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Extended x-ray absorption fine structure �EXAFS� has been measured from liquid helium to ambient tem-
perature at the Cu K edge of copper chloride �CuCl� to investigate the local origin of negative thermal
expansion. A quantitative analysis of the first coordination shell, performed by the cumulant method, reveals
that the nearest-neighbor Cu-Cl interatomic distance undergoes a strong positive expansion, contrasting with
the much weaker negative expansion of the crystallographic distance between average atomic positions below
100 K. The anisotropy of relative thermal vibrations, monitored by the ratio � between perpendicular and
parallel mean square relative displacements, is considerably high, while the diffraction thermal factors are
isotropic. The relative perpendicular vibrations measured by EXAFS are related to the tension mechanism and
to the transverse acoustic modes, which are considered responsible for negative thermal expansion in zinc-
blende structures.
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I. INTRODUCTION

Cuprous chloride CuCl is a highly ionic I-VII semicon-
ductor having the zinc-blende �ZB� structure at ambient tem-
perature and pressure. CuCl has always attracted consider-
able experimental and theoretical interest because of its
unusual physical properties: an ionicity near the critical
threshold which divides fourfold from sixfold coordinated
structures;1 anomalously low values of bulk and shear
moduli2 which give evidence of an approaching elastic
instability;3 a large overlapping of the cation and anion elec-
tron clouds;4,5 large thermal variations of specific heats De-
bye temperature with respect to the other copper halides;6 a
very high and anharmonic thermal motion of Cu+ ions, re-
vealed by neutron and x-ray diffraction;7–10 the presence of
several consecutive pressure-induced phase transitions;11

very flat transverse-acoustic �TA� branches along all high
symmetry directions;12,13 and a double-peak structure of the
transverse optic �TO� phonon at the zone center.14

One of the most interesting features of CuCl is the pro-
nounced negative thermal expansion �NTE� below 100 K.15

Many tetrahedrally bonded semiconductors with the dia-
mond or zinc-blende structure undergo NTE at very low tem-
peratures �see Ref. 16 and references therein�, strength and
temperature interval of NTE increasing with ionicity. CuCl
exhibits the strongest NTE among tetrahedral semiconduc-
tors: the thermal expansion coefficient is minimum at about
30 K ��min�−8�10−6 K−1�, and is negative up to 100 K.17

The recent discovery of materials with framework struc-
tures that contract over very large temperature intervals, like
ZrW2O8 �Ref. 18� and Ag2O �Ref. 19�, has renewed the in-
terest for NTE and stimulated the search for understanding
its microscopic mechanisms. The macroscopic thermal ex-
pansion is generally considered the result of a competition
between a positive contribution due to a bond stretching ef-
fect and a negative contribution due to some kind of tension
effect.20–22 In zinc-blende structures �ZB�, the tension effect

prevails only at low temperatures, and is progressively over-
come by the stretching effect, giving rise to positive expan-
sion at high temperatures.16 In some framework structures,
like Ag2O, the tension effect prevails at all temperatures; in
others, like the isostructural Cu2O, the stretching effect be-
comes stronger at high temperatures, as in zinc blendes.19

A common feature in materials affected by NTE of vibra-
tional origin seems to be the presence of strong vibrations
perpendicular to some interatomic bonds. In framework
structures, NTE has been often connected to the presence of
low frequency rigid unit modes �RUM�, although in some
crystals NTE is not accompanied by RUMs, and vice versa;23

in any case, linear A-B-A links are generally present in
framework structures, which favor the tension effect. In ZB
structures, no RUM-supporting polyhedral structural units
can be identified; besides, all atoms are tetrahedrally coordi-
nated and there are no linear links. In spite of the absence of
linear links, in CuCl the low temperature NTE ��min�−8
�10−6 K−1� is comparable to that of Ag2O ��min�−10.4
�10−6 K−1� and of ZrW2O8 ���−9.1�10−6 K−1�, and is
much stronger than in Cu2O ��min�−2.4�10−6 K−1�.

The search for a deeper understanding of NTE can greatly
benefit from careful comparative studies of both framework
and ZB structures, performed by means of a local structural
probe, like extended x-ray absorption fine structure �EX-
AFS�.

Bragg diffraction measures the thermal expansion of the
cell parameters, which is directly proportional to macro-
scopic thermal expansion, but can give only partial informa-
tion on the local behavior. EXAFS is particularly suited for
complementing Bragg diffraction, since it is sensitive to cor-
relation of atomic vibrations, and can give unique insights on
the local thermal behavior of materials. EXAFS measures the
thermal expansion of the average distance between nearest
neighbors �“true bond length”�, while Bragg diffraction mea-
sures the thermal expansion of the distance between average
atomic positions �“apparent bond length”�.22,24
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Moreover, while Bragg diffraction measures the absolute
mean square displacements �MSD� of each atom, EXAFS
directly measures the mean square relative displacements
�MSRD� of pairs of atoms parallel to the bond direction.
Recently it has been shown that, by comparing the EXAFS
and diffraction thermal expansions, it is possible to recover
also the MSRD perpendicular to the bond direction.24,25 The
ratio � between perpendicular and parallel MSRDs measures
the anisotropy of relative vibrations, which can be connected
to NTE.26 It has to be noticed that for zinc blendes, contrary
to cuprites, the absolute MSDs measured by Bragg diffrac-
tion are isotropic.

