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Inelastic neutron scattering and lattice dynamical calculation of negative thermal expansion
in HfW 2O8
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The compounds ZrW2O8 and HfW2O8 undergo large isotropic negative thermal expansion~NTE! over a
wide range of temperatures up to 1443 K and 1050 K, respectively. We have showed previously that large
softening of low-energy phonons in ZrW2O8 is responsible for its anomalous thermal expansion behavior. In
order to understand the effect of replacing Zr by Hf on NTE behavior we report lattice dynamical calculations
and neutron time-of-flight spectroscopic measurements of the phonon density of states for cubic HfW2O8. The
calculated phonon spectrum for cubic HfW2O8 is in fair agreement with the experimental data. The phonon
spectra in the Zr and Hf compounds differ at low energies largely due to the mass difference. The calculated
negative thermal expansion for HfW2O8 is in good agreement with experimental data from the literature. We
further report a calculation of the pressure dependence of the detailed phonon dispersion relation which reveals
large softening of several phonon branches on compression associated with the NTE.

DOI: 10.1103/PhysRevB.68.054302 PACS number~s!: 78.70.Nx, 63.20.Dj, 65.40.De
a
of
h
co
to
or

e,

he

t i
n

r a
y
f
e
-
at
on

o-
-
r
us
e

n

o
se

ther-

ex-
rgy
-

s

ent
e
ure-
i-
cal-
nd
d V,

to
is

nd

ere
gy
urce
is

nge
le
i-
(
ol-

m

I. INTRODUCTION

The compounds ZrW2O8 and HfW2O8 are of consider-
able interest due to their large isotropic negative therm
expansion1 ~NTE! in their cubic phase over a wide range
temperatures up to 1443 K and 1050 K, respectively. T
remarkable feature makes these compounds potential
stituents in composites to adjust the thermal expansion
desired value. These compounds exhibit a framew
structure1,2 which consists of the corner-sharing WO4 tetra-
hedra and ZrO6 (HfO6) octahedra. At room temperatur
these compounds crystallize in cubic structure~space group
P213). There is no significant difference between t
structures2 of ZrW2O8 and HfW2O8. There is a disorder
phase transition1,3 at about 400 K~space groupPa3̄).

The absolute value of the thermal expansion coefficien
HfW2O8 is found3 to be lower in comparison to that i
ZrW2O8. An analysis of specific heat data4 for the two com-
pounds suggests that the mass difference between the Z
Hf would lead to differing distributions of the low-energ
phonon modes in these compounds. Gru´neisen parameters o
the Raman-active phonons of energy above 5 meV have b
estimated5 in both the Zr and Hf compounds from high
pressure experiments. A model based on these estim
however, yields5(b) a rather large volume thermal expansi
coefficient in ZrW2O8 ~of 24531026 K21 at 300 K com-
pared with the experimental value1 of 22931026 K21). A
similar model for HfW2O8 reproduces thermal expansion c
efficient at room temperature5(a) but would not give satisfac
tory values at low temperatures.6 It appears that a prope
description of NTE requires consideration of both the aco
tic and optic phonon modes in the entire Brillouin zone. R
cently it has been suggested7 that certain translational motio
of WO4 tetrahedra is responsible for NTE in ZrW2O8. We
also note that a high-pressure neutron diffraction study
HfW2O8 shows a cubic-to-orthorhombic structural pha
transition2 ~space groupP212121) at about 6 kbar. The
0163-1829/2003/68~5!/054302~7!/$20.00 68 0543
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orthorhombic phase also shows an anomalous negative
mal expansion behavior.2

Previously, we have shown6,8–10via lattice dynamical cal-
culations and high-pressure inelastic neutron scattering
periments that a large softening of several low-ene
phonons~up to 8 meV! is mainly responsible for the anoma
lous thermal expansion in ZrW2O8. Phonon density-of-state
measurements11 are available in ZrW2O8. In order to under-
stand the effect on the NTE behavior due to the replacem
of Zr by Hf, we have carried out a joint study of lattic
dynamics calculations and phonon density-of-states meas
ments for HfW2O8. Section II gives details about the exper
mental technique. The details about the lattice dynamical
culations are given in Sec. III, while the results a
discussion and conclusions are presented in Secs. IV an
respectively.

