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Recent studies of zirconium tungstate, Z®, show an isotropic negative thermal expansiNTE) over
a wide temperature range. It has been proposed that the low-energy phonon vibrational modes, observed in
both specific heat and phonon density-of-states measurements, are responsible for this unusual NTE. We have
carried out x-ray-absorption fine-structupAFS) experiments at both the \\,, edge and ZK edge to study
the detailed local structure in ZrM@g. Our XAFS results show a very small temperature dependence of the
broadening parametes;, for the W-Zr atom pair and the W-O-Zr linkage; consequently, the displacements of
the W, O, and Zr atoms must be correlated. The data show a much larger temperature depengdacéef
nearest W-W, pair as well as for the nearest Zr-Zr pair. These combined results indicate that it is the
correlated motion of a Wptetrahedron and its three nearest Zd@tahedra that leads to the NTE effect in this
material instead of primarily transverse vibrations of the middle O atom in the W-O-Zr linkage. The data for
both W-W and Zr-Zr atom pairs also indicate a hardening of the effective spring constant near 100 K, which
is consistent with the shift of the lowest mode within the phonon density of states. A simple model is
developed to explain the NTE in terms of the local structure results; it also provides a natural explanation for
the lack of a soft-mode phase transition.
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. INTRODUCTION ZrV,0, has a similar structure to ZrDg consisting of
ZrOg octahedra and V@tetrahedra. Three corners of a YO
The negative thermal expansigNTE) in ZrW,0g was tetrahedron are shared with Zy®@ctahedra, but the fourth
discovered long ago by Martinek and Hummehd has at- corner of each V@ tetrahedron is shared with another YO
tracted considerable attention recently due to its isotropitetrahedron and is therefore more highly constrained.
nature over a wide range of temperat@fiom 10 to 1050 The calculation of rigid unit modedRUMSs) in these two
K).23 NTE has been studied in several different systéifls, materials, carried out by Prydetal,’ pointed out that
but most of them only show a small and anisotropic NTE

effect over a small temperature range. The unusual NTE fea- by VAN A\ y A
tures of Zrw,Og make it potentially useful in developing ; \W / W§\~G7 i\
ﬁ [ o s

composites with easy-to-control thermal properties. L H
The crystal structure of zirconium tungstate, Z®, is \ N\ \ "L

cubic with the space group2,3 at temperatures from O to

~430 K, while the space group changes?a3 as the tem-
perature passes-430 K, with an order-to-disorder phase
transition due to the disordering of the \W@trahedr&:’ An
interesting feature of the ZrY®g crystal structure is that it
consists of Zr@ octahedra and Wptetrahedra which are
connected via the corner O atoms. An important exception is
that one O atom on each W@etrahedron is not connected
to another unit and is therefore considered to be uncon-
strained. This O is located on a W@ertex oriented along
one of the(111) directions. Figure 1 shows the details of this

structure.f_ db I th | polyhedra are the ZrQoctahedra; they occupy the corner and face-
It was first suggested by Mast al.that a large transverse centered positions of the unit cell. The four gray and four black

vibration of the oxygen in the middle of the W-O-Zr linkage, ;v hedra are the )0, and W(2)Q tetrahedra, respectively.
hich . . : fth Ivh . poly 21 ) p Yy
which requires corresponding rotations of the polyhedra, igach tetrahedron shares its three corners with three other white

the primary origin of NTE in this material due to the uncon- gctahedra while the last unshared corner is pointing along one of
strained feature of the structufé similar idea was used to  the four(111) axes. One of thesél11) axes is between two iso-

explain the isotropic !\'TE in Zryo; as tempe(ature iN-  lated octahedra in this figuréhe two octahedra marked Zrl and
creases above 373 Ki.e., the transverse vibration of the Zzr2); there are two tetrahedra on tiis11) axis with their unshared
central O atom in the middle of the ;@-O-VO3; group.  corner pointing towards Zr

FIG. 1. The cubic unit-cell structure for Zr\g. The white
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W L Ill-edge data (T = 20K)

RUMs are only possible in Zr'y{Dg. A comparison of the L

calculated vibration density of states for these two materials 5

shows that many more low-frequency modes occur in

ZrW,0q than in Zr\,0,. Since ZrWO0g exhibits NTE at

very low temperatures, Prydst al. suggested that the low- 0

frequency rotations of rigid units contribute mainly to the

NTE in this material, and the mechanism for NTE in

ZrW,0g and Zr\V,O, should be qualitatively differertt. 05
The thermodynamics of this unusual system have beerg

investigated by several groups in recent yédfs! in ¥

specific-heat data there is a very large contribution at low ¢

temperatures. To model these results, Ramirez and KoWach

used two low-energy Einstein modgsear 38 and 67 Kwith

a ratio of 1:3, respectively, in their density of states, plus

smaller contributions from Debye modes with much higher

Debye temperatures. Ernet al* measured the low-energy

density of states using neutron scattering and found similar

low-energy modes. In addition, using the modes below 8 N N

meV they estimated the effective Greisen parameter and 4 6 8 10 12 14

found it to be large and negative-(14). Davidet al® also Kk 37

estimated the Gneisen parameters but did so for each of the

modes separately—in this analysis the two lowest modes FIG. 2. ky(k) vs k for both the WL, and ZrK edges to show

both have negative Gneisen parameters but the magnitudethe quality of the XAFS data.

of the lower mode is roughly 20 times larger, while the

higher-energy Debye modes have very small positivenSru  The experimental details and the sample information are

eisen parameters. Recently Mittat al* investigated the given in Sec. Il. Section Ill shows the XAFS data and analy-

change in phonon frequency with applied pressure and founsjs, while the discussion is presented in Sec. IV. The conclu-
that the low-frequency modes softened, hence the lowes§ions are summarized in Sec. V.

modes have a negative Gwisen parameter in agreement
with the earlier work®*! These studies clearly show that the
low-energy optical modes play a dominant role in the NTE Il. EXPERIMENT DETAILS
but detailed information about the atomic vibrations is not
yet available, particularly information explaining which at-

oms are principally involved. In order to investigate the IocalWith silicon (220 monochromator crystals. W, -edge and

structure of _ZrWOB in detail, we have carried out x-ray- Zr K-edge data were collected as a function of temperature
absorption fine-structur€XAFS) measurements as a func- from 5 to 350 K

tion of temperature. From these data we obtain plots?ois

T from which an Einstein or Debye temperature can be €Xder, which was prepared from high-purity Alfa AESAR Pu-

tracted. This enables_ us to connect the_z local structure r_ESUIFﬁtronic grade ZrQ (99.978% and WG, (99.998% in a
to the modes found in the aboyer%tumes. Some Iorellmlnar)a(toichiometric ratio. The powders were vibratory milled in
results have recently been publisted. .. methyl ethyl ketone to reduce the particle size. After drying,
The XAFS data show that the WQetrahedra are rigid the powder mixture was uniaxially pressed into pellets and
from 5 up to~320 K. The ZrQ octahedra are softer, al- peateq jn an oxygen atmosphere to 1470 K for 4 h and
though still quite stiff over the same temperature range, bu&uenched to room temperature. The sample was reground
they are not rjgid. Su'rprisingly, 'the data analysis shows thazt;md passed through a 400-mesh sieve to obtain a fine powder.
the W-O-Zr linkage is also quite stiff, comparable to the tpq fine nowder was then brushed onto Scotch tape in order

ZrOg octahedra. to make samples for XAFS measurements
The data for the l)-W(2) and Zr-Zr atom pairs show P '

much larger temperature dependencies, which are associated

with low-frequency optical vibrational modes. These com- Ill. XAFS DATA AND ANALYSIS
bined results indicate that the Zr, O, and W atomic motions
are highly correlated; such correlations must be recognized
in discussions of the low-energy vibrational modes. Based on The x-ray-absorption data were reduced using standard
these results, we propose a modified model for the eigerprocedures>®The XAFSk-space data are shown in Fig. 2
modes that includes translations of the W&» a rigid unit  for the WL,, and ZrK edges at 20 K. Both sets of data
and leads to NTE in this material. This model also providesshow very good quality. Herk is the wave vector ang is

an explanation for both the unusually low energy of the opthe XAFS function, which is defined ag= (u-ug)/ o,

tical modes and the lack of formation of a soft-mode displawhere u is the absorption coefficient and, is the back-
cive transition. ground(embedded atojrfunction?’

