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Abstract. Tanks to the peculiar sensitivity to correlation of vibrational motion, EXAFS contains original information on
thermal properties of crystals. The thermal expansions measured by EXAFS and by Bragg scattering have a different
physical meaning. They can be experimentally distinguished by accurate temperature dependent measurements, leading to
the evaluation of the perpendicular mean square relative displacement (MSRD). These results, besides giving a deeper insight
on the connection between EXAFS and lattice dynamics, open new perspectives for studying the local origin of negative
thermal expansion.
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INTRODUCTION

The effects of atomic thermal vibrations on EXAFS
have been, at first, taken into account by a harmonic
Debye-Waller factor, corresponding to the parallel mean
square relative displacement (MSRD) of absorber (a) and
back-scatterer (b) atoms [1]. The difference between the
MSRD measured by EXAFS and the sum of the MSDs
of the a and b atoms measured by Bragg scattering is
due to the correlation along the bond direction. The in-
adequacy of the harmonic approximation was quite early
detected [2]. An effective approach for treating anhar-
monicity in moderately disordered systems was guaran-
teed by the cumulant expansion method [3, 4].

Recently, the difference between thermal expansions
measured by EXAFS and by Bragg scattering, expected
on the grounds of theoretical considerations [5, 6, 7], has
been experimentally evidenced [8, 9, 10], leading to the
possibility of measuring the perpendicular MSRD. These
findings can give new insights on the very meaning of
EXAFS structural and dynamical parameters, and open
interesting perspectives for the study of correlation of
vibrational motion. The main applications are the test
of lattice dynamical theories and the search for the local
origin of negative thermal expansion and some kinds of
phase transitions.

Aim of this paper is to give an up-to-date account of
the recent advances in EXAFS studies of thermal prop-
erties of crystals. Section accounts for the basic differ-
ences between structural and dynamical parameters ob-
tainable from EXAFS and Bragg scattering. Section is
dedicated to some considerations about cumulants. Sec-
tion contains a comparison between different data anal-
ysis procedures. In Section some recent experimental
results are presented and discussed. Section is dedicated
to conclusions.

DIFFRACTION AND EXAFS

Let us consider a pair of neighboring atoms a, b in a crys-
tal. Bragg scattering is sensitive to the three-dimensional
distributions of instantaneous positions ra and rb of the
two atoms, and measures the distance between aver-
age positions, R = |〈rb〉 − 〈ra〉| (Fig. 1, a). For crys-
tals with atoms only in special positions, the tempera-
ture variation of the distance δR is proportional to the
macroscopic thermal expansion measured by dilatomet-
ric techniques. EXAFS, like diffuse scattering, samples
the one-dimensional distribution of instantaneous inter-
atomic distances, and measures the average value of the
instantaneous distances, 〈r〉 = 〈|rb − ra|〉 (Fig. 1, b). The
distances R and 〈r〉 are in principle different. The dif-
ference is due to thermal vibrations perpendicular to the
direction of the a–b bond. One sometimes refers to R and
〈r〉 as apparent and true bond lengths, respectively [11].

The difference between Bragg scattering and EXAFS
is amenable to the different sensitivity to the correla-
tion of atomic vibrations. The absolute thermal ellipsoids
determined for every atom by Bragg scattering can be
parametrized in terms of three absolute mean square dis-
placements (MSD) along three independent directions.
In case of axial symmetry around the a–b bond direction,
only two MSD are sufficient, which can be conveniently
chosen as one parallel and one perpendicular to the bond,
Ui
|| and Ui

⊥, respectively, where i = a,b. EXAFS is sensi-
tive to the relative displacements of atom b with respect
to atom a, Δu = ub −ua. Again, it is convenient to con-
sider the projection of Δu along the a–b bond direction
and in the perpendicular plane: Δu2 = Δu2

|| + Δu2
⊥ [7].



  
r
R

  
r
R

  
r
r

  Δ
r
u

a)

b )

c )

FIGURE 1. Schematic representation of the difference be-
tween Bragg diffraction and EXAFS. a) Ellipsoids of absolute
atomic thermal motion probed by diffraction. b) Ellipsoid of
relative thermal motion probed by EXAFS. c) Relative dis-
placement vector Δu.

The parallel MSRD 〈Δu2
||〉 can be expressed as [1]

〈Δu2
||〉 = 〈(R̂ ·ua)2〉+ 〈(R̂ ·ub)

2〉−2〈(R̂ ·ua)(R̂ ·ub)〉.
(1)

The first two terms on the right-hand side of Eq. 1 cor-
respond to the uncorrelated MSDs along the bond di-
rection, Ua

|| = 〈(R̂ · ua)2〉 and Ub
|| = 〈(R̂ · ub)

2〉, respec-
tively. The last term is the parallel displacement correla-
tion function (DCF).

