by tilting of the W@etrahedra
042 0.957214) 0.71515) 0.168212) 0.006G9) off the (111) axes, as shown in Fig. 8. There are three in-
0(43) 0.216%13) 0.72044) 0.968812) 0.00689) equivalent Zr atoms (Zr§octahedraand six inequivalent
0O(104  0.764Z12) 0.25025) 0.250812) 0.006&9) W atoms (WQ polyhedra) in the orthorhombic phase in-
0(51) 0.356314) 0.51335) 0.396314) 0.00689) stead of one and two, respectively, in the cubiphase. The
0(52) 0.978614) 0.56714) 0.797412)  0.0069) tetrahedral tilting allows the oxygen atof®(4) in Fig. 2]
0(53) 0.235214) 0.55664) 0.104112) 0.006G9) that was previously coordinated to only one W atom to be-
0O(105  0.954G12) 0.53834) 0.088314) 0.00669) come coordinated to a second W atom. Thus, all oxygen
0(61) 0.184614) 0.39435) 0.028811) 0.00669) atoms are two-coordinated in the_orthorhombic phase. The
0(62) 0.159513) 0.31584) 0.212812 0.00669) oxygen va6lence, cal_culatgd using bond valence sum
063) 0941815 0.40315) 0.189214) 0.00669) techniques® changes significantly. The valence of the origi-

0(106 0.257G14) 058174) 0.815210) 0.00689) nally one-coordinate oxygen atof®(4)] changes from 1.72

2350 T | — | — T T T T 7 T

the W(1)-W(2) distance[Al//AP)I] is —1.8x10 2 GPa! a-ZrW,0, (unit cell volume X 3)

[Fig. 7(d)], which is substantially larger than the linear unit- 2300 O ——0—0—0— w000 1

cell compressibility, Qa/AP)/a=—4.69x10 2 GPa ™. S

Most of the decrease in the W-W(2) distance comes from " 2% F AV = 5% iy

a large compressibility Al1//AP)/I] of the W(1)-O(3) dis- £

tance[ —7.0x 10" 2 GPa'l, Fig. 7(d)]. 3 20F ]
The result of these changes in bond lengths and angles> W

and distortions of the polyhedra, is that the Zr-W distances ao T 1= Z/W,0, (unit cell volume) |

decrease as shown in FigeY. Because of the unusual bond-
ing of the cubic structure, the shorter Zr-W distance, Zr-
W(1), has a compressibility £7.2x10 3 GPa'') about

twice that of the linear compressibility of the unit cell

(—4.69<107° GPa'), while the Zr-W2) distance is al- FIG. 6. Unit-cell volumes of the cubia-ZrW,0Og and ortho-

most constant with pressure-(LX 10 * GPal). rhombic y-ZrW,0g phases vs applied pressure. Solid lines are lin-
The pressure-induced transition from the cubiphase to  ear least-squares fits to the data. Because the orthorhombic phase, is

the orthorhombicy phase is most easily understood in termsretained upon release of pressure after being formed, its properties