II. EXPERIMENT

The polycrystalline sample of HfW2O8 is prepared from
stoichiometric amounts of HfOCl2•xH2O ~99% Wah Chang,
Albany, Oregon, USA! and H2WO4 ~981 %, Alfa Aesar,
Ward Hill, Massachusetts, USA!. The HfOCl2 is dissolved in
water and mixed with the solution of H2WO4 in ammonium
hydroxide. The precipitate is dried at 600 °C, heated
1200 °C for 2 h, and quenched. The heating to 1200 °C
then repeated with intermittent grindings until the compou
is found to be x ray pure.

The inelastic neutron scattering experiments w
carried out using the High-Resolution Medium-Ener
Chopper Spectrometer at the Intense Pulsed Neutron So
of Argonne National Laboratory. The spectrometer
equipped with a large detector bank covering a wide ra
~210° to 140°! of scattering angles. A polycrystalline samp
of cubic HfW2O8 ~25 g! was placed inside a sealed alum
num container. We have chosen a high incident energyE0
5200 meV) of neutrons, which permits the data to be c
lected over a wide range of momentum transferQ from 4 to
19 Å21. This is needed to ensure an effectively unifor
©2003 The American Physical Society02-1
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sampling ofQ wave vectors over the Brillouin zone, accor
ing to the incoherent approximation.12 In order to reduce
multiphonon scattering, the phonon measurements were
ried out at low temperatures of 7 K. Background scatter
was subtracted from the data by using an empty-conta
run. Measurements of the elastic incoherent scattering fro
vanadium standard provided detector calibration and in
sity normalization. The data were properly averaged over
range of scattering angles to obtain the neutron-cro
section-weighted phonon density of statesg(n)(E) from the
measured scattering functionS(Q,E) in the neutron energy
loss experiments according to the incohere
approximation12

g(n)~E!5AK e2W(Q)

Q2

E

n~E,T!11
S~Q,E!L ~1!

.B(
p

4pbp
2

M p
gp~E!, ~2!

where n(E,T)5@exp(E/KT)21#21. Here, A and B are nor-
malization constants, andbp , M p , and gp(E) are, respec-
tively, the neutron scattering length, mass, and partial den
of states of thepth atom in the unit cell. The facto
4pbp

2/M p for Hf, W, and O atoms is 0.057, 0.025, and 0.2
barns/amu, respectively. The quantity within^•••& repre-
sents an average over allQ values. 2W(Q) is the Debye-
Waller factor.

III. LATTICE DYNAMICS

Neutron diffraction measurements show that there is
significant difference between the structures2 of ZrW2O8 and
HfW2O8. The precise structure of HfW2O8 has not been
published. For these reasons, the potential parameters

FIG. 1. The experimental and calculated neutron-weighted p
non density of states of cubic HfW2O8. In order to account for the
experimental resolution broadening in the cubic phase the ca
lated spectrum has been convoluted with a Gaussian function
full width at half maximum~FWHM! of 7 meV. The multiphonon
contribution~dotted line! has been subtracted from the experimen
data of the cubic phase to obtain the experimental one-phonon
sity of states.
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HfW2O8 were taken as the same as those for ZrW2O8 and
could not be further optimized. The lattice dynamical calc
lations follow closely those for ZrW2O8 reported6,8 previ-
ously. The semiempirical interatomic potential consists
Coulombic and short-ranged terms and a van der Wa
attractive interaction between the oxygen atoms. Polarizi
ity of the oxygen atom has been introduced in the framew
of the shell model.13 The parameters of the interatomic p
tential are the effective charge and radius of the atoms.
charge and radius parameters are related to the ionic ch
and radius of the atoms. The ionic radiis of zirconium~86
pm! and hafnium~85 pm! coordinated by six nearest oxyge
atoms are essentially the same. This also justifies the us
the same interatomic potential8 for HfW2O8 as that used pre
viously for ZrW2O8. The phonon frequencies as a functio
of wave vectors in the entire Brillouin zone and its volum
dependence under the quasiharmonic approximation are
culated using a computer program14 developed by us.