The potential of EXAFS for studying NTE materials has
been up to now little exploited. In an EXAFS study of
ZrW2O8, Cao et al. focused their attention on the tempera-
ture dependencies of the parallel MSRDs of different atomic
pairs.27 More recently, the possibility of measuring the true
bond thermal expansions and the perpendicular MSRDs has
been successfully tested on the framework structures Cu2O
and Ag2O, leading to a more complete picture of the local
structure and dynamics of those systems.19

In this paper, we present an EXAFS study of CuCl, based
on measurements performed as a function of temperature
from 6 to 300 K, and aimed at investigating the local vibra-
tional origin of the NTE in zinc blendes. Previous EXAFS
measurements on CuCl,28 and more generally on copper
halides,29 were limited to high temperatures in order to study
the transition to the superionic phase.

This paper is organized as follows. Section II summarizes
and updates some useful concepts about the treatment of
thermal disorder effects in EXAFS spectra. In Sec. III some
details on the experiment are given. In Sec. IV the data
analysis procedure is described; the two approaches utilized,
ratio method and nonlinear fit, are critically compared. In
Secs. V and VI the results of the quantitative analysis on the
first and outer coordination shells are presented. Secs. VII
and VIII are dedicated to discussion and conclusions, respec-
tively.

II. EFFECTS OF THERMAL DISORDER ON EXAFS

The EXAFS signal of one coordination shell samples a
one-dimensional distribution ��r� of interatomic distances.
For systems characterized by a not too strong disorder, the
distribution ��r� can be parametrized in terms of its cumu-
lants Cn

*.30,31 The first three cumulants correspond to mean
value, variance, and asymmetry of the distribution, respec-
tively; for systems affected by disorder of only thermal ori-
gin, the cumulants can be connected to the local dynamical
behavior of the system, i.e., to atomic relative displacements
both parallel and perpendicular to the interatomic bond.
Higher order cumulants measure further deviations from a
Gaussian distribution.

Let us denote by 1 and 2 the absorber and backscatterer
atoms, respectively. The average distance �r�= ��r2−r1�� mea-
sured by the first EXAFS cumulant is greater than the crys-
tallographic distance between average atomic positions Rc
= ��r2�− �r1�� measured by Bragg diffraction. The difference,
of geometrical origin,32 is mainly due to the effect of relative

vibrations perpendicular to the interatomic bond24,25,33

C1
* � �r� = Rc +

��u�
2 �

2Rc
+ ¯ , �1�

where ��u�
2 � is the perpendicular mean square relative dis-

placement, MSRD�.
To a very good approximation, the second cumulant cor-

responds to the parallel mean square relative displacement34

C2
* � ��r − �r��2� = ��u�

2� + ¯ , �2�

where ��u�
2��MSRD�.

In the same way, one finds that the third cumulant is given
by

C3
* � ��r − �r��3� = ��u�

3� +
3

2Rc
	��u�

2�u�
2 � − ��u�

2���u�
2 �


+ ¯ . �3�

The lowest order term ��u�
3� corresponds to the parallel

mean cubic relative displacement �MSRD��. For an ideally
harmonic crystal35 it would be zero: the main contribution to
the third cumulant thus comes from the anharmonicity of the
crystal potential. The second order term on the right-hand
side of Eq. �3� is instead nonzero also for a harmonic crystal
potential;31 the third cumulant is then always different from
zero, so that in principle the one-dimensional distribution
��r� is never Gaussian.

Both parallel and perpendicular MSRDs can be decom-
posed into the sum of two un-correlated mean square dis-
placements �MSD� and a displacement correlation function
�DCF�:

��u�
2� = �u2�

2 � + �u1�

2 � − 2�u2�
u1�

� , �4a�

��u�
2 � = �u2�

2 � + �u1�

2 � − 2�u2�
· u1�

� . �4b�

In these equations we have set

�ui�2 = ui�
2 + ui�

2 ,

ui · u j = ui�
uj�

+ ui�
· u j�

for i � j .

The uncorrelated MSDs �ui�
2� correspond to the parallel ther-

mal factors U� measured by Bragg diffraction. The uncorre-
lated MSDs �ui�

2 � are here defined as corresponding to the
sum of the perpendicular thermal factors U� measured by
Bragg diffraction along two independent directions perpen-
dicular to the bond.32 In case of rotational symmetry around
the bond direction, �ui�

2 �=2U�.19 In some cases of high crys-
tal symmetry, harmonic thermal vibrations around the equi-
librium positions are isotropic, and the thermal ellipsoids re-
duce to spheres;36 this is true for CuCl if anharmonic effects
are neglected. We then have
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�ui�
2� = �ui

2�/3, �5a�

�ui�
2 � = 2�ui�

2� , �5b�

where ui
2��ui�2. The ratio � between perpendicular and par-

allel MSRDs assumes then a simple expression:

� =
��u�

2 �
��u�

2�
= 2 +

4

��u�
2���u2�

u1�
� −

1

2
�u2�

· u1�
�� . �6�

The greater is �, the larger is the correlation of the relative
atomic motion parallel to the interatomic bond with respect
to the average correlation in any two directions perpendicu-
lar to the bond. An alternative expression of the ratio � in
terms of the Cartesian components of atomic thermal dis-
placements has been given in Ref. 37 for the diamond struc-
ture. Here we express the correlation of atomic motion refer-
ring to the parallel direction and to the perpendicular plane
with respect to the interatomic bond: Eq. �6� has the advan-
tage of being independent of a particular choice of coordi-
nates or a given crystal structure. In the ideal case of a per-
fectly isotropic relative motion, � would be equal to 2.
Actually, even for crystals with isotropic absolute thermal
motion, EXAFS monitors an anisotropy in the relative ther-
mal motion: The ratio � has been experimentally found
greater than 2 for both copper24 and germanium.25

III. EXPERIMENT

A homogeneous sample was prepared by depositing a
CuCl powder �99.995% pure, purchased from Aldrich
Chemical Co.� on a polytetrafluoroethylene membrane. Ap-
propriate quantities of CuCl were deposited ��9 mg/cm2� so
as to have a sample thickness of about 20 �m, which pro-
vided an edge jump �x�1.1 at the Cu K edge. The purity of
the zinc-blende structure of the sample had been checked by
a Rietweld analysis of powder x-ray diffraction spectra.

The EXAFS experiment has been made with synchrotron
radiation in transmission mode at the BM08 �Gilda� beam-
line of ESRF �European Synchrotron Radiation Facility� in
Grenoble �France�. Electron energy and average current were
6 GeV and 190 mA, respectively. The x-ray beam was
monochromatized by two parallel silicon crystals with flat
�311� reflecting faces, detuned to reduce the harmonics influ-
ence. The incident beam size on the sample was about 4
�1 mm2. The incoming and outgoing photon fluxes were
measured by two ionization chambers filled with argon �at
pressures 100 and 400 mbar, respectively�.

Temperature dependent EXAFS measurements on CuCl
have been performed at the K edge of copper from
6 to 300 K. The sample temperature was changed by steps
varying from 10 K at low temperatures �below 100 K� to
50 K at higher temperatures. The sample was immersed in a
helium gas atmosphere within a liquid helium cryostat. The
temperature control was achieved through an electric heater,
controlled by a feedback loop. Thermal stabilization was
guaranteed within ±1 K. The acquisition time was 5 s/point.
Two or three spectra were collected at each temperature to
allow an evaluation of experimental uncertainty.

For energy-scale calibration purposes, the absorption of a
copper reference foil placed past the second ionization cham-
ber, and maintained at room temperature, was contemporar-
ily measured. The two K edges of copper and CuCl are com-
pared in Fig. 1. The edge position, here defined as the
inflection point of lowest energy38 and measured by the first
maximum of the first derivative, was 3.10±0.03 eV higher in
CuCl than in Cu.

IV. DATA ANALYSIS

A. Extraction of the EXAFS signal

At the beginning of the analysis, the edges of all spectra
were aligned to within 0.1 eV in order to guarantee a reso-
lution of the order of 0.001 Å in the evaluation of relative
distances. The EXAFS signal was obtained as ��k�= ��
−�0� /�1, where � is the experimental absorption coefficient,
�0 is a spline polynomial best fitting the average behavior of
� �Fig. 2�, and �1 is a Victoreen-type function with absolute
values normalized to the absorption jump of the spectra. The

FIG. 1. K absorption edges of CuCl �thick line� and Cu �thin
line�.

FIG. 2. X-ray absorption spectrum at copper K edge of CuCl
measured at 6 K. In the inset the absorption coefficient �continuous
line� and the smooth background �0 �dotted line� are shown in
correspondence of the photoelectron wave-number interval k
=0–12 Å−1.
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k-weighted EXAFS function k��k� at selected temperatures
is shown in Fig. 3.

The modulus and imaginary part of Fourier transforms at
selected temperatures are shown in Fig. 4. The peak centered
at about 2 Å, due only to the first-shell contribution, is well-
isolated at all temperatures. The structure between about 2.7
and 4.6 Å, formed by two peaks which are distinguishable at
6 K but progressively merge and disappear when tempera-
ture increases, is due to the superposition of single scattering
�SS� contributions from second and third shells as well as of
important noncollinear multiple scattering �MS� contribu-
tions.

Two different procedures were considered to obtain quan-
titative information. The first procedure was utilized only for
the first coordination shell, whose contribution can be neatly
isolated and where MS effects are absent. It consisted of a
separate analysis of phase and amplitude of the filtered EX-
AFS signal through the ratio method,30,39 taking the lowest
temperature spectra as reference for backscattering ampli-
tudes, phase shifts, and inelastic terms �assumed to be tem-
perature independent�. In the second procedure, backscatter-
ing amplitudes, phase shifts, and inelastic terms were

calculated by the FEFF8 code40 and a nonlinear best fit to
experimental spectra was then performed by the FEFFIT

program.41 For the first-shell analysis, the FEFF8-FEFFIT pro-
cedure gave low-temperature results comparable to the ratio
method. For the outer shells, it represented the only reason-
able way of taking into account both SS and MS contribu-
tions.