N

XAFS experiments were carried out at the Stanford
synchrotron-radiation laboratof8SRL on beam line 10-2

The sample used in this experiment was a Z04/pow-

A. XAFS data
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FIG. 4. The difference im-space data for the W,,,-edge data
for various temperatures. Data were obtained by subtracting one
data file from another. Note the small difference for the first two
peaks(up to 3.3 A compared to the large difference for the more
distant peaks (355.8 A).

Fourier Transform of k’x(k)

A, corresponding to the W-Zr atom pair, also shows little
FIG. 3. The Fourier transforntFT) of k3y(k) of the WL, change in _the amplitude from 20 to 120 K, while the ampli-
edge, at 20, 160, and 315 K. The FT range is-313.5 A, with tude of this peak drops about 25% when the temperature
0.3-A"* Gaussian broadening. The curve with a high frequency'€aches 315 K. In contrast, the peak near 4.0 A, which is

inside the envelope is the real part of the FT gFTThe envelope is Mainly due to the nearest AV, atom pair, changes about
defined as+ FT3+FT2, where FT is the imaginary part of the 60% from 20 to 315 K. This much larger amplitude decrease
FT. The upper pane| shows the data range fromOto7 A; while thawth temperature near 40 A indicates that the Vibl’ationS be'
lower panel is an expanded view from@6 A to show the detailed tween the nearest W) and W(2) are much softer than that
changes i space. between the nearest W-Zr atom pair. These soft vibrational
modes can be excited at much lower temperatures. The peak
XAFS r-space datdthe Fourier transform(FT) of the near 5.6 A includes several single- and multiple-scattering
k-space datpare shown in Fig. 3 for the WW;,-edge data. peaks, and also has a large change in amplitude with
Ther space data show peaks which correspond to differertemperature.
atomic shells around the central atom. The position of each To show the temperature dependence more clearly, differ-
peak is shifted slightly im space as a result of a well-known ence data are shown in Fig. 4. These plots are the difference
phase shift. The temperature dependence of each peak prio-the FT ofk3y(k) data between 20 and 315 K, 20 and 160
vides information about the relatieorrelatedl vibrations of K, as well as 20 and 5 K. Figure 4 clearly illustrates that
the corresponding atomic shell. A reduced amplitude of asignificant changes only occur beyond 3.5 A as the tempera-
peak indicates a larger widtly;, and hence a larger local ture is increased. The bottom panel indicates almost no
distortion of that atomic shell. Detailed discussion aboutchange to 20 K; the middle panel shows little change up to
the XAFS technique and data analysis can be found i8.5 A, however, several significant peaks near 3.9, 4.5, 5.0,
Refs. 15-19. and 5.6 A appear. This indicates that large local distortions
The FT ofk3x(k) is plotted in Fig. 3 instead dfy(k) to  for atom shells at these distances are present at 160 K. These
enhance the change in the amplitude of peaks at longer dislistortions become even larger when the temperature is in-
tance(from 3 to 6 A). The upper panel shows that the first creased to 315 K as indicated in the top panel. An additional
W-O peak(at ~1.4 A) has very little temperature depen- contribution develops near 3.6 A faF at 315 K, which is
dence, which indicates that the W-O bonds in the \)W&-  due to a change in the amplitude for the W-Zr peak. A small
rahedra[for both W(1) and W(2)] are very rigid and essen- peak also develops at 2 fee top panel of Fig.)4it arises
tially undistorted as the temperature increases to 315 K. lfrom a large change in the fluctuations of the longly¥O(3)
the expanded viewlower panel of Fig. B the peak near 3.5 distance between the two WQ@etrahedra.

014303-3



D. CAO, F. BRIDGES, G. R. KOWACH, AND A. P. RAMIREZ

= 05 :_ Zr K edge data _:
= N - = ]
& oal T =20 K =
- C ]
5] L g% i
TR | N — -
) C ]
n
=] C a1
g o2 ]
= C 1
[ - _
(] - -
‘B 01| .
3 - ]
[o] - _
= » - a1
o &
0 1 2 3 4 5 6 7
r ()

006 T T T T | T T T T T T T T T T T T
- F Zr K edge data A
$ — T=20K .
. b T = 160 K .
© 004F---- T=2315K —
g
S
)

n

g

g

=~ 0.02

&~

()]

a

5

o

[0 -
o L

FIG. 5. Fourier transform oky(k) for Zr K-edge data at 20,
160, and 315 K, respectively. The FT range is 3.5-13.5,Awith

0.3-A"! Gaussian broadening. The lower panel is an expanded

view of the data from 5 to 7 A.

The r-space data for the ZK edge are shown in Fig. 5.
The first peak near 1.6 A is the nearest Zr-O peak, and sho
a small change with temperature (0% from 20 to 315 K
The Zr-W peak is near 3.7 A in this plot, and the change

i
the amplitude is about 20% as temperature increases from %{a

to 315 K. This result is quite close to that obtained in an
lyzing the WL, -edge data. The largest change is at a lon
distance(around 6 A, where the Zr-Zr peak occurs. The
lower panel shows the details of the data at larg€here is

a peak near 5.5 A which also has a large change with te

TABLE I. Near-neighbor atom-pair distances calculated from
neutron powder-diffraction data at 300 (Ref. 2J).

Atom pair DistancegA)

W-0O 1.708, 1.807, 1.718, 1.785, 2.410
W-Zr 3.745, 3.870

W-W 4.128

Zr-O 2.034, 2.095

Zr-Zr 6.455, 6.484

a_

d—lll
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perature. However, there are several multiple-scattering con-
tributions to this peak and the analysis is more complicated.
The Zr-Zr peak at 6.0 A changes over 75% with temperature
(from 20 to 315 K, which is a surprisingly large effect.

B. Fitting procedures

The XAFS equation we use is given by

kX(k)=Zi kxi(K)

i[2kr +284(K) + 8(K)]

5 dr,

=Im> Aiwai(k,r)gi(rOi 16
i 0

r
1)

wherey; is the XAFS function for sheli, F;(k) is the back-
scattering amplitude of the photoelectron from neighbdits
includes mean-free-path effegtg;(ro; ,r) is the pair distri-
bution function for the atoms at a distancgg—assumed to

be Gaussian for most of this work—adg(k) and g;(k) are

the phase shifts of the central and backscattered photoelec-
tron waves. The amplitude factés is given by

Ai:NiSSI (2)

whereN; is the number of equivalent atoms in sh'eHmdSS

is the effective “amplitude reduction factor” that accounts
primarily for many-body effects such as shake-up or shake-
off, but also includes small corrections to the mean free path
in the theoretical functions. In this equation, the photoelec-
tron wave vectork is defined byk=2mu(E—E,)/%?,
wherekj is the binding energy for the absorption edge under
study.