In quasiharmonic approximation13 the contribution from
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FIG. 2. The calculated partial density of states for various ato
and the total one-phonon density of states.
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each phonon mode of energyEi to the volume thermal ex
pansion coefficient is given by

aV5
1

BV
G iCVi~T!, ~3!

whereG i (52] ln Ei /] ln V) is the mode Gru¨neisen param-
eter,CVi is the specific heat of the phonon mode of ene

FIG. 3. ~a! Comparison of the calculated phonon density
states at low energies between cubic ZrW2O8 and HfW2O8. ~b! The
neutron-cross-section-weighted phonon density of states below
meV at ambient pressure~solid line! and high pressure~dotted line!
for cubic HfW2O8. The calculated curves have been broaden
with a Gaussian function of a FWHM of 0.5 meV.~c! The calcu-
lated mode Gru¨neisen parameter@G(E)# averaged over phonon o
energy~E! for cubic HfW2O8 ~solid line! and ZrW2O8 @dotted line
~Ref. 8!#.
05430
y

Ei , B is the bulk modulus, andV is the unit cell volume. This
procedure is applicable when the explicit anharmonicity
phonons is not very significant, and the thermal expans
arises mainly from the implicit anharmonicity, i.e., th
change of phonon frequencies with volume. We have a
included the contribution to thermal expansion arising fro
variation of the bulk modulus with volume.15 The procedure
is found to be satisfactory in our previous calculations8,16–21

of ZrW2O8, FePO4, aluminosilicate garnets, MgSiO3 ,
Mg2SiO4 , ZrSiO4 , LiYF4 , LiYbF4, and MFX(M
5Ba, Pb, Sr;X5Cl, Br,I). Due to the very large Debye
temperatures in most of these systems, the quasiharm
approximation seems to be suitable up to fairly high te
peratures. SinceCVi is positive for all modes at all tempera
tures, it is clear that the NTE would result only from larg
negative values of the Gru¨neisen parameter for certai
phonons; the values should be large enough to compen
for the normal positive values of all other phonons. We ha
used the contribution of all 132 phonons at each wave ve
on a 93939 mesh in an octant of the cubic Brillouin zon
for calculations of phonon density of states and thermal
pansion coefficient in the cubic phase.

IV. RESULTS AND DISCUSSION

A. Neutron inelastic scattering, total and partial phonon
density of states, and phonon dispersion relation

The experimental and calculated neutron-weighted o
phonon densities of states as shown in Fig. 1 reveal a ga

f

10

d

FIG. 4. The calculated phonon dispersion relation upto 10 m
for cubic HfW2O8 along the@100# direction. The solid and dashe
lines correspond to ambient and 2.6 kbar.
2-3
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about 60–90 meV. Agreement between the experimental
and calculations below the gap is good. However, above
meV the calculated density of states shows a single p
around 120 meV, whereas the experimental data reve
three-peak structure. The phonons above 90 meV invo
W-O stretching vibrations. Their force field is apparen
more dispersed than that described by the interatomic po
tial in the lattice dynamical model. As far as the phon
contribution to the NTE behavior is concerned, only the lo
energy phonons are involved~as shown below!. Therefore
our model is able to correctly account for the thermal exp
sion behavior.

The calculated partial densities of states~Fig. 2! for the
Hf atoms show an energy distribution extending only up
60 meV, while the phonon vibrations due to W and O ato
contribute in the entire 140 meV range. Figure 3~a! shows a
comparison of the phonon densities of states in Hf and
compounds. The significant larger mass of Hf~178.49! in
HfW2O8 in comparison to Zr~91.22! in ZrW2O8 gives rise
to a softening of the phonons at low energies. The lowe
energy peak in the phonon spectrum of cubic HfW2O8 oc-
curs at 3.5 meV, as compared to 3.7 meV for the same p
in ZrW2O8.