of an “inversion” of one third of the WOz units. In the  can be measured over the full pressure range.
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phase corresponds to nine Zr-W-O angles in the orthorhom-
bic phase. The Zr-O-\W) angle in the cubic phadd53.09
is significantly larger than the average of thephase Zr-
O-W angles which correspond to (£45.99. Similarly, the
a-phase Zr-O-WR2) angle(170.79 is larger than average of
the corresponding-phase Zr-O-W angle€l68°). In spite of
this reduction in Zr-O-W angles, the Zr and W atoms do not
move significantly closer. The average Zr-W distance is
3.8082) A in the cubic phase and 3.7@ A in the ortho-
rhombic phaséonly 0.2% shorter This leads to the conclu-
sion that the compression must come from the changes in the
W-O bonding. Because of the inversion of one third of the
W,0Og groups, these changes cannot be viewed in a simple
way; i.e., it is not possible to correlate all bonds and angles
in the orthorhombic structure to their counterparts in the cu-
bic structure. However, some general observations can be
made. The W1)-W(2) distance within a pair of tetrahedra in
the cubic structure is 4.129 A. In the orthorhombic struc-
ture, the three corresponding distances dirgV(1)-W(2)]
=3.905(20) A, d[W(3)-W(4)]=4.018(23) A, and
d[W(5)-W(6)]=3.891(18) A, giving an average of
3.96812) A (4% shortey. Changes in other W-W distances
are more difficult to evaluate. In the cubic structure, each
W(1) atom has three V) second nearest neighbors at a
distance of 4.62®) A, and vice versa. In the orthorhombic
structure, the number of second-nearest-neighbor W atoms at
a distance of less tha5 A is different for every W atom:
four for W(1), three for W2), two for W(3), seven for W4),
three for W5), and three for W6). The most remarkable
changes are for the ®)-W(4) pair that is inverted. Because
the W-W arrangement is so different in the orthorhombic
structure, it is not meaningful to compare W-W bond dis-
tances. However, the data suggest that the changes in the
W5-W6=4.13 A W-O bonding and the resulting compression of the W-O sub-
lattice is principally responsible for the 5% volume reduc-
FIG. 8. Structural arrangement of the W@roups of(a) cubic  tion.
a-Zr'W,0g and (b, ¢, and d orthorhombic y-Zrw,0g phase, A striking feature of they-ZrW,Og structure is the lack of
viewed perpendicular to a threefolti11) axis in the cubiax phase.  similarity among the symmetry-independent polyhedral units
Bond lengths are shown in angstroms. Open symbols are oxygefFig. 8). Most W atoms become five-coordinated with one
atoms; W atoms are shaded. Bond distances less than 2.3 A a§ng W-O distance and their oxygen environments take the
drawn as solid Iin_es; longer distances, as dashed lines. Atom Iabegshape of distorted trigonal bipyrami@sig. 8). Only the oxy-
are the same as in Tables | and 1. gen atoms around {8) form an almost perfect tetrahedron
with an averagdapical O-W(3)-(basal OQ angle of 110.0°
to 1.96(average of the three corresponding oxygen atoms imnd(basal Q-W(3)-(basal Q angle of 108.8°. The other five
the orthorhombic structuyewhile the valence of the @) symmetry inequivalent polyhedra are highly deformed. For
atom changes only slightly from 2.07 to 2.06. Thus, in theexample, the averagépical O-W(1)-(basal Q angle is
orthorhombic phase, all oxygen atoms attain a calculated vé38.3° in contrast to the averagbasal Q-W(1)-(basal Q
lence near 2. Additionally, whereas the \W@olyhedra can angle which is 117.8°. The respective angles in th&Ww
be viewed as tetrahedra with four oxygen atoms bonded tpolyhedron are 109.2° and 118.8°, in thg4)\polyhedron
each W atom in the cubic phase, this is not the case in th#02.7° and 115.2°, and in the (8J polyhedron 97.4° and
orthorhombic phase, where the bonding of oxygen atoms t418.4°.
the W atoms is more complex and is significantly different The compression mechanism in the orthorhombic phase is
for each W atom(as shown in Fig. B difficult to describe owing to the large number of atoms in
The best comparison of the cubic and orthorhombic structhe unit cell. An informative qualitative view of the compres-
tures comes from refinements using data taken at ambiesion can be based on the observed pressure dependence of
pressure outside the pressure cell, where the high-resoluti@verage bond lengths and angles. Such an approach leads to
back-scattering data can be ugede Tables | and )l Com-  the conclusion that coordinated tilting of the polyhedra, as is
parisons of bond lengths and angles for the cubic and orthdypical for covalently bonded framework solids, is an impor-
rhombic phases are done using these data. The degree taht contribution to the compression in the orthorhombic
polyhedral tilting in they phase is characterized by the Zr- phase. The average Zr-O-W bond angle decreases signifi-
O-W angles. Each of the two Zr-O-W angles in the cubiccantly with pressure, as shown in Fig@® The average
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FIG. 10. Unit-cell volume of orthorhombig-ZrW,0Og and cu-
bic a-ZrW,0g vs temperature over a temperature range of 20—473
K. Data were obtained by heating the metastable orthorhombic
phase through the transition back to the cubic phase.