A detailed fit was carried out for VI ;;,- and ZrK-edge
data inr space using theoretical functions fgy calculated
using thererF7 code, which has been developed by Zabinsky
and co-worker$® S5 was found to be 0.99 for the W

V\,'S“l -edge and ZK-edge data. Each peak in thespace data

was fit with a Gaussian distribution function, and the width

. of this function,o, was extractedo, also called the Debye-

ller factor, is a measure of the local distortions of a shell
of neighboring atoms. The fit range is 1.0-5.8 A for the W
-edge and 1.2-6.2 A for the Z-edge data.
Details about the crystal structure can be found in Refs.
21 and 25. Briefly, each ) O, tetrahedrongray areas in

ig. 1) is surrounded by three (@) and an @4)—the latter is

rTE)cated on a(111) axis; each W2)O, tetrahedron(black

areas in Fig. Lis surrounded by three @ and an @3)
[O(3) is also located on thél1l) axis|. Therefore there are
four short W-O bondgW(1)-O(1), W(1)-O(4), W(2)-O(2),

and W?2)-O(3)] distributed from 1.7 to 1.8 Asee Table)l

plus one long bond at 2.41 ANV(1)-O(3)]. However, XAFS
cannot differentiate between Ménd W in this material and

it is impossible to distinguish such small distances between
the nearest W-O bonds. Therefore the theoretical standard for
the first W-O peak irr space is a sum of the peaks for the
four short W-O bonds, and the bond distance is averaged to
be 1.7752 A. Since all W-O bonds within one \W@trahe-
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dra are included in this standard, it is easy to tell whether the TABLE Il. Scattering paths between W and Zr as well as the

bonds within the tetrahedra became distorted as the temperearest W-W pair. Paths with only two atoms involved are single-

ture increases. The octahedra surrounding each Zr are corgeattering paths, i.e., the photoelectron wave is directly backscat-
posed of three (1) and three @), so that the theoretical tered from another atom. Paths involving more than two atoms are
standard for the nearest Zr-O peakrirspace includes two Multiple-scattering paths.

Zr-O bonds, at 2.03 AZr-O(1)] and 2.09 A[Zr-O(2)], due to

similar constraints. Path Degeneracy Path distar(de
In extended XAFSEXAFS) analyses the maximum num- \y, .z 3 3745
ber of parameters is given #y W,-Zr 3 3.870
W,-O-Zr 6 3.793

2AKATY !
= +2, (3) Wy0-zr 6 3.875
™ W,-0-Zr-0O 3 3.841
where Ak is the Fourier-transfornk range andAr is the wz-\(/)v-Zr-O f Z"fgg
fitting r range. From the above discusskdnd r ranges, T2 :

Pmax corresponds to 33 and 34 parameters for the \W- W3-O-W, 2 4.128
and ZrK-edge data, respectively. To minimize the number ofV1-O-W2-0 1 4.128

parameters used, the peaks for distances that are nearly the

same are summed as described above. In addition, the num-

ber of neighbors in each shell/multiple-scattering path is conparameters in the fit procedure is 16 for both edges, much
strained from the known crystal structure. less thanP ., mentioned above.

In our fitting procedure, 12 theoretical standard peaks A few fits were also carried out in which the;@r C,
were used to fit the W,,;,-edge data. These 12 include the parameter was varied for the W-O, Zr-O, W-W, and Zr-Zr
nearest W-O peaKcombination of all four nearest W-O peaks. G fluctuated in sign and its average value was close
bonds, the W-Zr peak(combination of both single- and to zero. G was slightly negative for W-O {—4.0
multiple-scattering effecis the nearest and second-nearestx 10 ° A%), and positive and slightly larger in magnitude
W-W peaks, plus eight other multiple-scattering peaks withfor Zr-O (~0.000 16 &), but with little temperature varia-
smaller amplitudes. For the Z-edge data, eight theoretical tion. The G results for Zr-O suggests that this bond expands
standard peaks were used in the fit. They include the neareasymmetrically withT. For W-W, G is negative and in-
Zr-O peak(a combination of the two short Zr-O bondshe  creases in magnitude with (from —3E—-5 to —0.0006 &
Zr-W peak (combination of both single- and multiple- as temperature increases from 5 to 315 Kowever, the
scattering effects the nearest Zr-Zr peakcombination of  errors are large, about 0.0003 At 315 K, because of the
the two shortest Zr-Zr atom pajysand five other multiple- overlap of this peak with the W-Zr peak, and the effect is
scattering peaks with small amplitudes. small below 300 K.

There are in general four parameters associated with each In the following fits, the theoretical standards for W-Zr
peak:o, Ar, amplitude, and\E, [there can also be higher (Zr-wW) are a sum of both the W-ZZr-W) single scattering
cumulants, G (asymmetry and G, (kurtosi9; these are dis- and the W-O-Zn(Zr-O-W) multiple scattering since the the-
cussed in the following paragraplw is the width of the pair  oretical standards overlap inspace and have similar dis-
distribution function(PDF), Ar is the change of the bond tances. The same procedure was used to obtain the theoreti-
(atom-paiy distance from the starting value, the amplitude iscal standard for the W)-W(2) atom pair. See Table Il for
a measure o) [see Eq.(2)], and AE, is a shift of the detailed information about all the single and multiple paths.
absorption binding energy. An initial step, for both thel\ In these fits the ampIitudNSﬁ was kept constant to reduce
and ZrK edges, was to determine the amplitude A}, for  the relative error ino2. Absolute errors irSS are of order
each peak using low-temperature data for which the signalt0% and shift theo? vs T plots vertically. The error bars
to-noise ratio is highest. In subsequent fits of the data aghow the relative error; several traces are collected at each
various temperature§3 andAE, were fixed, and\r ande  temperature and analyzed independently. The error bars in-
were allowed to vary. In order to further reduce the totaldicate the rms variation in the values @f obtained at each
number of free parameters during fitting the Myj,-edge  temperature.
data, onlyAr’s for the single-scattering peaks—the nearest Figure 6 showso? as a function of temperature. In the
W-O and W-Zr, and the nearest and second-nearest W-Wpper panelg? for the nearest W-O bond is nearly indepen-
peaks—were allowed to vary; ther’s for the eight small  dent of temperature—the W,Qetrahedra are very rigid up to
multiple-scattering peaks were determined at low tempera315 K. The small change im? with temperature for the
ture and fixed. Note that the small thermally induced changegearest Zr-O pealFig. 6, bottom panglshows that the ZrQ
in Ar for these contributions, estimated from the known ther-octahedra are not rigid although quite stiff within this tem-
mal contraction, are<0.015 A. This is at most comparable perature range.
to the error inAr for these small peaks. Allowing theae’s The o curves for W-Zr(black square in Fig. 6, upper
to vary from the lowT values did not significantly improve pane) and Zr-W (black square in Fig. 6, bottom panelre
the quality of the fit parameter. For the Kredge fit,Ar was  nearly parallel with only a tiny vertical shift between each
allowed to vary for all peaks. As a result, the number of freeother. This is not surprising because both curves measure the
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temperature data far,,, ando3,, have a small difference since

Temperature (K) data were collected on two distinct edges. The difference between

oé,7, (03, and o2, is a rough measure of the contribution

made by the transverse vibration of the middle O atom in the
-O-Zr linkage. Note that the three sets of data overlap within the
rror bars up to-220 K.