B. Ratio method

The first-shell contribution was singled out by Fourier
back-transform in the range r=1.3–2.55 Å with a 5% Han-
ning window. The filtered EXAFS signal was then compared
to the lowest temperature spectra �T=6 K�. Particular care
was taken in comparing only spectra that had undergone ex-
actly the same preliminary steps of analysis: pre-edge and
background removal, k-range of Fourier filtering, as well as
windows and weights of transform, etc. In particular, the
range of Fourier transform was k=2–17.5 Å when only low
temperature files were compared, and progressively reduced
to k=2–14.5 Å when higher temperature files were in-
volved. The ratio method directly gives the relative values
	Cn of cumulants of an effective distribution30 P�r ,
�
=��r�e−2r/
 /r2. In Fig. 5, logarithms of amplitude ratios and
phase differences are plotted against k2 for selected tempera-
tures. In the amplitudes plot �Fig. 5, upper panel� the linear
slope is proportional to the variation of the second cumulant
	C2 �the intercept was fixed to zero, since the coordination
number N is constant�; the influence of the fourth cumulant
variation 	C4 is also clear as a deviation from linearity. In
the phases plot �Fig. 5, lower panel�, the vertical intercept is
	C1 while the linear slope is proportional to the third cumu-
lant variation 	C3; the deviation from linear behavior indi-
cates the relevance of the fifth cumulant, which actually had

FIG. 3. Normalized EXAFS oscillations k��k� in CuCl at 6, 77,
and 301 K.

FIG. 4. Modulus �continuous line� and imaginary part �dashed
line� of the Fourier transform of the weighted EXAFS signal k3��k�
at 6, 77, and 301 K. The FT interval was k=2–14.5 Å, defined by
a 10% Gaussian window.

FIG. 5. Examples of analysis by the ratio method at selected
temperatures �the reference temperature is taken at 6 K�. Upper
panel: logarithms of amplitude ratios plotted against k2. Lower
panel: phase differences �divided by 2k� plotted against k2. For a
given temperature, the various lines correspond to different combi-
nations of files and references.
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to be taken into account to get meaningful results at the
highest temperatures.

Amplitudes and phases curves were fitted in the suitable
range of reliability k5–10 Å−1 �see Fig. 5�. At lower and
higher k-values, the curves show casual deviations from the
expected, regular behavior: this is probably mainly due to
spurious effects of Fourier filtering. The uncertainties, ex-
pressed as standard deviations of the means, were evaluated
by reasonably varying the fitting intervals, as well as cross
comparing the results from different files measured at the
same temperature with two different references taken at 6 K.

Different analytical and numerical procedures have been
proposed for connecting the parameters of the real and effec-
tive distributions, limited to the first cumulant30,42 or ex-
tended to higher order cumulants.31 A particularly simple ap-
proximate analytical expression has recently been worked
out43 to evaluate the cumulants Cn

* of the real distribution
��r�:

Cn
* � Cn + 2Cn+1�1/C1 + 1/
� for n = 1,2,3. �7�

For n=1, Eq. �7� leads to the expression currently used for
the first cumulant.30 As far as the second cumulant is con-
cerned, in the case of CuCl, using the experimental values of
C2 and C3 �see below�, Eq. �7� shows that C2

* is larger than
C2 by about 9% at 300 K, in agreement with numerical
simulations.31 The difference is not negligible if very accu-
rate results are sought. The electron mean free path 
�k� was
approximated by a constant value 
�9±5 Å and the uncer-
tainty was propagated up to the final values of 	Cn

*.

C. FEFF8-FEFFIT method

The input file for the FEFF8 code was generated starting
from the atomic coordinates of the ZB structure. This analy-
sis gave physically meaningful results only at temperatures
below about 100 K: at higher temperatures, a non-negligible
deviation from a regular behavior of cumulants was ob-
tained, probably due to the difficulty in taking into account
the fourth cumulant and the impossibility of taking into ac-
count the fifth cumulant.

The first shell was fitted in the r-space between 1.3 and
2.55 Å �see Fig. 6�. The number of free parameters was re-
duced as much as possible. The values of e0 �mismatch be-
tween theoretical and experimental origin of wave-number
scales� and S0

2 �amplitude reduction factor� were left free in a
first trial analysis and showed some variation as a function of
temperature �typically e0=2 to 3 eV and S0

2=0.78–0.81�.
Average values were then calculated �e0=2.51 eV and S0

2

=0.79� and maintained fixed in a further analysis. The only
free parameters were then the first three cumulants, which
parametrize the first-shell distribution of distances. The un-
certainty of the results was estimated by a least-squares mini-
mization and comparing different files at the same tempera-
ture.

The relative values of the first three cumulants, referred to
the lowest temperature, were all in reasonably good agree-
ment �within the uncertainties� with the results of the ratio
method in the range below 100 K. In principle, this analysis
procedure should give also the absolute values of cumulants;

however, the reliability of absolute values could not be con-
sidered accurate enough for studies on negative thermal ex-
pansion �for a more detailed discussion, see Ref. 43�.

