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Lattice dynamical calculation of isotropic negative thermal expansion in Zr'W,Og over 0—-1050 K
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We report detailed lattice dynamical calculations of the large isotropic negative thermal exp@histn
over 0—1050 K in ZrWOg in its cubic phase. The results bring out the unusually dominant quantitative
contributions to NTE of the transverse acoustic, and librational and translational optic phonons below 8 meV.
The contributions of these phonons are reduced in the high pressure orthorhombic phase which therefore shows
NTE only below 270 K. The calculations show a fair agreement with the published thermal expansion data in
both phaseqd.50163-18209)14233-4

Anomalous behavior in material properties has generallfo  the specific heat, E(q,j)=(n+3%w(q,j), n
attracted special attention. Negative thermal expansion haS[eXdﬁw(q,j)/kT)_l]—l_ SinceCy(q,j,T) is positive for
peen known for ?a)lfjl?c? time in several elemental sofiely., )l modes at all temperatures, it is clear that the NTE would
Si, Ge, o_hamonp_l at low temperatures and other com- yagyit only from large negative values of the Gruneisen pa-
pounds in certain crystallographic d'reCtéd'%'A negative  rameter for certain phonons; the values should be large
pOISSOn .ral-,:('fc)) n quart_z has .been St.Ud]i t However, thg enough to compensate for the normal positive values of all
observ_atlo .Of large isotropic negative thermal EXpansion g q phonons. The frequencies of such phonons should de-
(NTE) in cubic Zr'W,05 has been very intriguing. This also crease on compression of the crystal rather than increase

opt(ra]ns up qevx(/j po|SS|b|I:ct|tis ?:1 prep‘l':mng compo?the materlal§vhich is the usual behavior. It is very interesting to note that
with a required value of the thermal expansion. The Z04/ the quantization of the finite phonon energies is important to

crystal structuré” consists of a framework of corner linked - ohenomena of NTE, just as in the case of specific heat.
Z10q octahgdral ar)d Wptetrahedral units. The NTE has The QHA includes the effect of implicit anharmonicity of
been assouateci(f\)/wth the presence of Zr-Q-W transverse Vbhonons due to the change of unit cell volume. However, the
brational modes.” From a lattice dynamical calculation effect of explicit anharmonicity due to large thermal ampli-

2(a) i - _li i o .
Pryde et al. . pr_ed|cted a non Debye like continuum of tudes may also be significant at high temperatuiée have
low-energy librational modes extending to almost zero en-

; calculated this effect using the formalism of Refdb
ergy and attanted these modes to NTE'.SUCh ques are A first principles calculation of the phonon spectrum
known to occur in glasses but are unusual in crystalline m

; . Awould be too tedious due to the complexity of the structure;
terials. Recent_ accurate specific heat%?r?easureﬁﬁaérasd there are 44 and 132 atoms per unit cell in the cubic and
neutron inelastic Scatte”gg measuremefiteveal the PreS- = orthorhombic phases, respectively. As we need to calculate
ence of the usua! Debye spectrum at Io'w.egergms which the volume dependence of the frequencies, a usual mass and
is inconsistent with the theoretical predicti#ifl. Reference spring approach based on fixed values of the force constants
2(a) also predicted extremely small unusual values of th

lasti tants which vield a bulk modul 1.7 GPa: th ould not be useful. We therefore resort to an approach us-
elastic constants which yi€ld a bulk modulus or L. a, qng an interatomic potential function. The binding energy of
value is about 40 times smaller than the experimental valu

Bxides such as Zr¥Dg, silicates or quartz Si9 largel

4(b) . : : S q gely

of 72 GPa.™ Here we report a lattice dynamlcal calculation comes from the ionic interaction although it also involves
which shows a very good agreement with the neutron experi:

o some covalent bonding. Thus ionic and short-ranged pair-
mgrteigg:;ﬁ)ngFeJ;f{ﬁgrSpoejr'f'ﬁqggzlt' f;’:i;kugggﬁIlﬁ’sgnri;?ff’b‘e”“a's derived fronab initio Hatree-Fock calculations of
' ' _ . the ener rf hav n found t highly su ful
duces the observed anomalous NTE in the high pressu © gnergy surtaces e been found to be highly success

) . r Si0,, AIPO, (Ref. 6, etc., in their many polymorphic
orthorhombic phageof ZrW,0g. Our analysis brings out the forms over a r;nge of pressures and temperatures. Bince
dominant contribution especially of the transverse acousti

fhitio potentials are not yet available for Zp@g, we have
ph_onons and_also_ the role_of a numbe_r of Iovy-energy ranSgerived empirical interatomic potentials. Our procedife,
lational and librational optic phonons in leading to a Iargeessentially making use of the static and dynamic equilibrium
NTIE'the quasiharmonic approximatig@HA) each of the conditions o_f the crystal structure, ha}s bgen very succe;sful
and useful in case of several materials including the high-

phonon mode_Sw(q,j),. Whe_re, w(q,j)zfrgquency, q temperature oxide superconductors. We use the following
=wave vector,j =mode index,j=1,3N; N being the num- form of potential:

ber of atoms in the crystallographic primitive unit cell, con-
tribute to the thermal expansibn equal to