FIG. 6. o vs temperature for the W.;,,-edge data(upper
pane) and the ZrK-edge data(lower panel. The error bars are
about the size of the symbol except for a few data points indicate
in the plot.

same local structure from two different perspectives. Thenuch larger error bars for the Zr-Zr pekr K-edge datpat

very small vertical shift comes from the fit procedure and thehigh temperature are due to the weak XAFS signal for peaks

different edges. In Figure 7, we show on an expanded scalith a largeo at large distancegear 6.5 A. The amplitude

that the temperature dependenceddf for the Zr-W and ~ Of the Zr-Zr peak at high temperatutabove 280 K is ap-

W-Zr peaks are essentially the same and only slightly largeProaching the noise level. Error bars fof in this tempera-

than that for the Zr-O peak. ture range are quite large for the W-W and Zr-Zr pairs as
Another fit was carried out, in which the’s for the indicated in Fig. 6. o

single- and multiple-scattering peaks were fit separately for An important feature of Fig. 6 is that thﬁz curves for

the W-Zr atom pair; the fit result shows thaf for each both nearest and second-nearest W-W pairs are almost paral-

contribution is about the sanisee Fig. 8 However, the data

do not support further attempts to extract sepasegefor the 0.006 T T T T T T T T T T T T T

W(1)-Zr and W(2)-Zr single- and multiple-scattering peaks - .

(i.e., a fit of four independent peaksecause these peaks are L O W-Zr single scattering peak i

too close tqgether and there would be too many free param L W W—0-Zr multiple scattering peak 1

eters for thisr range. 0.004 B
It is surprising thato? for the W-Zr (Zr-W) pair shows ' » %

only a small temperature dependence, comparable to that fcs E

the nearest Zr-O bond. This indicates that the nearest W—O—ZNV - § ﬁ
linkage is quite stiff—the W-Zr distance does not fluctuate *® i L % % 0 1

much with temperature up to 300 K, although the distance 0.002
between the nearest W and Zr atoms is more than 3.7 A witr

an oxygen in between. In contrast, the nearest W-W [@air
W(1)-W(2) pair along &111) direction] with only a slightly

longer pair separation, 4.128 A, shows a much larger tem- il e e L
perature dependence of, as does the second-nearest W-W 00 50 100 150 200 250 300 350
pair [also a W1)-W(2) pair at 4.621 A. The change inr?
with temperature for W-W is more than five times larger than
that for the W-O-Zr linkage. The nearest Zr-Zr atom pair has FIG. 8. o? vs temperature for both the W-Zr single-scattering
the largest change io? with temperature. Note that the and W-O-Zr multiple-scattering peaks.

Temperature (K)
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TABLE 1. Estimated Einstein temperatures for each mode. — 1 T T T T T 1

0.0184 WL -edge data .
Atom pair Oc (K) O W-W (4.1282)
® W-W (4.6210)

W-O 96250) <
=0.012 -
Zr-0 49350) “o 00
W-Zr 470(50)
Zr-W 45950
50 0.006
lel, which indicates correlated vibrations between these two <48 :
sets of atom pairs. A break point or cusp clearly exists for 0.000 ——r—T —
both pIotsznear 100 K. Furt_hgrmore, t_he_ temperature depen o184 Zr K-edge data 0 500 400
dence ofo“ for the Zr-Zr pair is also similar, with the same O Zr-Zr (6.4696) Temperature (K)

break point present near 100 K. To check that this is not an

artifact, a second data set was collected for each edge as< ., |
function of temperature; the data yield the same result. A=
detailed discussion of the interpretation of this break point ©

will be given in the next section.
0.006

IV. ADDITIONAL ANALYSIS AND DISCUSSION

A. Einstein temperatures 0.000

T T T T T T v T T T
The specific-heat measurements of Ramirez and Kowact 0 50 100 150 200 250
show that low-energy Einstein modéSinstein temperatures,
®:~38 and 67 K associated with optical phonons dominate Temperature (K)

and are overwhelmingly responsible for NTE in this kG 9. Fit results tar? vs T data for the W-W and Zr-Zr atom

material.” Similar results were also obtained by phononpairs. The solid lines are the fit results and were carried out up to

density-of-states ~ measuremerits and  theoretical 250 K because the data at higher temperatures have very large error

simulations'**® However, the calculations suggest a largerpars. The temperature dependenceefis plotted in the inset of

contribution for low-frequency transverse-acoustic modeshe figure. The dotted and dashed lines in the bottom panel are the

than had been assumed in the experiments. To have a largeresults for a fixed®¢ at low T (dotted and highT (dashedl

contribution to NTE, the entire band of such transverse-

acoustic modes must be below8 eV. ments. Results of the Einstein temperature for the W-W and
In crystals, the temperature dependencerdfor optical ~ Zr-Zr pairs are discussed in the next subsection.

modes can be modeled with a sum of Einstein

- 8
contributions B. Further identification of the low-energy modes in ZrW,Ogq4

) h? Oc The low-energy phonon density of states determined by
o =mcothﬁ, (4 Emstet al! show that the lowest mode frequency remains
unchanged as temperature increases from 50 to 100 K but
whereMg, is the reduced mass ang is Boltzmann's con-  clearly increase¢hardensby 7% between 100 and 300 K as
stant. The high-temperature approximationhen ®g/T  shown in Fig. 3 of Ref. 11. This means that the effective

<0.3) of Eq.(4) can be written as spring constank must increase significantly. Such a change
) should be observed in XAFS data if the atomic displace-
e ieT ®) ments are driven by this mode since at high temperature
M RkB®é . 2
o°~kgT/k (6)

Thus we can extract an estimate of the Einstein temperature

for vibrations of various atom pairs from the? vs T plots ~ within the Einstein approximatiotinote that« is propor-
(Fig. 6) for the purpose of comparing with the specific-heattional to ®2).

results(for the W-O and Zr-O peaks, a Debye approximation  Of all the plots ofo® vs temperaturésee Fig. & only the

is normally a better modglThe results are given in Table Il data for the W-W and Zr-Zr atom pairs show an anomaly
for the three nearest atom pairs. Al are larger than 450 between 100 and 300 K—both show a cusp just above 100
K: in particular, ® ¢ for the W-Zr pair is comparable to that K, and the temperature dependencesdfbecomes slower.
for the Zr-O bond. This is another way of quantifying that The nature of this feature is shown in more detail for the
the W-Zr pair distance is very stiff. The high Einstein tem- Zr-Zr data in Fig. 9, where separate Einstein fits are made for
perature for W-Zr(Zr-W) means that the vibration of O in the low-T (1<100 K) and high¥(>150 K) data. The step
the W-O-Zr linkage does not correspond to the low-clearly occurs between 100 and 150 K. This is very unusual
frequency modes observed in the heat-capacity measurbehavior, but is exactly the result expected if the effective

014303-7



D. CAO, F. BRIDGES, G. R. KOWACH, AND A. P. RAMIREZ PHYSICAL REVIEW B8, 014303 (2003

TABLE IV. The fit results with temperature dependéht using AL B SURLE LR UL UL B
Eq.(4) and Eq.(7). In these final fitsT, and § in Eq. (7) were fixed 01 "‘ﬂ<~--m-.:£f\ —
at 115 and 12 K, respectively. o - T S .