It is interesting to note that the FEFF8 code calculates the
mean free path 
�k� as a function of k from the imaginary
part of the interaction potential, and takes into account its
effect through a factor e−2R/
�k�, where R is an average dis-

tance; the effective distribution becomes P̃�r�=��r� /r2 and
the correction to the first cumulant, Eq. �7� for n=1, lacks the
1/
 term. On the other hand, the ratio method accounts for
the instantaneous r-dependence of the whole effective distri-
bution P�r ,
�, but considers 
 as independent of k; one can,
however, show that the errors in phases and amplitudes due
to this approximation effectively cancel out in the procedure
of comparison of the two files.30,31 Anyway, the two proce-
dures based on the FEFF8 and ratio method give thermal ex-
pansions in very good agreement in the case of CuCl.43 The
same kind of agreement was also found for copper.24

V. RESULTS: FIRST SHELL

A. Thermal expansion

The variation with temperature of the first EXAFS cumu-
lant 	C1

* directly gives the thermal expansion of the Cu-Cl
nearest-neighbors bond �r�, which is compared in Fig. 7 with
the corresponding crystallographic expansion 	Rc taken from
Ref. 15. While Rc shows a negative thermal expansion
�NTE� in the range 0–100 K, the average distance �r�
strongly increases with temperature. This kind of behavior
�positive expansion of the first shell average distance and
macroscopic NTE� has been found also in other systems like
germanium25 and cuprites.19

FIG. 6. Modulus and imaginary part of the Fourier transform of
the EXAFS signal �continuous lines� and best-fitting signals in the
range r=1.3–2.55 Å �dash-bolded lines� at the temperatures of 6 K
�upper panel� and 77 K �lower panel�.
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B. Mean square relative displacements

To a good approximation, the second cumulant corre-
sponds to the parallel mean square relative displacement
MSRD� 	Eq. �2�
. Absolute values were estimated by fitting
the Einstein model for parallel MSRD 	Ref. 44
 to the ex-
perimental data. The correspondence between the experi-
mental points and theoretical model is very good �see Fig. 8�.
The Einstein frequency is �E

� = �3.93±0.02� THz and the 0 K
value is �5.51±0.04��10−3 Å2.

By inverting Eq. �1�, the temperature variation of the per-
pendicular mean square relative displacement �MSRD�� was
extracted; the behavior was considered reliable enough only
in the temperature range below about 100 K. At higher tem-
peratures the inversion of Eq. �1� is probably influenced by
the increasing importance of higher order terms. Absolute
values for the MSRD� were obtained through the Einstein
model for perpendicular MSRD �Ref. 44� and are shown in
Fig. 8. The Einstein frequency is �E

�= �1.66±0.07� THz and
the 0 K value is �2.4±0.3��10−2 Å2.

According to Eqs. �4�, both parallel and perpendicular
MSRDs can also be compared with absolute MSDs obtained
from Bragg diffraction. MSD values for CuCl at room tem-
perature can be found in the literature. By averaging all the
available values,7–10 we obtained that the MSDs in any di-
rection of Cu and Cl atoms are �uany

2 �Cu= �5.6±0.4�
�10−2 Å2 and �uany

2 �Cl= �2.8±0.3��10−2 Å2, respectively.
Due to the cubic symmetry, the atomic vibrations around
equilibrium positions are isotropic: therefore according to
Eqs. �5�, �u�

2�= �uany
2 � and �u�

2 �=2�uany
2 � for both Cu and Cl

atoms. Parallel and perpendicular MSRDs are compared with
the uncorrelated MSDs in Fig. 8 and Table I.

The MSRDs, both parallel and perpendicular, cannot ex-
ceed lower and upper bounds, ��u2�low and ��u2�upp, corre-
sponding to relative displacements perfectly in phase and
perfectly in opposition of phase, respectively. The upper and
lower bounds can be evaluated from the uncorrelated
MSDs.19,32 For both parallel and perpendicular relative mo-
tions of a pair of atoms 1 and 2 one has

��u2�low = �u1
2� + �u2

2� − 2��u1
2��u2

2��1/2, �8a�

��u2�upp = �u1
2� + �u2

2� + 2��u1
2��u2

2��1/2. �8b�

The upper and lower bounds have been calculated for
CuCl at room temperature and are given in Table I. The
parallel MSRD is much smaller than the sum of the uncor-
related MSDs, but larger than the lower bound: the relative
motion of Cu and Cl atoms along the bond direction is char-
acterized by a strong positive correlation, which is, however,
not the maximum possible, as was instead the case for cu-
prites Cu2O and Ag2O.19 The perpendicular MSRD is
slightly larger than the sum of the uncorrelated MSDs; this
fact could indicate that the relative motion is slightly anticor-
related in the perpendicular directions, although it is difficult
to quantitatively assess the reliability of the MSDs, measured
at only one temperature, and of the perpendicular MSRD,
whose value at 300 K has been obtained by extrapolating the
Einstein model from experimental data limited to 100 K.
One should also consider that, in view of the quite strong
anharmonicity of CuCl, the probability distribution functions
can deviate from a spherical towards a tetrahedral shape al-
ready at relatively low temperatures;10 as a consequence, in
spite of the high symmetry of CuCl, the isotropy conditions
�5� could be not rigorously valid. In any case it seems clear
that, while the relative atomic motion retains a considerable
degree of correlation in the parallel direction, it is almost
uncorrelated in the plane perpendicular to the bond.

