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Negative thermal expansion in cubic ZrMgOg: Inelastic neutron scattering
and lattice dynamical studies
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Disordered cubic ZrMgDg(Pa3, Z=4) is known to display isotropic negative thermal expansibiTE)
below 600 K. We report high-pressure inelastic neutron scattering experiments up to 2.5 kbar in this material
using the IN6 spectrometer at Institut Laue-Langevin. The observed phonon softening of about 0.1-0.3 meV
for phonons below 8 meV is able to account for the NTE below 100 K. The phonon spectrum in the entire
energy range up to 150 meV has been measured using the HRMECS spectrometer at Argonne National
Laboratory. The ordered pha&space grouf2,3) of cubic ZrMo,Og has not yet been synthesized. However,
we have calculated the phonon spectrum and thermal expansion in this phase for comparison with the known
ordered phase of cubic Zr\@s.
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I. INTRODUCTION around 2.1 kbar and 6 kbar, respectively. For disordered

Studies of oxide materials exhibiting negative thermal ex-zr'vI0208 there is no phase transitibrbelow 6 Kbar.
g ney ZrMo,Og also crystallize®® in orthorhombic, monoclinic,

pansion(NTE) are of interest both from a fundamental sci- and trigonal structures which show anomalous thermal ex-
entific and their potential applications. Isotropic NTE is pansion behaviour.

found"* in cubic AX,0g(A=Zr, Hf;X=W,Mo) up to high In quasiharmonic approximatidfi,the contribution from
temperatures. These compounds are of particular interest bgach phonon mode of enerdy to the volume thermal ex-
cause of the large temperature range over which NTE occufsansion coefficient is given by, =(1/BV)I;Cy(T) (where

and its is_otropic nature. The compounds can be used for_ the[=—7In E;/dIn V] is the mode Griineisen parame@y; is
preparation of controlled thermal expansion compositeshe specific heat contribution of the phonon mode of energy
where the NTE material to some extent compensates for the, B is the bulk modulus, an¥ is the unit cell volumg
positive thermal expansion of the other component. For exsinceC,, is positive for all modes at all temperatures, NTE
ample, composites containing the NTE material 28§/  would result only from large negative values of the Grii-
have been examined for use in fiber optic communicatiothejsen parameter for certain phonons. Thealues for these
systems!® The preparation and properties of Cu/Z®¢  phonons have to be large enough to compensate the normal
ceramic composites have been investigated with a view tgositive values of all other phonons.

explore the feasibility of a low-thermal-expansion and high- previous analysis of the observed NTE, specific heat, and
conductivity composit€®” Cubic ZrMo,Og is currently be-  phonon density-of-states measurem&ntdin ZrW,04 and

iqg examin_ed as a componen.t of controlled thermal expangxf\,0q suggested that low-energy modes play an important
sion ceramic-polymer composités. _role for the understanding of the NTE behavior. These mea-
~ The AX;0g compounds have framework structure consist-syrements indicated fairly large negative values of the Grii-
ing of corner-linkedAOs octahedral andXO, tetrahedral npejsen parameters. Griineisen parameters of the zone-center
units. The volume negative thermal expansion coefficient Of)ptically active modes of energies above 5 meV have also
ZrW,0g and HfW,Og (Space groupP2;3,Z=4) at room  peen estimatéd in both the Zr and Hf compounds from
temperature is about ~2910°° K™%. They undergo an order- high-pressure Raman scattering experiments. Combining lat-
disorder phase transitibfat about 400 K. One of the termi- tice dynamical calculations with high-pressure inelastic neu-
nal oxygens of WQtetrahedra becomes disordered over tWotron scattering experiments we could clearly sko# that
crystallographic sites and the space group changes frofhe |arge softening of several low-energy phonons below 8
P2,3 (ordered phaseto Pa3 (disordered phageZrMo,0Og  meV is mainly responsible for the negative thermal expan-
and HfMo,Og have been synthesized with the disorderedsion in Zr'W,Og and HfW,Og.