—dlnw(q,j)/dInV is the mode Gruneisen parametgrjs V(r)= © —Z(k)Z(k )+aex ——br - E
the cell volume, B is the bulk modulus,Cy(q,j,T) 4meq r R(k)+R(k") ré’
=0E(q,j)/dT is the contribution of the phonon mode (1)
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TABLE I. Comparison of the experimental structural parameters
[Ref. 1(f)] and the bulk modulus Ref.() at 293 K in the cubic
phase of ZrWOg with the calculations. The units used are A for
the lattice constard, A? for mean squared amplitude$, and GPa

for the bulk modulusB. @
c
Expt. Calc. <5
a 9.15993 9.2188
B 72.5 88.4
Zr X 0.0003 0.0020
u? 0.010 0.012
W1 X 0.3412 0.3547
u? 0.012 0.011
W2 X 0.6008 0.6018
u? 0.010 0.011
o1 X 0.2071 0.2071
y 0.4378 0.4382
z 0.4470 0.4475 w
u? 0.022 0.026 %
02 X 0.7876 0.7863
y 0.5694 0.5674
z 0.5565 0.5599
u? 0.020 0.018
03 X 0.4916 0.4905
u? 0.023 0.021 E(meV)
04 X 0.2336 0.2429 FIG. 1. The neutron-cross section weighted phonon density of
u? 0.037 0.045 stated(in arbitrary units for energieE=0-10 meV; experimental

Ref. 3b) (uppep and calculatedlower). The calculated spectrum is

) ) shown at two volumes corresponding to the ambient preqguite
wherer is the separation between the atoms of tkp@nd  |ine) and at 0.18% compressiddotted ling. The calculated curves
k', Z(k) andR(k) are empirical charge and radii parameterhave been broadened with a Gaussian function (FWHM
of the atom typek, a=1822 eV, b=12.364, andC  =0.5 meV) in order to correspond to the experiment. The inset
=100 eV AP’ The last term in Eq(1) is applied only be- shows the comparison of the calculatéihe) and experimental
tween oxygen atoms. The parameters values derived afeircles [Ref. 3a)] specific heat.

Z(Zr)=2.2, Z(W)=3.3, Z(0)=—-1.1, R(Zr=1.13 A,

R(W)=1.21 A, R(0)=2.045 A. As a further improvement with volume (Fig. 1) as well as the calculated Gruneisen
we included a covalent potentf& between the nearest W parametefinset in Fig. 2 show that the phonons of energies
and O atoms below 8 meV are the most relevant to NTE, which is consis-
tent with the analysi® based on the neutron results. The

V(r)=—Dexd —n(r—rq)?/(2r)] 2)
(D=5.0 eV, n=29.4 A1 r,=1.79 A) and introduced 0.004-
polarizibility of the oxygen atom in the framework of the
shell model®© with the shell chargeY(O)=—1.6 and
shell-core force constat(0)=70 eV/A2. As in Refs. 6,7, %
many-body forces are included implicitly through the two- S
body potential, which is justified from the ability of the po- ‘< 0.0024
tential to reproduce the equilibrium crystal structural param- g

eters of the cubic phasé€lable ) and other dynamical
properties quite satisfactorily as discussed later.

The phonon frequencies as a function of wave vectors in
the entire Brillouin zone and its volume and pressure depen- 0.000
dence in QHA are calculated using a progfateveloped by 0
us, where the crystal structure at each pressure is obtained by
minimization of the free energy.The phonon density of FIG. 2. The calculated contribution to the mean squared ampli-
states and the thermal expansiefT) in the cubic phase are tude of various atoms arising from phonons of enefgyat T
calculated by integrating over the contribution of phonons of=293 K in the cubic ZrWO,. The inset shows the calculated
wave vectors on a 89X9 mesh in an octant of the cubic mode Gruneisen parameteF)( averaged for phonons of energy
Brillouin zone. Variation of the calculated phonon spectrum(E).
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0 500 1000 at about 400 K associated with a disordering phase transition
(@) which also has some impact on the overall NTE. The contri-
bution of the explicit anharmonicity is small in the cubic
phase and negligible in the orthorhombic phase.