& L \E\ __________________________ _
Atom pair Reduced madgg/mol) O (K) & r ‘a\ﬁ -
W-W (4.1282 A 750(50) 46(10) s O%[ B
W-W (4.6210 A 550(50) 47(10) S . i
Zr-Zr (6.4696 A 580(50) 46(10) 3 = -
g 0.06 |— —
a L -
spring constant were to increase just above 100 K. To repreﬁ - —> B
sent this mode hardening we defife: to be a function of - .
temperature 004 111 1 | 111 1 | 111 1 | 11 1 1 | 111 1 | 1111 | 1
0 50 100 150 200 250 300
1 Temperature (K)

®E:®E0+0'07X®EOX 1 . (7)

e(T-Ta)ld 41 FIG. 10. The W-Zr peak amplitude obtained from the W
L, -edge data. The dotted line has a very small slope, which shows
Here, @, is the Einstein temperature at low T, is the  the slow amplitude decrease below 120 K. The dashed line shows
temperature at which ¢ increases, and is the width of this  the larger slope of the amplitude drop beyond 120 K. The decrease
step function. We used the small 7% mode hardening as réa the peak amplitude is obviously much faster as temperature in-
ported by Ernset al,'* and foundT, and & to be ~115 K creases from 160 to 315 K. The solid squ#ésee arrow shows
and 12 K to fit the data® ¢ at low temperature is- 46 K for v_vhere th_e W-Zr amp!itude should l:_)e if a Iarge transverse O vibra-
the W-W and Zr-Zr pairgsee Table IV for detailsconsistent ~ tion dominates NTE in ZnOg as discussed in Sec. IV C.

with the heat-capacity and phon(_)n measurements. _Th_e filnits (i.e., the O-W-O and/or O-Zr-O anglemay also need
results are reasonable as shown in Fig. 9, where solid lingg change slightly and the Zr-O bond to stretch, to keep the
are the fit results and the circles are the déta.as a func-  ynits connected; this would stiffen the vibration. A review of
tion of temperature is shown in the inset. Separate fits to théhe supplementary data of Ref. 25 also indicates that on av-
low-T and highT parts of thea® vs T curve show that the erage the O1-W1-O1 angle decreases with temperature by
average static distortiomgtatic, is very large for the W-W roughly 0.4°, while the O2-W2-0O2 decreases by 1.0° up to
and Zr-Zr atom pairs (0.0032%Afor the nearest W-W, 293 K, which is comparable to the estimated angle change
0.0069 & for the second-nearest W-W, 0.0034 for the  required in our tentpole modébelow) for the vibration am-
nearest Zr-2r. We therefore use these values of the staticPlitudes at 300 K. . .

distortions in the overall fit for each atom pair, respectively. ~Such a possibility is also consistent with the results for the
The fit results in Table IV show very large reduced masse¥V-Zr and Zr-O peaks. As discussed earlief, ,, changes

for these modes compared to the W-O or Zr-O reducedery little below 120 K but changes rapidly at highkrin
masses used in Table Ill. This indicates that the low-energ{'d: 10, which involves no analysis, the amplitude of the
vibration modes must involve several large rigid units which/-Z" peak is plotted as a function @t There is a breakzln
include the heavy metal atoms, W and Zr. Part of the reasoff!€ Slope of the curve near 120(Klose to the cusp in the

for the very large value of the reduced mass in this fit is that’S T plots for W-W), Zand the amphtude d(_acreases more rap-
we have used an equation for a single type of mode; in fac!fjly for T>120 K. ‘TW-Z((T) for Fh|s peak increases too rap-
we should sum over the four lowest modes that are clearljdly @P0ve 120 K(see Fig. 7to fit a Debye model well. The
present from the specific-heat analysis. To do so we woul ehav[or for Zr-O_|s similar. Although both can be.f|t by an
need the projections of the phonon modes onto the W mo- instein model with a larg@e (see Table 1), that is sur-

tions along the(1,1,1) directions. A crude approximation is prising_ since one expects these vibrations to involve the
that Eq (45)3 shouI’d ’be multiplied by a numFb)Er between 1 5acoust|c modes at these temperatures and hence to follow a

: Ce= 2 Debye model. If, however, the small stretching of the Zr-O
and 2.5; therMg, is about 350 g/mol for W-W, which is still 54 (and the transverse O motion, see Sec. IV)dLa

very I_arge. T_he clear indication of a small hardening of Fheby-product of low-energy Einstein modes, driven by the

effective spring constant for only the W-W and Zr-Zr pairs |grge inertia of the massive WQetrahedra, then the simple

Completes our identification of the IOW'energy modes in th|SEinstein mode equation above no |0nger app"es_the result-

system as being vibrations of W-W(2) along the(11l)  ing zr-O vibration amplitude would be much smaller than

axes, which are coupled to the Zr-Zr motions as describedxpected for a low®g. Within this model the Zr-O bond

below. begins to fluctate and the O to move transversely at a low
An unanswered question is why does the mode hardefrequency once the W amplitude reaches a critical value

near 100 K? The answer may be related to the amplitude dfhear 120 K.

the W-W vibration. For small amplitudes, nearly rigid unit

modes may be possible at low temperature with only a small C. Transverse vibration of O in W-O-Zr

flexing about the O atoms that connect the YWéhd ZrQ The above results show that the temperature dependence

units. However, at larger amplitudes, the angles within theof the W-Zr pair(and W-O-Z) is weak. Because the origin
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of the NTE effect in ZrWOs has long been thought to be a 0= 02 atict Tltretchit Thransy - (8
large-amplitude low-energy transverse vibration of the O 2 . o o , .
atom in the middle of the W-O-Zr linkadewe address the Here 0,4 is the contribution for a static d|st9rt|on, which
analysis of the W-Zr peak in more detail. The results dependl0€s not have a temperature dependeﬂéﬁétch is the con-

on assumptions about the atomic correlations; we considdfibution from the change in the W-Zr distance caused by a

uncorrelated and correlated situations separately. stretch of the Zr-O and W-O bonds; ang, s, comes from
the transverse vibration of the O atom in the middle of the
. . 2 , .
1. Uncorrelated motions W-O-Zr linkage. Sincerg, ;. doesn’t change with tempera-

ture, we neglect it in the following discussion? for the
W-O bond is nearly independent of temperature up to 300 K
and is also neglected. Therefor€, ., can be represented
by o2, . Note that the total changes irf of the W-Zr and

We first note that if the transverse O vibration in the
W-O-Zr were solely responsible for the NTE o0 © K
in ZrwW,0Og, the required O vibration would need to have an

rms transverse displacement of at least 0.15 &2 ( Zr-W peaks are about 0.0015%Aand 0.0020 A, respec-

- 2 . . . ,

3 0%0}37’?‘_')6:2 tg)c:?hd?r?ee Vt\?% %asderzvfg g‘ggansagfggggﬁﬁfg d ?ttively as the temperature increases from 5 to 315 K, while
o . he change of3,  over the same temperature range is about

be rigid. Then the dls'Fan_c_e betw_een the nearest W and .0013 & (Fig. 7). The remaining contribution from the O

atoms must fluctuate significantfig. 1. For example, the transverse vibrationyZ would not be large enough un-

W(L-Zr palr (single scatieringwould have a contribution to der the above assur:{a?isgﬁs to account for the total NTE in

a? of 0.003 & from this O thermal vibration, while for the p

2

W(2)-Zr pair (bond angle of 173°) the contribution te? is Zr2W208 at 3200 K. Below 100 K the changes iy, ,
~0.0006 &. However, the total thermal change if for ~ 9zr-w, @ndoz o are nearly identical, thus any O transverse
the W-Zr pairs is only about 0.00152AFig. 7). oscillation must be negligible over this temperature range

More importantly, the multiple-scattering contribution to (s€€ Fig. 7. _ o
the amplitude of the W-O-Zr peak is also very sensitive to The net effect when the Zr-O stretching vibration and
the displacement of the O atolf;it dominates when the transverse O motions are included is that the total amplitude
bond angle is nearly colinear, since its amplitude can defeduction would be too large as shown by the solid square at
crease by a factor of 3—4 when the bond angle changes froi> K in Fig. 10. The open squares are the amplitudes of the
180° to~150° (see upper panel of Fig. L2 or large bond W-Zr peak in the raw data and do not involve any detailed
angles, the single-scattering peak starts to dominate. analysis. These data cannot be explained in terms of a trans-