TABLE I. Parallel and perpendicular MSRDs ��u2�, compared
with their lower and upper bounds and with the sum of uncorrelated
MSDs for the Cu-Cl atomic pair at room temperature �T=300 K�.
The values are given in 10−2 Å2.

��u2�low ��u2� �u2�Cu+ �u2�Cl ��u2�upp

� 0.48±0.01 1.86±0.04 8.5±0.5 16.3±0.4

� 0.96±0.02 �20 17±1 32.6±0.8

FIG. 7. Thermal expansion of the Cu-Cl nearest neighbors av-
erage distance measured by EXAFS �full circles�, compared with
the corresponding Cu-Cl crystallographic distance �continuous line�
taken from Ref. 15.

FIG. 8. Parallel and perpendicular MSRD �full circles�. The dot-
ted lines are the best-fitting Einstein models. For comparison, the
sum of uncorrelated MSDs parallel to bond �open circle� and per-
pendicular to bond �open diamond� for the Cu-Cl atomic pair are
also shown. See the text for discussion.
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C. Higher order cumulants

The introduction of higher order cumulants in EXAFS
analysis was necessary to obtain highly accurate values of
distance and mean square relative displacements. The tem-
perature dependence of the third and fourth cumulants,
shown in Figs. 9 and 10, respectively, is in agreement with
the behavior expected according to one-dimensional quan-
tum perturbative models45,46 �dotted lines�. The good agree-
ment with models represents a self-consistency test of data
analysis and suggests that the shape of the effective pair
potential is insensitive to temperature, as was found also for
germanium25 and copper.24

The joint knowledge of the second and third cumulants is
often considered equivalent to the knowledge of the first cu-
mulant in order to measure the thermal expansion. This is
certainly correct for a two-atomic molecule, but is highly
questionable for many-atomic systems, where it amounts to
attributing thermal expansion solely to the asymmetry of the
effective pair potential. In Ref. 45, the thermal expansion due

to the asymmetry of the potential has been calculated as a
=−3�k3 /k0� C2

*, where k0=��2. It was, however, experimen-
tally established that the quantity a does not correspond to
the thermal expansion measured by the first EXAFS cumu-
lant for either copper24 or germanium.25 This conclusion
holds also for CuCl �Fig. 11�: the thermal expansion mea-
sured by the quantity a is much weaker than the true bond
expansion measured by 	C1

*.

VI. RESULTS: OUTER SHELLS

The analysis of outer shells could be done only in the
low-temperature range �below about 100 K�, at higher tem-
peratures the corresponding signal is too weak �Fig. 4�. The

FIG. 9. Third cumulant �full circles�; the dotted line is the best-
fitting one-dimensional quantum theoretical model from Refs. 45
and 46. The best-fitting third order effective force constant is k3=
−1.234�6� eV/Å3. The 0 K value is �2.9±0.9��10−5 Å3.

FIG. 10. Fourth cumulant �full circles�; the dotted line is the
best-fitting one-dimensional quantum theoretical model from Ref.
46 �see also Ref. 24�. The best-fitting fourth order effective force
constant is k4�2.7 eV/Å4. The 0 K value is �0.0±0.2��10−6 Å4.

FIG. 11. The percent thermal expansion from the asymmetry of
Veff and calculated according to Ref. 45 �open triangles� is com-
pared to the true bond expansion �closed circles� and to the crystal-
lographic expansion �continuous line�.

FIG. 12. Modulus and imaginary part of Fourier transform of
the EXAFS signal �continuous lines� and best-fitting signals in the
range r=2.7–4.6 Å �dash-bolded lines� at the temperatures of 6 K
�upper panel� and 77 K �lower panel�.
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r-space fitting range was between 2.7 and 4.6 Å �Fig. 12�.
All scattering paths calculated by FEFF8 within this distance
range are listed in Table II and were included in the fitting
procedure. Stable and meaningful results could be obtained
only by a drastic reduction of the fitting parameters: �a� the
thermal expansion of all SS and MS paths was described by
a unique fitting coefficient ALPHA; �b� the second cumu-
lants of the two SS paths �second and third shells� were
considered as free parameters; and �c� the second cumulants
of the �nonlinear� MS paths were constrained to a Debye
model with D=146 K �Ref. 47�. As for the first shell, the
values of e0 and S0

2 were fixed to the average values �e0
=0.08 eV and S0

2=0.91� obtained in a first trial analysis.
The absolute values of the parallel MSRDs, obtained by

shifting the relative experimental values of the second cumu-
lants according to the best fitting Einstein models, are shown
in Fig. 13. Table III summarizes the corresponding Einstein
frequencies.

The comparison of the MSRD� obtained from EXAFS
with the absolute MSDs measured by diffraction allows
evaluating the effect of correlation parallel to the bond 	Eq.