phase only. The structure of the disordered phase of For a complete understanding of NTE in this class of
ZrMo,0Og indicating the two possible sites for O atom is compounds it is essential to confront the W with the Mo
shown in Fig. 1. The volume thermal expansion coefficientfamily, which as outlined above show appreciable differ-
for disordered cubic ZrMgDg at 300 K is about -15 ences in terms of NTE. While specific heat measureménts
X 1078 K 1. Zrw,0q4 and HfW,0Og show a cubic to ortho- are available for disordered ZrMOg, experimental data of
rhombic(space grouf2,2,2,) phase transitiohat pressures phonon modes by optical or inelastic neutron scattering mea-
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Cc Langevin(ILL). Pyrolytic graphite(002) is used as a mono-

b chromator. The second-order reflection from the monochro-
mator is removed by a beryllium filter cooled to liquid nitro-
gen temperature. An incident energy of 3.12 meV with an
elastic resolution of 8QueV was chosen and the measure-
ments were performed in the energy gain mode. The angular
range of the spectrometer is from 10° to 113°. About 10 g of
sample was compressed using argon gas in a pressure cell
available at ILL. The use of argon gas as a pressure trans-
mitting medium allowed us to perform measurements at 160
K which is above its critical point. For ZrM@®g there is no
phase transitiohup to 6 kbar. The present measurements on
the cubic phase were performed at ambient pressure, 0.3, 1.0,

Mo and 2.5 kbar. The inelastic neutron scattering signal was cor-

o3 rected for the contributions from argon at the respective pres-
34 sures, absorption from the sample, and for the empty cell.
Mo2 The ambient pressure inelastic neutron scattering mea-
surements for ZrMgODg in the full spectral range up to 150
meV were carried out using the HRMECS spectrometer at
01 Argonne National Laboratory. The spectrometer is equipped
with large detector bank which covers a wide range
Mo2 Mol o4 (-10°-1409 of scattering angles. A polycrystalline sample
of 25 g was placed inside a sealed aluminum container. An

03 incident neutron beam of energy 200 meV was selected, per-

mitting data to be collected over a wide range of momentum

(©) 02 transfersQ from 4 to 19 A™1). This was needed to ensure a

uniform sampling of wave vecto® over the Brillouin zone,

FIG. 1. The MoQ groups in cubic ZrMQQOg are disorderly  effectively fulfilling the incoherent approximatidg. The
_oriented along th{elll] axis I(_eading to the average structure shown measurements were performed in the neutron energy loss
in panel (@). This can be viewed as a superposition of the twomqgde. In order to reduce multiphonon scattering, the phonon
possible local structures shown in pani$ and (c). The Mo-O3  easurements were carried out at low temperatures at 7 K.
and Mo-O4 bonds are along ti#11] axis. Background scattering was subtracted from the data using an

empty-container run. Measurements of the elastic incoherent
surements do not exist. The analysis of the NTE behaviogcattering from a vanadium standard provided for detector
requires the Grlneisen parameters averaged over the whatalibration and intensity normalization.
Brillouin zone, which may be directly obtained from the  The data were suitably averaged over the angular range of
measurement of the pressure dependence of the phonon deattering to obtain the dynamical structure fa&@, E). In
sity of states by high-pressure inelastic neutron scatteringhe incoherent approximatiéhthe structure facto®(Q,E) is

Here we report the experimental results of such measurgelated to the neutron-cross-section-weighted phonon density
ments for the phonon spectra below 10 meV in disorderegf statesy™(E) as follows:

ZrMo,0Og and use them for calculating the NTE behavior. We
also report the phonon spectra in the entire energy range u-

to 150 meV. ZrMo,0, (Disordered cubic)

For disordered ZrMgDg (space grou;PaE) one of the 0-012+ )

terminal oxygen atoms of Moftetrahedra is disordered

over two crystallographic sites. However, we have not in-

cluded this disorder in the lattice dynamical calculations T 4 gog
which are carried out using the ordered struct(gspace 2
group P2,3). As the ordered phase of ZrMOg has not yet =