FIG. 5. ~a! The calculated and experimental~Ref. 4! specific
heat of cubic HfW2O8. ~b! Comparison between the calculated sp
cific heat of cubic HfW2O8 ~solid line! and ZrW2O8 @dotted line
~Ref. 8!#.
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The cubic phase has 44 atoms in the primitive cell a
thus 132 phonon modes at each wave vector which are c
sified as 66D1166D2 along the@100# direction. The calcu-
lated pressure dependence of the phonon dispersion rel
in cubic HfW2O8 along the@100# direction is shown in Fig.
4. We have plotted the phonon dispersion relation only up
10 meV since phonons upto 8 meV are most relevant
understanding the negative thermal expansion behavior~as
shown later!. A large softening of phonons is observed in t
cubic phase. The softening is very large for the lowest tra
verse acoustic mode in the group theoretical representa
D2 and also for a number of optic modes of energies ly
between 3 and 8 meV in both the group theoretical repres
tations. An elastic instability is found at a high pressure
about 3 kbar as revealed by the softening of the pho
mode~Fig. 4! at aboutq50.15 along the@100# direction in
theD2 representation. The eigenvector of this mode indica
that the mode is close to a transverse acoustic vibration

-
FIG. 6. ~a! The calculated volume thermal expansion~solid line!

in the cubic HfW2O8 along with separate contributions from th
two lowest phonon branches~dotted line! and all the phonons below
8 meV ~dashed line!. ~b! The experimental~Ref. 3! and calculated
relative thermal expansion for cubic HfW2O8 (VT /V30021)
3100%, VT andV300 being the cell volumes at temperatureT and
300 K, respectively. There is a small sharp drop in volume for cu
phase at about 400 K associated with a order-disorder phase tr
tion. It is noted in Ref. 1~a! that the NTE in HfW2O8 continues until
1050 K; however, specific data were not given.
2-4
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companied by some internal angular distortions of the W4
tetrahedra. The calculated pressure dependence of the
non spectrum@Fig. 3~b!# also shows that phonons below
meV soften in the cubic HfW2O8.

While Ref. 7 presents an interesting qualitative desc
tion of the negative thermal expansion in ZrW2O8 in terms
of a certain vibrational mode, we find that a large number
phonon modes~Fig. 4! over the whole Brillouin zone show
significant softening on compression of the lattice. O
model has been shown to lead to a quantitative descriptio
the observed negative expansion. Reference 7 provides
tended x-ray absorption fine structure~EXAFS! data on
ZrW2O8, which indicate the relative bond strengths of t
W-O, Zr-O, Zr-W, Zr-Zr, and W-W bonds. In particular, the
note that WO4 tetrahedra are essentially rigid, ZrO6 are not
as rigid, and W-Zr linkages are nearly as stiff as Zr-O. O
potential model includes an additional covalent term betw
W-O tetrahedral bonds only which ensures the rigidity
WO4 tetrahedra. The calculated volume dependence of

FIG. 7. The contribution of phonons of energyE to the volume
thermal expansion as a function ofE at 10 K and 300 K for cubic
ZrW2O8 and HfW2O8.
05430
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structure shows that WO4 tetrahedra behave like rigid units
while HfO6(ZrO6) octahedra distort slightly.

B. Thermodynamic properties: Specific heat, Grüneisen
parameter, and thermal expansion

The calculated one phonon density of statesg(E) is used
to compute the specific heat. Figure 5~a! shows a comparison
of the calculated specific heat with the available experim
tal data4 in the cubic phase of HfW2O8. The good agreemen
between the calculated and experimental specific heats
ports the correctness of the low-energy phonon density
states provided by the lattice dynamical model. The sh
increase in specific heat at low temperatures is due to a l
energy peak in the phonon spectrum at about 3.5 meV.
also compared in Fig. 5~b! the calculated specific heat o
cubic HfW2O8 and ZrW2O8. At low temperature HfW2O8

has a larger specific heat. This is in agreement with
experimental4 observations.