�4a�
 on the different coordination shells. Since diffraction
data are available only at room temperature �Refs. 7–10�, the
thermal behavior of EXAFS data for the second and third
shells has been extrapolated up to 300 K according to the
Einstein models. The parallel relative motion of the first �Cu-
Cl� and second �Cu-Cu� shell atomic pairs is characterized
by a quite strong correlation, the ratios DCF/�MSDi being
0.8 and 0.4, respectively. The third shell �Cu-Cl� motion ap-
pears instead uncorrelated.

The average thermal expansion of second and third shell
distances obtained through the nonlinear best-fit procedure
was found to be positive, although its percent values were
considerably lower than the values measured for the nearest-
neighbors distance. However, it should be emphasized here
that the ALPHA parameter has a limited physical meaning,
since it does not account for possible differences between the
local expansions of the second and third shell; besides, the
third cumulants were not included in the fitting procedure. In
the case of copper,24 reliable information on outer shells
could be obtained only concerning the second cumulants.

VII. DISCUSSION

The coefficients of thermal expansion measured by Bragg
diffraction and by macroscopic dilatometric techniques are in
principle equivalent. For a simple structure like zinc blende,
where no internal coordinates are necessary, the expansion of
the distance between average positions of any atomic pair is
proportional to the expansion of the lattice parameter mea-
sured by Bragg diffraction. In CuCl, the distance between
average positions of nearest neighbors copper and chlorine
atoms undergoes negative expansion up to 100 K ��min�
−0.8�10−5 K−1� and positive expansion above 100 K

TABLE II. Scattering paths for CuCl within the third shell distance as calculated by FEFF8. For every path,
the table contains: a path index, an approximate half-path length R, a percent importance factor with respect
to the first shell SS path, the number of equivalent paths �degeneracy�, the total number of legs, and a brief
description.

Index
R

�Å� Percent importance Degeneracy Number of legs Comment

1 2.34 100.00 4 2 SS 1st shell

2 3.82 71.54 12 2 SS 2nd shell

3 4.25 17.59 12 3 Triangular

4 4.25 35.79 24 3 Triangular

5 4.48 60.35 12 2 SS 3rd shell

6 4.68 8.19 4 4 Linear

7 4.68 11.72 12 4 Dogleg

8 4.68 4.14 12 4 Dogleg

TABLE III. Best fitting Einstein frequencies for the parallel
MSRD of the first three coordination shells of CuCl.

1st shell 2nd shell 3rd shell

�E
� �THz� 3.93�2� 1.665�8� 1.77�2�

FIG. 13. Parallel MSRDs of the first three coordination shells of
CuCl and best-fitting Einstein models �continuous lines�. For com-
parison, the sum of uncorrelated parallel MSDs of the atomic pairs
Cu+Cl �open circle� and Cu+Cu �open square� are also shown. See
the text for discussion.
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��max� +1�10−5 K−1�, while the average distance mea-
sured by the first EXAFS cumulant undergoes a positive and
stronger expansion at all temperatures ��max� +4.3
�10−5 K−1, Fig. 7�.

A positive first-shell expansion was found also in the NTE
compounds Cu2O and Ag2O by EXAFS measurements19 and
in quartz and Zn�CN�2 by total neutron scattering
measurements.48,49 For the two isostructural compounds
Cu2O and Ag2O, the system with the largest macroscopic
NTE is characterized also by the largest first-shell positive
expansion.

The difference between EXAFS and Bragg diffraction ex-
pansions is due to perpendicular vibrations 	Eq. �1�
. In rela-
tively open structures, one can reasonably expect that, when
the perpendicular to parallel anisotropy of relative vibrations
increases, the tension effect giving rise to NTE increases, but
more room is also at the disposal of the nearest-neighbors
bond for expanding under the influence of the stretching ef-
fect.

Concerning perpendicular vibrations, a further difference
between Bragg diffraction and EXAFS has to be stressed. In
many framework structures, linear A-B-A links are present,
and anisotropic thermal factors are found by diffraction for
the central atoms B: the vibrations perpendicular to the
A-B-A direction are more intense that the parallel vibrations.
In Cu2O and Ag2O, EXAFS measurements have revealed
that the anisotropy of the relative displacement of Cu or Ag
with respect to O is much stronger than the anisotropy of the
absolute displacement of the Cu or Ag atoms. Besides, the
anisotropy of relative vibrations, measured by the ratio �
= ��u�

2 � / ��u�
2�, is larger for Ag2O, which has the stronger

NTE.
In the case of the zinc-blende structure, the thermal fac-

tors measured by diffraction are isotropic, for symmetry rea-
sons. It is reasonable to assume that a connection exists be-
tween NTE and anisotropy of relative vibrations, as
measured by the ratio �. The quantity � is, to a good ap-
proximation, the ratio between two Einstein models, and, to
the extent that the two Einstein frequencies are different, it is
temperature dependent. For perfectly isotropic relative vibra-

tions, �=2, independent of temperature. The thermal behav-
ior of the first-shell � for CuCl is shown in Fig. 14, where the
results previously obtained for germanium25 and copper24 are
shown for comparison. In the close-packed fcc structure of
copper there is no negative expansion; the ratio � is only
slightly different from two, corresponding to a tiny aniso-
tropy. In germanium, macroscopic NTE is observed, al-
though restricted to a limited temperature range and anyway
much weaker ��min�−0.07�10−6 K−1� �Ref. 50� than in
CuCl. Correspondingly, the ratio � is larger in germanium
than in copper and larger in CuCl than in germanium. The
asymptotic high-temperature values are ��2.7, 6, and 11 for
copper, germanium, and CuCl, respectively.