(@)

been synthesized, the calculations have been compared witg~ —— P=0.0
data for the known ordered phase of cubic ZQY. © 0.004- -=-- P=0.3 kbar
------ P=1.6 kbar
Il. EXPERIMENT 1  m T P=2.5 kbar
Cubic ZrMo,Og was prepared by the carefully controlled 0.000 T T T z 0

thermal dehydration of ZrM@,(OH),-2H,0 as previously 0 E(meV)
described? The high-pressure inelastic neutron scattering

experiments at up to 10 meV were carried out on a polycrys- FIG. 2. (Color onling The experimental phonon spectra for the
talline sample using the IN6 spectrometer at the Institut Lauelisordered cubic ZrMgDg as a function of pressure at 160 K.
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W(Q) E TABLE |. The structural parameters for ordered phésgace
g"(E)=A 7 1 1S(Q.E) (1) group P2;3 of cubic ZrMg,0g at the minimum of the interatomic
nET) +=+= potential. The units used are A for the lattice constagt T=0 K),
2 2 A2 for mean-squared amplitudeg(=(U2)/ 3) (at 300 K).
Tk
=B —“a(E), 2) a 9.1643
M zr X 0.0016
where n(E, T)=[exp(E/KT)-1]"1, A and B are normaliza- u? 0.010
tion constants, and,, M,, andg,(E) are, respectively, the Mo(1) X 0.3526
neutron scattering cross section, mass, and partial density of u? 0.009
states of the&kth atom in the unit cell. The factar, /M, for Mo(2) X 0.6028
the Zr, Mo, and O atoms is 0.069, 0.060, and 0.265 b/amu, u? 0.009
respectively. The quantity withif --) represents an average o) X 0.2083
over all Q values. 2V(Q) is the Debye-Waller factor. The y 0.4362
+(-) sign indicates neutron energy loss or gain in the scat- 5 0.4467
tering process. The true one phonon density is simply given 2 0021
by 02 X 0.7857
9(E) =2 a(E). () y 0.5680
k z 0.5619
u? 0.016
o3 X 0.4927
lll. LATTICE DYNAMICAL CALCULATIONS 2
u 0.019
The calculations have been carried out for the ordered O(4) X 0.2419
phase of cubic ZrMgDg, which has not yet been synthe- u? 0.035

sized. We assumed that the crystal structure of Zx®jo
would be similar to that of Zr'AOg and that the lattice con-

stant for the disordered phase would be about 1% lower thaRig. 2. Comparison of the presegt’(E) spectrum for dis-

that for the ordered phase by analogy with ZQY (space
group P2,3). The empirical interatomic potentiélas used

ordered ZrMgOg and our earlier measuremetiten ordered
ZrW,0Og shows that the three peaks at about 3.5 meV, 6 meV,

consists of Coulombic and short-ranged terms and a van deind 8 meV in the latter compound broaden into a single

Waals—type attractive interaction between the oxygen at
oms. A shell modéP was used to describe the polarisibility

broad peak centered at about 6 meV in the former. The spec-
tra of ZrMo,0Og at high pressures show an unusually large

of the oxygen atoms. The parameters of the interatomic posoftening. At 2.5 kbar, phonon softening of about 0.1-0.3
tential are the effective charges and radii of the atoms. TheéneV is observed for phonons below 8 meV. The phonon
values of the empirical parameters for Zr and O were takeRoftening is maximum below 3.5 meV, while above 3.5 meV

from our previous work® on Zrw,0g. The radius parameter
for the Mo atom(Ry,=1.18 A) was determined so that it
gave the expected lattice parameter for ordered 2o

the softening is much less. The observed softening of low-
frequency phonon modes of 2.5 meV is 0.35+0.11 meV at
2.5 kbar. For cubic Zr'd0g phonon softening of about 0.1—

The potential parameters also satisfied the conditions d.2 meV was observédat 1.7 kbar.

static and dynamic equilibrium of the crystal structure. The
structure of ordered ZrM®g at the minimum of the poten-
tial is given in Table I. The contributions of @99 X 9 mesh

of wave vectors in one octant of the cubic reciprocal-space

B. Thermal expansion in disordered cubic ZrMo,Og from the
phonon data

unit cell were used for calculations of the phonon spectrum \yhile the Griineisen parameter can be obtained from

and thermal expansion. The calculations were carried o
using a current version of the computer progfamsprr de-
veloped at Trombay. The procedure for the thermal expan
sion calculations is given in our previous publicatidhs’

IV. RESULTS AND DISCUSSION

A. Experimental observation of large phonon softening
in disordered cubic ZrMo,Og

Yhe g(E) spectra, neutron scattering measurements provide

g™(E). The experimentag™(E) have been converted to
phonon density of stateg(E) using the ratio of the
calculated® g™ (E) to g(E). The cumulative distributions of
g(E) spectra at ambient pressure and 2.5 kbar have been used
for obtaining the Gruneisen parameter for phonons of energy
E (Fig. 3). The average value df for phonons of energy
1.5-8.5 meV in disordered ZrM@s obtained from present
experiment is —6.4. For comparison, we note that for ordered