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

In our previous neutron powder-diffraction stdfiywe
measured the temperature dependence oftdeW,Og unit-
cell parameters and volume over a range of 20 to 300 K. We
found thaty-ZrW,0g has an average negative volume coef-
ficient of thermal expansion of 3.4x 10 ® K1 in the tem-
perature range of 20—300 K, which is an order of magnitude
smaller than that for- or B-ZrW,0g (—2.6xX10 ° K™%,
averaged over the temperature range of 4—693I1K the
present work we collected data at more temperatures and
over a wider temperature range, 20—-473 K. Figure 10 shows
the y-ZrW,0Ogq cell volume for the Oregon State University
sample over this temperature range. As observed previously,
the y phase has a negative thermal expansion below room
temperature. However, the magnitude of the coefficient of
thermal expansion decreases gradually and becomes zero
around room temperature. Above room temperature, as the
transition to the cubier phase is approached, the cell volume
increases. There is a first-order transition to the cubic phase
between 373 and 391 K. Above the phase transition, the
volume coefficient of thermal expansion is again negative.
The increase in unit-cell volume at the phase transition is
about 5%, which corresponds in magnitude to the volume
change induced by pressure in the cubic-to-orthorhombic
phase transition. Using neutron diffraction, data were not
taken at enough closely spaced temperatures to investigate
mixed phasdi.e., cubic plus orthorhombjidehavior at this
transition. However, separate laboratory x-ray measurements
suggest that a mixed-phase region perhaps 15° wide may
exist at temperatures of 380—395 K. Such effects could de-

Zr-O and W-O bond lengths are nominally constant, agpend on subtle properties of the sample being stugtisdve

shown in Figs. &) and 9c¢). Because so many inequivalent

observed for the pressure-induced transjtiand were not

angles and distances are involved, it is not possible to deinvestigated further.
scribe distortion of individual polyhedra vs pressure. The The temperature dependences of the lattice parameters of

increased contribution of coordinated tilting is probably re-

sponsible for the slightly higher volume compressibility for
the orthorhombic phase[ —1.53(1)x10 2 GPa® vs
—1.38(1)x 102 GPa'! for the cubic phase even though
its volume is 5% smaller. Apparently, the lowering of sym-
metry and tilting of the WQtetrahedra off the threefold axes

the orthorhombicy phase as the transition to the cuhic
phase is approached are shown in Fig. 11. Below room tem-
perature, all lattice parameters show a small decrease with
increasing temperature. Above room temperature, the lattice
parameters behave rather differently; whalandb increase
with temperature approaching the phase transitiorde-
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0074 " ' ' ] sponse of the cubic structure to applied pressure, the ortho-
rhombic y phase becomes the lowest energy phase that can
r 7 be reached by an energetically allowed transition from the
9.070 ] cubic phase. The transition to the orthorhombic phase is first
order, meaning that there is an energy barrier between the
cubic and orthorhombic minima, and involves a 5% volume
9.066 |- - reduction. The fact that the orthorhombic phase is retained
upon the release of pressure shows that the energy minimum
associated with this phase exists in the energy surface at
- . ambient pressure. The energy barrier for transformation back

0012 - ] to the energetically favored cubic phase is large enough that
I ] the transformation does not occur until the material is heated
- “\\Q\Q—/M/Q/’ 1 above 390 K.

0.008 |- ] The observation of a pressure-induced cubic-to-

orthorhombic transition in Zr\A0g is a manifestation of the
thermodynamic principles that must apply to a material with

a(A)

9.016 - -

b/3 (A)

8.920 | 5 g negative thermal expansion. Maxwell’'s relation,
< | |
© ger7l . (6VIoT)p=—(8S/6P)1, 1)
requires that the entrop$ must increase with increasing
8913 |- L L L b

pressureP for a material with negative thermal expansion.
0 100 200 300 400 Thus, materials with negative thermal expansion will exhibit
the unusual phenomena that pressure-induced phase transi-
tions will lead to more complex structurése., structures
FIG. 11. Lattice parameters of orthorhombieZrw,Og in the with more Str_ucwral degree_s of freedbm higher pressure._
temperature range below the transition back to the cubic phase. ZF'W2Os provides an especially interesting example of this
phenomena. The cubic-to-orthorhombic transition occurs at a
creases with temperature. Becawsés the shortest lattice emarkably low pressure of 0.21 GPa and involves a substan-
parameter, its pretransition decrease results in divergin al increase in the number of structural degrees pf freedom.
orthorhombic lattice parameters just before the transition t¢PON increasing the pressure further, the material becomes
the cubic phase. Thus, this pretransition behavior does nétmorphous over the pressure range of 1.5 to 3.5 Che.
have the expected behavior for fluctuations towards the cubiferestingly, the amorphous phase is also retained upon re-
«a phase. There is apparently some other kind of structurdf@se of pressure. Although the structure of the amorphous
instability that is then interrupted by the transition to thePhaseé has not yet been characterized, one might speculate
cubic a phase. We propose two possible explanations for thighat it involves random static inversions of;@ units, lead-
pretransition anomaly. First, it is possible that there are largd'd t0 @ large number of possible configuratidesnsistent
fluctuations of the structure away from the metastable orthoWith the required increase in entropywith many of the
rhombic phase, but toward a larger-volume configuration dirother features of the short-range structure remaining intact.
ferent from the cubiax phase. The transition to the cubic ~ However, the metastable amorphous phase does not trans-
phase could occur before this intermediate phase forms in f2m back to the cubic phase at ambient pressure unless it is
coherent way. Second, it is possible that a phase transition f¢ated to quite high temperaturé®23 K), suggesting that
an intermediate phase does occur and we are not able {f€ Structural rearrangements may be more extensive than
identify it from our diffraction data because of its complexity those resulting from random inversions. _ ,
and similarity to the orthorhombic phase. The complexity of Landauand LifshitS’ have derived an interesting relation-
the orthorhombic phase structure is already near the limit ofNiP between the bulk thermal expansion of a material and
what can be refined using data from the Special Environmerihe correlation between fluctuations of entropy and volume:
Powder Diffractometer. Further studies of this curious pre-
transition behavior will require better experimental resolu- (ASAV)=KkT(8V/6T)p, (2
tion.