To find a quantitative expression for the relationship be-
tween NTE and ratio � is, however, far from trivial.26 For the
diamond and zinc-blende structures, NTE increases with in-
creasing ionicity: Noncentral forces, stronger in crystals of
weaker ionicity, reduce the tension effect by resisting vibra-
tions transverse to bond direction, and as a consequence re-
duce the NTE.20,22 EXAFS measurements on tetrahedrally
bonded systems with NTE and ionicity intermediate between
Ge and CuCl, like CdTe and HgTe, could contribute to es-
tablish a quantitative relation between � and NTE. Still more
challenging is the comparison between different structures.
In cuprites, asymptotic � values of 6 and 22 were found for
Cu2O and Ag2O, respectively. The difference is qualitatively
consistent with the different NTE behavior of the two com-
pounds. CuCl and Ag2O have quite similar minimum values
of NTE; the large difference in the � values could be con-
nected to the fact that in Ag2O, contrary to CuCl, NTE per-
sists up to the highest temperatures. The � value is instead
very similar in germanium and in Cu2O, in spite of the very
different NTE, suggesting that the relation between � and
NTE is somewhat structure dependent.

The balance between the effects of stretching and tension
mechanisms, giving rise to the balance between negative and
positive expansions, depends on the frequency distribution of
normal modes, as well as on their eigenvectors and Grü-
neisen parameters. The Einstein frequencies, obtained from
the best fit to the temperature dependence of the EXAFS
MSRDs, can be compared to the calculated dispersion curves
and phonon density of states �DOS� of CuCl. The calculated
CuCl phonon DOS are characterized by three well-separated
groups of frequencies:13 the transverse acoustic �TA� modes
give rise to a narrow band below 1.4 THz, the longitudinal
acoustic �LA� modes give rise to a Debye-like band extend-
ing up to 3.8 THz, while optical modes are distributed be-
tween 5 and 7.6 THz. In general, the EXAFS Einstein fre-
quencies do not correspond with definite peaks in the phonon
DOS.44 However, the values of Einstein frequencies for the
first-shell perpendicular and parallel MSRD of CuCl �1.66
and 3.93 THz, respectively�, when compared with the calcu-
lated DOS, suggest that the low-energy TA modes play a
more determinant role, for perpendicular relative motion,
than the LA and optical modes.

Transverse acoustic modes have been often associated
with NTE in diamond and zinc-blende structures: in the case
of CuCl, it was shown, from ab initio calculations13 per-
formed in the framework of the quasiharmonic approxima-
tion �QHA�51 for crystals, that the TA mode at zone boundary

FIG. 14. Ratio � between perpendicular and parallel MSRDs of
CuCl �present work�, germanium �Ref. 25�, and copper �Ref. 24�.
The dotted lines are the ratio between the best-fitting Einstein
models.
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points �X and L� have a negative Grüneisen parameter and
therefore contribute to NTE. A negative Grüneisen parameter
for TA modes at the zone boundary was found also in
diamond-type crystals from the pressure dependence of the
phonon frequencies.52–54

VIII. CONCLUSIONS

The EXAFS structure at the K edge of copper in CuCl has
been studied as a function of temperature, from 6 to 300 K,
in order to gain a deeper insight into the local mechanisms of
negative thermal expansion. The main results can be summa-
rized as follows:

�a� While the distance between the average positions of
copper and chlorine undergoes negative expansion below
100 K, the expansion of the Cu-Cl bond length is positive at
all temperatures. The difference between EXAFS and Bragg
diffraction expansions is due to relative vibrations perpen-
dicular to the Cu-Cl bond.

�b� The relative thermal vibrations exhibit a marked per-
pendicular to parallel anisotropy, in contrast with the isot-
ropy of the single atom absolute thermal factors. The relative
anisotropy is reasonably connected to the tension mechanism
responsible for NTE.

�c� A connection can be established between perpendicu-
lar MSRD and low-energy transverse acoustic modes, which

are known to be responsible for NTE in zinc-blende struc-
tures.

�d� The Cu-Cl bond thermal expansion cannot be obtained
from the third cumulant. A similar result was found for the
nearest-neighbor distances in copper and germanium.

�e� Accurate information on outer shells has been obtained
concerning the parallel MSRD; the relative thermal motion
parallel to the interatomic bond is largely correlated for the
first and second shells, while it is practically uncorrelated for
the third shell.

This work confirms the effectiveness of EXAFS for inves-
tigating NTE materials, thanks to the possibility of directly
measuring the bond thermal expansion and, by comparison
with Bragg diffraction, the anisotropy of relative thermal vi-
brations.
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