The perpendicular MSRD 〈Δu2
⊥〉 establishes the con-

nection between the distances measured by EXAFS and
by Bragg scattering. One can easily show that, to a good
approximation [5, 7],

〈r〉 = R+ 〈Δu2
⊥〉/2R . (2)

To the extent that 〈Δu2
⊥〉 increases with temperature, the

thermal expansion measured by EXAFS is larger than the
thermal expansion masured by Bragg scattering. From
the independent measurements of 〈r〉 and R, by inver-
sion of Eq. (2) one can obtain the perpendicular MSRD
〈Δu2

⊥〉. In case of axial symmetry around the bond direc-
tion, the sum of the uncorrelated MSDs U a

⊥ +Ub
⊥ mea-

sured by Bragg scattering can be directly compared with
the perpendicular MSRD divided by two, 〈Δu2

⊥〉/2, the
residual difference being due to correlation in perpendic-
ular direction.

Although no complete information on correlation can
be obtained solely from Bragg scattering, one can show
that the minimum and maximum possible values for
parallel and perpendicular MSRDs can be calculated
from the uncorrelated MSDs [5]:
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(4)
The minimum and maximum values correspond to mo-
tion of a and b atoms perfectly in phase and in opposi-
tion of phase, respectively. If the ellipsoids of the a and b
atoms are equal, the minimum values are zero. The dif-
ference between the parallel MSRD 〈Δu2

||〉 measured by
EXAFS and the minimum possible value obtained from
Bragg scattering allows an estimate of the strength of the
a–b bond against stretching.

Both parallel and perpendicular MSRDs can be ex-
pressed as a function of eigenvectors and eigenvalues of
the dynamical matrix. Their temperature dependencies
can reasonably by fitted to correlated Einstein or De-
bye models [12]. Only in the case of perfect isotropy,
however, are the Einstein or Debye frequencies of paral-
lel and perpendicular MSRDs equal, and the ratio γ =
〈Δu2

⊥〉/〈Δu2
||〉 = 2. Actually, relative atomic vibrations

can never be a priori considered perfectly isotropic, nei-
ther for simple metals. As a consequence, the ratio γ =
〈Δu2

⊥〉/〈Δu2
||〉 is generally temperature dependent, and its

values can be, for some crystals, much higher than two.
An accurate evaluation of 〈r〉 from R, or viceversa, is thus
impossible without a detailed independent knowledge of
〈Δu2

⊥〉, e.g. from lattice dynamical calculations.
At last, no a priori relations can be established be-

tween the shapes of absolute Bragg ellipsoids and of rel-
ative EXAFS ellipsoids. The EXAFS ellipsoids are gen-
erally anisotropic (γ > 2), also when Bragg ellipsoids are
spherical (see below).

DISTRIBUTION AND CUMULANTS

For a crystal lacking structural disorder, an EXAFS spec-
trum samples a canonical distribution of interatomic dis-
tances. For the sake of simplicity, let us focus here on the
single scattering path corresponding to a well isolated co-
ordination shell. The canonical average can be expressed
in real space as the integral over a one-dimensional dis-
tribution of distances [13, 14],

χ(k) ∝

〈
e−2r/λ (k)

r2 e2ikr

〉
=

∫ ∞

0
P[r,λ (k)]e2ikrdr, (5)

where
P[r,λ (k)] = ρ(r)e−2r/λ (k)/r2 (6)

is referred to as effective distribution [3], ρ(r) being the
real distribution. For moderately disordered systems, the
distributions ρ(r) and P[r,λ (k)] can be parametrized in
terms of their cumulants, C∗

1 and Ci, respectively. The
first cumulant C∗

1 = 〈r〉 is the average value of the distri-
bution ρ(r). The second cumulant is the variance of the



distribution, and corresponds, to a good approximation,
to the parallel MSRD, C∗

2 = 〈Δu2
||〉. The third cumulant

measures the asymmetry of the distribution. In general,
one can assume C∗

i = Ci for i > 1, while for i = 1

C∗
1 = C1 + 2C2[1/C1 +1/λ (k)]. (7)

The connection between EXAFS cumulants and force
constant of the interaction potential has been thoroughly
investigated for the case of a two-atomic system, leading
to parametrized expressions of the first cumulants as a
function of temperature [15, 16]. For a two-atomic sys-
tem, the termal expansion measured by the first cumu-
lant is solely due to the asymmetry of the interaction po-
tential. It can thus be independently obtained also from
the values of the second and third cumulants, and corre-
sponds to a = −3k3C

∗
2/k0, where k0 and k3 are the 2nd

and 3rd-order force constants, respectively [15].
For a crystal, the potential is defined within a 3N-

dimensional configurational space. The connection be-
tween the crystal potential and the one-dimensional EX-
AFS distribution of distances and its effective potential
is far from trivial. While the true bond thermal expan-
sion is still measured by the temperature variation of the
first cumulant, there is no a priori relation between ther-
mal expansion and third cumulant, so that in general the
quantity a =−3k3C

∗
2/k0 cannot be considered a measure

of thermal expansion. The one-dimensional EXAFS ef-
fective potential for a crystal is in principle temperature
dependent, both in position and shape. Experimental ev-
idence seems to exclude relevant shape variations, while
a shift of the minimum position has been observed for all
investigated systems. The thermal expansion (first cumu-
lant) is thus a joint effect of asymmetry (third cumulant)
and shift of the effective potential. A relevant contribu-
tion to the potential shift is related to vibrations perpen-
dicular to the bond [4].