The measured neutron-cross-section-weighted phonoBrw,0g the average values obtained from our previous

densities of stateg™(E) for energies of up to 10 meV at a
temperature of 160 K are shown as a function of pressure i

experiment’ and the analysid of the NTE and phonon
density-of-states data are —10.6 and -14, respectively.
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e s}
‘ ZrMo,O, (Expt., Disordered) ‘o 1
60 i - ZrW,0, (Expt.”’, Ordered) T -154 °% 20
Mo ZrMo, 0, (Calc., Ordered) *\ °,
L & ) -25
1T ——ZW,0, (Cal.", Ordered) -20- o o
-80 A : : ; < .
0 2 4 6 8 10
E(meV) (a) -25-
0 —

FIG. 3. The Griineisen parame{&i(E)] averaged over phonons PO
of energyE. The experimental values have been determined using il
the neutron data of phonon density of states as a function of e
pressure. — ’

S 21 J
: ;

Figure 4a) shows a comparison of thermal expansion as e N /! 00 K
derived® from the phonon measurements with that obtained < \\ i 100 K
from diffractior® data, which indicates that large negative % .4
Gruineisen parameters of modes below 10 meV are able t
reproduce the NTE behavior in disordered Zi®@g up to
100 K. Diffraction dat& show thata, [inset in Fig. 4a)] is
less negative above 100 K which may be due to positive -6 ' ' ' ;
contributions from phonon modes above 10 meV. The large 0 2 4E( " 6 8 10

me

contributions to the measured spectra from the pressure celP

(above 10 meydoes not allow us to obta_tin the experimental FIG. 4. (a) The comparison between the volume thermal expan-
I values beyond 10 meV. Our calculatio(&ec. lV D) for . sion (ay) of disordered cubic ZrMgDg derived from the present
ord_ered cubic ZrMgOg indeed ShOW that thg positive contri- high-pressure neutron inelastic scattering experinisotid line)
bution to the thermal expansion coefficient from modes,ng that obtained using neutron diffracticRef. 5 (circles up to
above 8 meV is significant and that it reduces the overalhgg K. The inset shows the comparison up to 45Q1§.The con-
negative contributions from modes below 8 meV. In order toyipution of phonons of energE) to the volume thermal expansion
identify the contribution of various phonons to the thermalas a function ofE at 20 K (dotted ling and 100 K(solid line). A
expansion coefficient, at a particular temperature, we have constantl'(E) value of =35 has been assumed for phonons of en-
calculated[using the observed(E)] the contribution from  ergy below 1.5 meV.

phonons of various energies to the total thermal expansion at

20 K and 100 K[Fig. 4b)]. The maximum contribution t0  p. phonon density of states and thermal expansion in ordered
ay is found to be from phonon modes of energy 3.5+1 meV. cubic ZrMo ,0g

This is comparable to the case of Zs where the maxi-
mum contributiod® to a, is from phonon of energies
4+1 meV.

Our calculation of how the phonon spectrum varies with
volume for the ordered cubic phase at low energigg. 6)
shows that phonons of these energies are important for un-
derstanding the NTE. Similar behaviour was calcul#téd
for cubic Zr'W,Og and HW,Og. The calculated Gruneisen
paramete(Fig. 3) has large negative values for phonons be-

The experimental neutron-weighted one-phonon densitjow 8 meV. Above 8 meV[" values are very small and lie in
of states for the disordered phase of cubic Zs®gin the  the range of about -1 to 1. The largest negative Griineisen
full energy range of 150 meV is shown in Fig. 5 along with parametefI’) occurs for the phonon modes of energy around
that for ordered HfWOg measuretl using the same instru- 3 meV. The large negativE values of several phonons be-
ment. For disordered cubic ZrMOg the phonon bands are low 8 meV are responsible fa#(T) remaining negative up to
slightly broader when compared to those for orderedhigh temperatures. It can be seen from Fig. 3 that for ordered
HfW,0g. The peak at 25 meV in ordered Hj@g is not  cubic ZrMo,Og, I" values are less negative for phonons of
present in disordered ZrM@s. In ordered HfWOg there is  energy below 3 meV when compared with our calcul#iéd
a band gap from 60 to 90 meV which is smeared out inl" values for cubic ZrWOg and HfW,Og. Our calculations
disordered ZrMgOg due to the broadening of peak around show (Fig. 7) that the contribution to NTE from the two
95 meV. lowest modes is about 40%. Phonons below 8 meV make the