The calculated bulk modulus values of 88.4 GPa for cu
HfW2O8 is in good agreement with the experimental2 value
of 82 GPa. The calculated energy dependence of the G¨n-
eisen parameterG(E) for cubic HfW2O8 is shown in Fig.
3~c!. The Grüneisen parameter has large negative values
phonons below 8 meV. In the 8–140 meV regionG(E) is
small, varying within the range of21 to 1. Figure 3~c! also
shows the calculated8 Grüneisen parameter for cubi
ZrW2O8. The cubic HfW2O8 has lower values ofG(E) in
comparison to ZrW2O8. This is consistent with the trend
observed in the analysis of the thermal expansion and
cific heat data.4

Our calculation of the temperature dependence of the
ume thermal expansion coefficient@Fig. 6~a!# indicates that
in cubic HfW2O8 phonon modes below 8 meV contribute
the NTE, among which the contribution from the two lowe
phonon modes is about 40%. Similar behavior w
calculated8 for cubic ZrW2O8. The absolute value of therma
e
ing

r.
FIG. 8. The calculated contribution to th
mean-squared amplitude of various atoms aris
from phonons of energyE at T5300 K in the
cubic HfW2O8 at ambient pressure and 2.6 kba
The atoms are labeled as indicated in Refs. 1~a!
and 8.
2-5
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expansion coefficient for HfW2O8 is smaller in comparison
with ZrW2O8. The comparison between the calculated a
experimental data3 for cubic HfW2O8 is shown in Fig. 6~b!.

In Fig. 7 we show the contribution of various phonons
the thermal expansion as a function of phonon energy a
K and 300 K for cubic ZrW2O8 and HfW2O8. The maximum
negative contribution toaV at both temperatures is from th
modes of energy from 3 to 5 meV. Similar behavior is c
culated from the analysis of our high-pressure inelastic n
tron scattering results10 and diffraction data22 for cubic
ZrW2O8. At 10 K the contribution from modes above 5 me
is negligible. At high temperature~300 K! higher-energy
modes are also populated and they start contributing to
thermal expansion.

The structure1(a) of HfW2O8 consists of a pair of WO4
tetrahedra and HfO6 octahedra. Two different tetrahedra a
formed around W1 and W2 atoms. Three O1 and one
oxygen atoms are connected to W1, while three O2 and
O3 are connected to W2. The HfO6 octahedra are formed b
three O1 and three O2 atoms around Hf atoms. While O1
O2 atoms link the WO4 tetrahedra with HfO6 octahedra, the
oxygens O3 and O4 are connected only to W atoms of W4
tetrahedras. In order to understand the nature of the pho
responsible for NTE we have plotted~Fig. 8! the partial con-
tributions of the phonons of different energies to the me
square vibrational amplitude of the various atoms
HfW2O8. The modes up to 1 meV are largely acoustic
nature, but O4 atoms have larger amplitudes than othe
oms. Above 1 meV, the O1 and O4 atoms connected to
have larger amplitudes in comparison with O2 and O3 c
nected to W2 atoms. Further, the various oxygen atoms c
stituting the tetrahedra have significantly different values
their vibrational amplitudes, which indicates distortions
ce
-

o
38

Da
n

s,

S.

.
.

.
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the tetrahedra. Above 4 meV the amplitude of all the atom
relatively small. The phonon modes of energy about 4 m
contribute~Fig. 7! a maximum to the negative thermal e
pansion. At high pressures the amplitudes of all the ato
increase by about 10%. This is mainly because of the
crease in amplitude of the phonon modes of energy aroun
meV by 40% ~Fig. 8!. The distortions of WO4 tetrahedra
increase with compression.

V. CONCLUSIONS

Our lattice dynamical calculations produced a phon
spectrum for the cubic HfW2O8 that is in good agreemen
with the observed phonon spectrum at low energies an
fair agreement at high energies. The phonon spectra o
and Hf compounds differ at low energies mainly due to t
mass difference. Like ZrW2O8 the major contribution to the
thermal expansion in HfW2O8 originates from low-energy
phonons. The calculated Gru¨neisen parameter at low ene
gies for cubic HfW2O8 is lower than that for ZrW2O8. This
results in a smaller value of negative thermal expansion
efficient in HfW2O8. These observations are in agreeme
with experimental data from the literature.3,4 The calcula-
tions reveal that a large number of phonon branches in
dispersion relation undergo softening on compression wh
is associated with the negative thermal expansion in th
compounds.
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