For W(2), the O is displaced about 0.14 (&ee Fig. 12  verse O vibration when the Zr-O bond stretches and the

which corresponds to a bond angle of 173°, and in this casgtomic motions are uncorrelated.
the multiple-scattering peak dominates. The average ampli-
tude of the W2)-O-Zr multiple-scattering peak is decreased
by 25% as the rms oscillation amplitude of the central O Correlated motions of atoms occur in a variety of situa-
atom reaches 0.14 A. For W the O displacement is tions. When acoustic phonons dominate, the motions of the
~0.42 A (bond angle of 155°), and the change of the am-nearest neighbors are in the same direction—the motions are
plitude of the multiple-scattering peak is considerablypositively correlated. In more complex crystals there can be
smaller. In this case, the W)-Zr single-scattering peak is several other types of correlated motions. For example, in
the dominant contribution. ZrW,0q the very small value o&? for the W-O bond, even
The measured stretching vibration of the Zr-O bond musat 300 K, means that the WGetrahedra move as a rigid
also be included in the analysis. In generaf for the  unit—the O must follow the W motion. Similarly, although
W-O-Zr (or Zr-O-W) linkage can be expressed as follows the Zr-O bond is not completely rigid, the small valueodt
when the various motions are not correlated: for Zr-O indicates that the Zrpoctahedra are quite stiff—

2. Correlated motions

r2

Y G =(r2-r)/2

FIG. 11. This plot shows in general how the transverse vibration of the middle O atom will affect the distance between twid)metal
atoms in aM-O-M linkage for rigidM-O bonds. The solid line shows the equilibrium position, and the dotted lines show the status of the
M-O-M linkage during an O transverse vibration when the O atom reaches the rms vibration amplitydendth,. Note o is the half
width for theM-M pair distribution function.
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C T ! T T T E T T _ O
0.06 — . , i
- : : ] > &
L | | 4 H
§ 0.05 — ' ' - Ir L W
3 r ' ' 7 FIG. 13. A sketch of the W-O-Zr linkage to illustrate the ar-
E i i i i rangement of the atoms.
= 0.04 — i | 7 ;
o L ; ; i In Fig. 13 we show the arrangement of the atoms and
- | } . define the parameters. Hekas the time-dependent length of
i | | ] the Zr-O bondB is the length of the W-O bond which will
0.03 ! ! ] be held constant, antd is the time-dependent transverse po-
gl i | | sition of the O atom. We model the time dependencie8 of
L | | _ andH using cosine functions:
C | | 1 i 1 1 ‘ | : 1 1 |
0.4 0.2 0 0.2 0.4 A=A+ A(1),
(a) 0 Displacement (&)
H=H,+H4(t), 9)
3 T ., . ] A4 (t)=a;cog wat),
% 0.95 . 1
2 o090 t . ] H1(t)=h;icog wyt+6), (10
5 .
E 0.5 . . where A, and H, are the static valuesa; and h, are the
B 050 . i vibration amplitudes, and 5 and wy are the corresponding
2 . frequencies for the stretching and transverse motions. The
£ 078 . 1 total Zr-W distancel., is given by
E 0.70 T T T
0.00 0.05 0.10 0.15 0.20 L= \/AZ_ H2+ \/BZ— H?Z2. (11
(b) rms vibration amplitude (A)

To simplify the final results we sé8=A,. Substituting
FIG. 12. The upper panel shows the multiple-scattering peaC’ A_andH, expanglng thze square roots to second order, and

amplitude for the W-O-Zr linkage as a function of the middle keeping terms ug\1(t), Hi(t), andA;(t)H(t),

O-atom displacement. The dotted line shows the equilibrium posi-

tion of the middle O atom for the Y2)-O-Zr linkage. The dashed

lines show the estimated rms displacement of the O at 300 K, while

the dot-dashed lines show the estimated vibration amplitude. An O

L=Lo+ Li[onAlm+A§<t>—4HoHl<t>—2H§<t>]

displacement of 0.4 A would correspond to a bond anrgl&5° for 1 9.2 50 12

the W-O-Zr linkage. The lower panel shows the relative amplitude - F[4A0A1(t)+8H oH1(1) =8AHAL (1) H(1)],

of the W-O-Zr multiple-scattering peak as a function of the rms o

value of the transverse O vibration amplitude for th€2AWO-Zr 12
linkage.

whereL ,=2/AZ—H2. Next we need to calculate the aver-

the O in these units must approximately follow the Zr atom.29e length  change(AL)=(L—Lo) and its variance,

These types of correlated motions are quite common. Oiherma=((AL)?), which would correspond toogyech
More surprising are the correlations within the W-O-Zr + 0%, IN the previous section. To calculate these aver-

linkage in ZrW,Og. The small value ofr? for the W-O-Zr  ages, we need to know hoty (t) andH,(t) are correlated.

(and Zr-O-W linkage plus the large thermal parameters ob-Using Eq.(10) we show that

served in diffractioA”? for the O atoms indicate that the

motions of the atoms in this linkage must be correlated such (A1(D))=(H4(1))=0,
that the fluctuations of the W-Zr distance are small. This is a 5 5 5 )
more subtle correlation in that the transverse O motion and (Afl(t))=ai/2; (Hi(t))=h1/2, (13

the stretching of the Zr-O bond are not independent. An ex
treme case would be if the W and Zr were fix@gw length
contraction and the Zr-O bond stretched as the O vibrated

and

transversely. Here we consider the thermally induced (Al(t)Hl(t)>=f A (HH(1)dt. (14
changes in the W-Zr distance and the rms variation of this
distance under different conditions. If wa# @y, then(A(t)H(t))=0; for wa=wy= o,
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h,a;®
2

(15

where® =cos@ is called the correlation parameter and can
vary from —1 to 1. After simplification,

(AL(DH (1)) = %fOThlalcos(wt)cos( wt+ §)dt=

(ALy=— )[A§h§+ H2a2/2— A,Ha.h, @]

Lo(AZ—H2
(16)

and

2 2 2,2 2|2
Utherma(q)) = F[Aoal+ 4Hoh1_4AoHoalhlq)]-
[0}
(17)
If A; andH; are uncorrelated this reduces to

2
(0]

2(A2-H))

2
(o]

AS

O-tzhermaﬁo) a§+4 h2 (18

while for positively correlated motions
A2

Utzhermaﬂl):

H 2
—°a1—2—°h1}. (19)
2(AZ-H?) Ao

Under the assumption tha is very small(i.e., Zr-O is

PHYSICAL REVIEW B 68, 014303(2003

panel, this yields rms valued{/+2) for the transverse O
motion (within the linkage of 0.067—0.092 A, considerably
smaller than the total O motion determined from the diffrac-
tion thermal parameters.