Temperature (K)

where AS and AV are the correlated entropy and volume
CONCLUSIONS fluc_tuations in a local region of the body and _the brackets _
indicate an average over all such local regions. From this
It is instructive to view the behavior of Zr'\Dg in terms  equation, one learns that the entropy and volume fluctuations
of a conceptual free-energy picture that includes only thenust be anticorrelatetbn averaggein a material with nega-
possible structural configurations for Zp@®;. We conclude tive thermal expansion; i.e., in a localized region of the body,
that(of the configurations that are kinetically allowed for this a fluctuation that increases the entropy will decrease the vol-
synthesis procedureghe cubica phase is energetically fa- ume. The proposed mechanism for negative thermal expan-
vored at ambient pressure and room temperature. Upon irsion in Zr''W,Og, based on rigid unit modes that pull the
creasing pressure above 0.21 GPa, as a result of changeseintire structure inward as the amplitudes of vibration in-
the topology of the energy surface resulting from the re-crease, is consistent with this equation.
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The thermally excited inversion of ¥@g units could also and more new compounds are likely to follow. Understand-
provide a mechanism for negative thermal expansion satisfying the response of such structures to pressure is important
ing Eq.(2). The observation of a 5% volume reduction whenfor several reasons. First, structural measurements vs pres-
1/3 of the WOg units are inverted in the cubic-to- sure can provide a useful view of the flexibility of the struc-
orthorhombic transition suggests that fluctuations that proture, showing what structural degrees of freedom may be
duce an inversion could locally reduce the volume. It is notimportant in the negative thermal expansion. Second, as in
clear whether such fluctuations actually contribute a signifithe case of Zr\WOg, pressure may produce a transformation
cant amount to the negative thermal expansion of LW g a closely related phase whose thermal expansion proper-
Because the numbel’ Of thel’ma”y eXClted Inversions Is ||ke|}ﬁes can be Compared W|th those Of the ambient_pressure
to be small except for temperatures just below th&®-8  phase. Third, understanding the response to pressure is di-
transition, one might speculate that this contribution is onlyrecﬂy relevant to the behavior of the negative-thermal-

significant in that temperature range. Interestingly, the negaaxpansion material in a composite, where grain-interaction
tive thermal expansion exhibits its largest magnitude indhe stresses can produce large local pressures.

phase just below the transition to th phase-? where a
contribution from thermally excited inversions could add to
that of the rigid unit modes.

The concepts discussed above provide a general frame-
work for understanding negative thermal expansion in com- The work at Argonne National Laboratory was supported
plex structures like ZnAOg and can suggest what kinds of by the U.S. Department of Energy, Division of Basic Energy
additional materials should be investigated for such behavSciences-Materials Sciences, under Contract No. W-31-109-
ior. The complexity of the energy surface for Zy@4is,ina ENG-38(J.D.J., S.S., S.T., Z.Hand by the National Sci-
gualitative sense, a result of unusual features of the structurence Foundation, Office of Science and Technology Centers,
such as the significant differences between the two inequivasrant No. DMR-91-20000D.N.A.). The work at the Oregon
lent WO, tetrahedra, the large degree of polyhedral distor-State University was supported by the National Science
tion, and the one-coordinated oxygen atom. Negative therma&toundation Grant No. DMR-9308530 and the Oregon Metals
expansion over a large temperature range has already be#mitiative. J.S.O.E. would like to thank the Royal Commis-
discovered in other complex open-framework structiftes sion for the Exhibition of 1851 for financial support.
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