We find that the largest negative Gruneisen paramétgr (
occurs for the transverse acoustic phonons around the Bril-
louin zone center, which may be associated with an elastic
instability of the transverse acoustic branch at about 0.30
GPa as discussed below. It is because of the large nedative
value of several phonons below 8 meV that th@) reaches
a large negative value at very low temperature. For energies
above 8 meV and up to the maximum phonon energies of
140 meV, thel” values are very small in the range of about
—1 to 1. Thereforex(T) continues to be negative and main-

. i tained at a high level.

0 1000 We may gain some insight into the polarization of
phonons of energies below 8 meV from their contribution to
the mean square vibrational amplitude of various atoms. Fig-
ure 2 shows that the modes up to 1.5 meV involve equal
displacements of all the atoms, which corresponds to the
acoustic modes. However, from 1.5-8 meV a larger ampli-
tude of the oxygen atoms indicates the presence of librations
in addition to the translational vibrations of the ZrGctahe-
dral and WQ tetrahedral units. The oxygen vibrations in-
volving bond-angular distortions of the polyhedra occur at
much higher energies.

Orthorhombic

a(10° K"

o
L

% Relative Volume Expansion

RN
Cubic (Anharmonic) oooOo
------- Cubic (Quasiharmonic)

----- Orthorhombic (Anharmonic) Our calculations in the cubic phase at about 0.30 GPa
22 50 1000 reveal a softening in one of the transverse acoustic branch
T(K) near the Brillouin zone center. This elastic instability of the

FIG. 3. (a) The calculated vol h | i I cubic phase appears to concide with the obséreetic to
. - 3. (& The calculated volume thermal expansieolid lin®) o, b ompic phase transition in ZR@Wg at about 0.3 GPa.
in QHA in the cubic and orthorhombic phases along with separatel_he latter phase is retained on decompression to ambient

contributions from the two transverse acoustic phonon branches . I -
(dotted ling and all the phonons below 8 meldashed ling (b) pressure. Referencél® reports an instability in the acoustic

Calculated percentage relative volume expansion in the two phas@onon_ branch at a larger pressure of 1',5 GPa.?The thermal
(V1/Va00— 1)X 100%, V1 and Vs, being the cell volumes at tem-  €XPansion of the orthorhombic phase is observixd be

peraturesT and 300 K, respectively. The quasiharmonic calculation@NOmalous; it is negative below 300 K and positive above
includes the effect of implicit anharmonicity due to volume changes300 K. Above 400 K, the orthorhombic phase transforms to
only while the fully anharmonic calculation includes also the effectanother cubic phase. Our calculation of thermal expansion in
of explicit anharmonicity due to large thermal amplitudes. The lat-the orthorhombic phase is compared with the experiments in
ter effect is negligible in the calculation for the orthorhombic phase Fig. 3(b) which shows very good agreement. Compared to
Experimental data; cubifRef. 1(f)] (solid and open circles are the cubic phase, the negative thermal expansion contributed
neutron scattering and dilatometer data respectivalyd ortho- by the phonons below 8 meV is much reduced which allows
rhombic[Ref. 4b)] (solid squares are neutron scattering fata the high energy modes to dominate at high temperatures and
yield a net positive expansion above 270 K in calculations.
In conclusion, through detailed lattice dynamical calcula-
calculated neutron-cross section weighted phonon spectrutions of ZrWw,0Og we have demonstrated the dominant quan-
and the specific heat are in excellent agreement with expertitative contributions of the transverse acoustic phonons and
ment(Fig. 1). In our calculated one phonon density of states,other low-energy rotational and translational optic phonons
the first low energy peak occurs at 3.5 meV and the spectrailf energies below 8 meV towards the isotropic large negative
weight upto 8 meV is 7.7% of the total spectrum, which isthermal expansion. We have shown that the same phonons
quite consistent with the interpretat?tﬁ‘?l of the specific heat were also identified from their dominant contribution to the
data. Figure @) shows the quasiharmonic calculation of the observed® specific heat at low temperatures. These
thermal expansion. This reveals a very interesting resultphonons yield negative thermal expansion upto very high
namely, that nearly 40% of the NTE in the cubic phase arisesemperature due to their unusual large softening on compres-
from just the two transverse acoustic modes and almost aflion of the crystal. It is noted that the quantization of certain
the NTE is contributed from the modes below 8 meV. Theacoustic and other finite energy translational and librational
calculated relative expansion including both the effects ofphonons is important to the phenomenon of NTE. This is in
implicit and explicit anharmonicity is shown in Fig(l8, contrast to the explanation in terms of the prediction of a
which indicates an excellent agreement with the experimeneontinuum of very low-energy mod&3 which is not borne
tal datal™ The latter includes a small sharp drop in volumeout by neutron and specific heat experiméhts.
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