D. Possible transverse motions of (B) in
W (1)-O(3)-W(2) linkage

In the above discussion, we showed that for a nearly
colinear three-atom linkage, the amplitude of the multiple-
scattering XAFS peak is strongly dependent on transverse
vibrations of the middle atom. Since(®) is located between
W(1) and W2), we need to consider the same possibility for
the W(1)-O(3)-W(2) peak. If the transverse vibration of8)
dominates, there should not be a large W motion. However,
the second-nearest W-W pair also has a very large change in
a2 with temperature and there is no atom between this pair.
This suggests that it is the W atom that is moving signifi-
cantly rather than the transverse motion of th@)O

Another way to address the question is to look at the
temperature-dependent broadeningoofor the long W1)-

O(3) pair. Because the W-O bonds within the tetrahedra are
very rigid, the change of for the W(1)-W(2) pair must be
comparable to that for the W)-O(3) if transverse oscilla-
tions of 3) are not large. Although the W)-O(3) peak is
difficult to observe in the regular data because it has an am-
plitude of ~1/15 for the short W-O bontf it is clearly ob-
served in the difference data of Fig. 4; a peak develops at 2
A for the difference data between 20 and 315 K. The ampli-

rigid), (AL)~ —hf/l-o, as used earlier to estimate the mag-tude for the main W-O peak in the difference data is about

nitude of the transverse vibration amplitude required to pro40% smaller. In order to estimate the broadening of the
duce a Zr-W length contraction corresponding to the bulkW(1)-O(3) peak with temperature, we used a method of fit-

value. Whena, is finite and the motions correlated0)

ting r-space difference data recently developed in our

then the net contraction is smaller. However, for the value offagnetic-field modulation experimerits.

a, obtained fromo,.o at 300 K (@;~0.08 A), this correc-
tion is small,~8%.

In contrast, the effects of correlations of,¢,m.(P) are
large. Usinga;~0.08 A, h,=0.21 A, H,=0.4 A for W(1)-
O-zr, and A, ~2 A, then o7 ¢ ma0)~7.0x10 3% A?,
while 03 ermal1)~8.3X1075 A2, Thus ¢4,e;ma(®) can
have a wide range of values depending on the valu® .of

In the above discussion we have used a valué,06b-

Briefly, this method is as follows. The XAFS function
x(K) can be written as

ky(K)=> e 2 fundk,r)=> kyi. (20

1 I
Herer; is the distance from the central atom to iltle atom
shell; k is the wave vector and; is the width of the PDF of
theith atom shell. Note fundq, r;) is a function which has

tained from the oxygen thermal parameters in diffraction €xng ¢; term in it. Assumingy; is the only parameter changing
periments. This is an overestimate of the transverse motioRyith temperature i, also varies withT, but is a very small

since part of the O displacement must correspond to th
rotations/translations of the W-O-Zr linkag@ehich includes
translations of the WQand ZrQ units). Ideally a determi-

ffect compared to the changedn), then we gé&t

SLkxi(K) 1= —40;50k3xi(k). (21)

nation of ® would provide a measure of the transverse mo-

tion within the W-O-Zr linkage. However, in E¢L7), ® and
h, are coupled. An approximate determination can be ob
tained by using the results of the fits for the W-O-Zr linkage
to the sum of the single-scattering and multiple-scatterin
peaks as shown in Fig. 8. Using the effective valuesdf
obtained for W-O-Zr at 300 K, the dominant (&)-O-Zr
multiple-scattering peak amplitude should drop t®25%
from 20-300 K. Using the measured value @f for the

Thus the amplitude in the difference data is proportional to
do. Ther-space data for the WI;;, edge is the Fourier
transform ofk3y(k) data. Leto for the W(1)-O(3) peak be

fzo at 20 K and(Tng at 315 K, WherafngI 0'20+ oo. Then

we have the differencej(k3y):

k3x(K)(315 K)—k*x(k)(20 K) = — 40080k x (k).
(22

Zr-O component accounts for 17%—20% of this drop, leav\We generated &°y(k) standard for the \\1)-O(3) peak to
ing 5%—8% from changes in the multiple-scattering peak adit the difference data ok®y(k). The fit procedure is the
a result of the transverse vibration. From Fig. 12, lowersame as a normatspace fit. Once we extract the amplitude
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of the peak from the fit, we can obtafior, the increase ofr T<1 11>
with temperature. The result of the fit shows th&r is

~0.045 A, ando3,s— o5,~0.005 & which is close to the

o change for the nearest W-W peak.0065 &, over the

same temperature range. Such a large change?inith

temperature for the VI)-O(3) peak confirms that the Wand

hence the rigid WQ tetrahedra has significant translations

along a(111) axis, in agreement with the large value @t

for the W(1)-W(2) pair. Some diffraction data indicate that

the W vibrations are nearly isotropiwhile Fig. 7a) of Ref.

25 shows prolate thermal ellipses oriented al¢hiyl). EX-
AFS analysis is not very sensitive to the motion perpendicu-
lar to a(111) axis and cannot distinguish between these two
possibilities.

There is, however, a disagreement regarding the motions

of the O3 atom. The thermal ellipses obtained from neutron-

diffraction data at 293 K suggest that thg3Datom [the

unconstrained O atom for ®)] has a motion mainly per-

pendicular to the(111) axis*?® which is in disagreement

with our above analysig.For the d4) atom, the thermal

ellipse is quite large in both directions, so the possibility of a

large vibration along th¢111) axis is not inconsistetAl- FIG. 14. A cutaway section of the unit cell after removing many

thOUgh the thermal eIIipse at 293 K is shown with the Iargesbf the polyhedra; it shows the remaining (WO, (gray and

axis perpendicular to thél11) axis (oblate spheroid the  Ww(2)0, (black tetrahedra and ZrQoctahedra. From this point of

complete data sdésupplementary data for Ref. Pldicates  view, each tetrahedron is connected to three ZoGahedra which

that the thermal ellipse is a prolate spheroid with the longorm a plane perpendicular to @11) axis. Each tetrahedron vi-

axis along thé111) axis for data at six out of eight tempera- brates vertically to this plane.

tures. In a second paper with much poo8N but many

more temperaturesEvanset al. also obtain an oblate ther-  \We now consider the motions of the three nearest Zr at-

mal ellipsoid for O3. However, the oblate spheroid they ob-oms while a W atom vibrates along(a11) axis. In Fig. 15,

tain for O3 has a serious problem; for motion along thewe present a “rigid-tentpole model” to show how the Zr-Zr

(111) axis, the W2 vibration is much larger than that for O3, distance changes with the W motion. The oxygen atoms are

i.e., the W is vibrating relative to the O3 atom aloffll).  omitted for simplicity, the W-Zr linkages are assumed here to

This is inconsistent with the large mass difference betweeme rigid (the tent poles and the W is initially in the plane of

W and O. On the other hand, the prolate spheroid has thghe Zr. When W moves away from the plane of the Zr atoms,

expected result that the O motion alofifll) is larger than  either up(as in a tent or down, the Zr atoms move closer

that of W. together because of the stiff W-Zr link. Since such motions
occur on all foug111) axes, we expect an isotropic contrac-

E. Tent-pole model

O W atom

Based on the analysis above, we develop a simplified lo- O G

cal vibrational mode for the low-frequency optical phonons.
We propose that this model contains the essential physics
that leads to NTE in Zr\AOg. Figure 14 shows a simplified
cutaway structure, which consists of three Witetrahedra
(two W; and one W) and all their nearest Zr{octahedra o Top View .
plus two isolated Zr@ octahedra which are aligned along
one of the four(111) axes. Each tetrahedron is surrounded
by three ZrQ octahedra which form a plane perpendicular to
the (111) axis of the crystal. The unshared corner of each
tetrahedron points along(@11) axis. As a WQ tetrahedron
moves along thig111) axis, the three nearest Zg@ctahe-

dra will move together due to the stiffness of the W-O-Zr
linkage and rotate slightly because of the corner connections
to other units. Note that for this motion the W@ uncon-
strained along thg111) direction and can move into unoc- FIG. 15. A plot to show the correlated motions between W and
cupied space. Also, there are no atoms between any pair @t atoms. The O atoms in between are neglected in order to make it
ZrOg octahedra to constrain their translational motion. clearer.
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tion which agrees with diffraction results. In the real lattice,
the tetrahedra and octahedra must also tilt/rotate and the
Zr-O bond stretch slightly to maintain the lattice structure.
The motions are similar in some respects to the more com-
plicated model presented in Ref. 25. There the focus was on
rotations of the polyhedra, while vibrations that included
translations of the polyhedra were not considered; the main
modes in their model correspond to a transverse vibration of
some of the O atoms. In our model the low-energy mode
involves large motions of the heavy W and Zr atoms.