C. Phonon density of states in disordered cubic ZrMgOg
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0.020 T(K)
ZrMo, 0O, (Disordered) 0 200 400 600

0.0154 —®— One phonon (Expt.) ZrMo,O, (Ordered)
----- Multiphonon (Calc.)

1 L ~‘\\ TNl
= 0.0101 J,, ‘\---—"--—ﬂ
7

; {&-, i 4

0.0054 ,," \ {fjfw l.
; m -124

0.000 i : \

—

meV
1
)
-y

9™

0 50 100 150 g N
Emevy | T
0.020 - .
HIW._ O, (ordered) FIG. 7. The calculated volume therma_l expangisolid line) in
278 the ordered phagspace grou2,3) of cubic ZrMo,Og along with
0.015. —&— One phonon (Expt.) separate contributions from the two lowest phonon brandhetted
— fs ----- Multiphonon (calc.) line) and all the phonons below 8 me&dashed ling The calculated
> bulk modulus value of 86.6 GPa is used in the lattice dynamical
i 0.0104 calculation of thermal expansion of ordered Zrj@g.
]
© ordered cubic ZrWOg and HW,Ogq. For ZrMo,Og the posi-
0.0054 tive contribution to NTE from modes above 8 meV is sig-
nificant when comparé@'”to Zrw,0g and HfW,Og.
0.000 T T 4
0 50 100 150
E(meV) V. CONCLUSIONS

FIG. 5. The experimental neutron-weighted phonon density of Applying a combination of experimental phonon studies
states of disordered cubic ZrMOg (at 7 K) and ordered H\WOg  and lattice dynamical calculations to both the W and Mo
(at 7 K, Ref. 17. The multiphonon contribution has been estimatedfamilies of AX,05 compounds leads to a comprehensive un-
in the monatomic approximation and subtracted from the experigerstanding of the negative thermal expansion behavior. In
mental data to obtain the_one-p_honon der_lsity of stgtes. The onghis paper we have reported the experimental determination
phonon data for HOg differ slightly at high energiegaround  of the Griineisen parameters of phonon modes for disordered
140 meV) from our previously published dateRef. 179 due to  ¢ypic ZrMo,0g as a function of their energy. These measure-
different estimates of multiphonon contribution. ments provide values df averaged over the whole Brillouin

) o ) _. zone. In disordered ZrM®g at 2.5 kbar, phonon softening
thermal expansion coefficient negative and a smaller positivg spout 0.1-0.3 meV is observed for phonons below 8 meV.

contribution from_phonons above 8 meV reducgs the magnigor cubic ZrW0g phonon softening of about 0.1-0.2 meV
tude of the negativer, above 70 K. Ordered cubic ZtM@g  \y45 observeld at 1.7 kbar. The difference in observed mode
has a smaller magnitude of negativgin comparisoff* of softening between the molybdate and tungstate is able to
account for the observed difference in the negative volume
thermal expansion coefficiebelow 100 K. The g™(E)
spectrum for the disordered phase of cubic ZsMghas also
been measured in the full energy range up to 150 meV. The
phonon spectrum and thermal expansion behaviour have
been calculated in the ordered phase of cubic Z®}oAl-
though the ordered phase has not yet been synthesized for
the molybdate, our predictions are useful for comparison
with the known ordered phase of Zp@s.

ZrMo, 0O, (Ordered)

0.0124

----- P=2.5 kbar
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21(a) F. R. Drymiotis, H. Ledbetter, J. B. Betts, T. Kimura, J. C.

Lashley, A. Migliori, A. P. Ramirez, G. R. Kowach, and J. Van
Duijin, Phys. Rev. Lett93, 025502(2004). (b) The bulk modu-

lus in ZrW,0g is found [Ref. 27a)] to decrease by about 40%
with increase of temperature from 0 to 300 K. The temperature
dependence of bulk modulus for ZrMog may be expected to
be similar to the case of ZryDg.
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