F. Soft-mode frustration

As illustrated in Fig. 1, the crystal structure of Zp@ is
open, and measurements of both the phonon density of states
and specific heat show that there are very low-energy optical
modes which are associated with the negative thermal expan-
sion in this material. These low-energy modes are therefore

candidates for a p?]ssmle soft—moclje 2hase transmqn I"fhe Zr'\W,Og. Both squares and triangles are distortion-free in this
ZI'W50. In many other systems a low-frequency Optlca'system. All four corners of each square are shared with different

phonon m_Ode can correspond to a Part'cmar local dIStOI’t'c’rllriangles, while each triangle only shares two of its three corners

of the lattice. If the frequency of this soft mode decreasegjih squares and leave one comer unconstrained. A further con-
(referred to as a mode softeningnd goes to zero, the dis- gyraint in this system is that the triangles can translate but not rotate.
tortion then becomes static and leads to a symmetryynder uniaxial compression, the squares rotate as shown and the
lowering phase transition. In fact, another high-temperaturéattice contracts in both directions. A similar model was discussed

NTE material, Zr\\O;, a close structural relative of py Simon and Varm4Ref. 26.

ZrW,0g, shows a symmetry-lowering phase transition as its

isotropic NTE vanishes below 373 KHowever, Zr'w,Og  coupled which leads to the splitting of the singlet and triplet
displays an isotropic NTE and remains a cubic lattice to verydiscussed above. As a WQ@etrahedron translates, its three
low temperature. Thus the answer to the question of whyearest Zr@ octahedra rotate slightly and move togett@r
ZrW,0g doesn’t undergo a soft-mode phase transition is im-apar} as described in the discussion of the tentpole model.
portant for understanding NTE in this system. These motions in turn drive the motions of other \W@tra-

An important aspect of this problem concerns the degenhedra through the relatively rigid W-O-Zr linkage. See Ref.
eracy of the vibration modes that we have identified. The27 for further details. This coupling of W motions along
low-temperature specific heat indicates that there are foudifferent(111) axes leads to the prediction that if the corre-
low-frequency modes per unit cell that contribute; fits to thelated motions occur ak=0, the application of a uniaxial
specific-heat data show that there are two Einstein frequerpressurgfor example, along the axis) to the ZrW,Og unit
cies with amplitudes in the ratio of roughly 1*3This am-  cell will lead to a contraction along the other two axes as
plitude ratio does not appear in the phonon density ofwell. This effect is called a “negative Poisson ratitNPR).
states'—the two lowest peaks overlap and appear to haveJsually when uniaxial pressure is applied to a mateiadh
similar peak heights. However, one needs the width of thea positive Poisson ratiche material will expand along the
dispersion for each mode before comparing with the deltaether axes in order to keep its original volume. An example
function Einstein modes used in the specific-heat analysis. of a system with a NPR is the “Hoberman™ sphere”: the

The EXAFS results indirectly support the 1:3 ratio of the whole sphere will contract or expand symmetrically when a
mode intensities. There are four possible local vibrations ofiniaxial force is applied upon it.

W;-W, along the four equivalent111) axes per unit cell. Figure 16 shows a simplified two-dimensional model of
These modes appear to be degenerate because of the equisach a system with NPR: it consists of connected squares
lency of the(111) axes; however, a fourfold degeneracy is and triangles. All units are rigid and the triangles are con-
not compatible with cubic symmetry. Using group theory andstrained to not rotate. There are two sets of triangles in this
the 12 symmetry operations for this space grol2{3)  system: triangles with two constrained corners alongythe
these four modes break up into a singlet and a triplet an@xis (vertically) are calledT,;, and those with two con-
hence would have amplitudes in the ratio of 1:3. Thus thestrained corners along theaxis (horizontally are calledT,.
modes we have identified are also consistent with th&Vhen uniaxial pressure is applied along theaxis, the
specific-heat data. With the singlet as the lowest mdde squaresS will rotate and therT,; triangles will translate along
there is no degeneracy that can be lifted by a symmetrythex axis as the system contracts along this axis. In addition,
lowering distortion at low temperatures and hence no reasothe rotations of each square also drive translationd pf
for a displacive transition to occur. along they axis, leading to a net contraction along thaxis

A detailed examination of the lattice structure also sug-as well. In the ZrwWOg system, due to the effect of further-
gests that the W@vibrations along differen{111) axes are neighbor interactions, the NPR might only occur within the

FIG. 16. A two-dimensional system with a similar structure to
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nanometer scale. Further experiments will be carried out t@n Einstein temperature of45 K at low temperatures. Both
see if the ZrWWOg bulk sample also displays a negative Pois-results agree with the measurements of the phonon density of
son ratio. states and therefore provide further confirmation that the
W-W and Zr-Zr vibrations produce the low-frequency optical
V. CONCLUSION modes. A simplified rigid-tentpole model based on the XAFS

h its clearlv sh hat th hed results suggests the form of the local vibrational mode. The
T e XAFS. results clearly show that t. € W(Datra.e' ra rigidity of the WQ, units implies that the W@ tetrahedra
are rigid, while the Zr@ octahedra are stiff but not rigid as must translate along thel11) directions.

temperature increases from0 to 315 K. The small ttm-  1po |50k of a soft-mode phase transition in this system is

perature dependence of for the W-Zr peak indicates that due to a coupling of the vibrations of WQetrahedra along

the W-O-Zr linkage is quite stiff over the same temperature,, o, (111) axes which leads to the formation of singlet
range, which therefore suggests the existence of an ev

L o 4  SVethd triplet states. Each of these eigenmodes is a linear com-
larger quasirigid unit involving a WQtetrahedron and its

h hed h I tud q kbination of vibrations along each of tt{¢11) axes and con-
three nearest Zrgoctahedra. The small magnitude and weakggq ently each would produce an isotropic thermal contrac-

temperature dependence @}, ,, shows that the motions of {ion The overall contraction is constrained by the lattice
the W, O, and Zr atoms are correlated and therefore cann@grcture. These modes should cover the entire rande in
be considered independently. Consequently the simple RUMpace | this is true for thie=0 mode then this system may
models are not appropriate—at least at 300 K. The stiffnesgynibit 4 negative Poisson ratio. It remains to be tested

of the W-O-Zr linkage also indicates that the transverse Viyyhether or not bulk ZrWO, shows a NPR because of the
brations of the O atom in the middle of the W-O-Zr linkage further-neighbor interactions.

cannot be the primary origin of the negative thermal expan-
sion in ZrW,Og.

The much larger temperature dependencerdffor the
nearest W-W, and Zr-Zr pairs indicates that vibrations of = This work was supported by NSF Grant No.
these atom pairs produce the low-energy optical modes iDMR0071863 and was conducted under the auspices of the
this system that are considered to be the origin of NTE inU.S. Department of Energ¢DOE). The experiments were
ZrW,0g. The cusp around 100 K on the® vs T plot for the  performed at SSRL, which is operated by the DOE, Division
W-W and Zr-Zr atom pairs indicates a mode hardening jusbf Chemical Sciences, and by the NIH, Biomedical Resource
above 100 K while the temperature dependence?fields  Technology Program, Division of Research Resources.
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