DATA ANALYSIS

Two different approaches to data analysis are possible
when information on thermal properties of crystals is
sought: the first one (phenomenological) is based on the
so-called ratio method [3], using the lowest temperature
spectrum as reference for scattering amplitudes, phase-
shifts and inelastic terms; the second one (theoretical) is
based on the simulation of the EXAFS signal by suitable
computer codes, like FEFF [17], and the determination
of the structural and dynamical parameters by non linear
best fit to the experimental signal.

The phenomenological method is suitable only for
well isolated first-shells, where no multiple scattering ef-
fects are expected. Its main advantages are the lack of
theoretical inputs, the disentanglement of phase and am-
plitude parameters and the possibility of estimating, by

simple visual inspection, the quality of experimental data
and the possible residual correlation effects between pa-
rameters. The results of the analysis are the relative val-
ues ΔCi of the cumulants of the effective distribution. A
disadvantage of the method is the difficulty of taking into
account the k-dependence of the mean free path, which
introduces an uncertainty in the evaluation of C ∗

1 through
Eq. (7). The theoretical method is in principle applica-
ble to both single and multiple scattering paths, and can
take into account the k-dependence of λ . It can directly
give absolute values of the cumulants C∗

i of the real dis-
tribution. On the other hand, the accuracy of results de-
pends on the reliability of theoretical models. Besides,
there is a less immediate control of the quality of exper-
imental data. In general, the recommended choice is the
utilization of both methods, when applicable, and a criti-
cal comparison of their results.

EXPERIMENTAL RESULTS

Temperature-dependent EXAFS measurements have
been recently performed on several different systems,
to check the sensitivity of EXAFS to their thermal
properties. In general, very accurate relative values of
the first three cumulants could be obtained for the first
shell, with a good agreement between the phenomeno-
logical and theoretical procedures of data analysis. For
all the crystals studied, the thermal expansion δC∗

1
measured by EXAFS was unambiguously larger than
the crystallographic thermal expansion δR, and different
from the thermal expansion solely determined by the
asymmetry of the effective potential, a = −3k3C

∗
2/k0. A

check of self-consistency of the data analysis procedures
was considered the good agreement of the temperature
dependence of the third cumulant with the theoretical be-
haviour expected according to the perturbative quantum
approach of Refs. [15, 16].

When using the phenomenological approach, absolute
values of parallel and perpendicular MSRDs were ob-
tained by fitting suitable Einstein or Debye models [12]
to their relative values. The so obtained absolute values
of the parallel MSRD are generally in agreement with
the values determined through the theoretical approach.
The ratio γ = 〈Δu2

⊥〉/〈Δu2
||〉 has been used to measure the

anisotropy of relative thermal vibrations (γ = 2, indepen-
dent of temperature, in case of perfect isotropy).

The contribution to EXAFS of outer shells has always
been analyzed by the theoretical approach, taking into
account multiple scattering contributions. Less accurate
results could however be obtained than for the first shell,
in particular concerning thermal expansion and third cu-
mulant.



Let us now consider in more details the results ob-
tained for different systems.

Copper

In the case of copper [10], the results for the first shell
show that a resolution better that 0.001 Å can be achieved
for the relative values of interatomic distances. The ther-
mal expansion coefficients α determined from the first
EXAFS cumulant δC∗

1 and from the asymmetry of the
distribution (parameter a) are compared in Table 1 with
the crystallographic thermal expansion. The positive dif-
ference α[C∗

1 ]−α[R] is due to the effect of perpendicular
vibrations, and corresponds to a positive shift of the ef-
fective potential [4]. The larger difference α[C ∗

1 ]−α[a]
corresponds to a total positive shift of the effective po-
tential larger than expected as a sole effect of perpendic-
ular vibrations, and shows that the parameter a does not
measure nor the EXAFS nor the crystallographic thermal
expansion. The difference δC∗

1 − δR has allowed us to
evaluate the temperature dependence of the perpendicu-
lar MSRD. The temperature dependence of the first-shell
parallel MSRD is well fitted to a correlated Debye model
with the same Debye temperature as specific heats and
diffraction Debye-Waller factor. The Debye temperature
of the perpendicular MSRD is however slightly lower,
indicating a slight anisotropy of relative vibrational mo-
tion, which is quantified by the ratio γ , asymptotically
larger than 2 at high temperature (Table 1). The tempera-
ture dependence of the first shell parameters determined
experimentally (average distance, parallel and perpen-
dicular MSRDs, third cumulant) were satisfactorily re-
produced by path-integral Monte Carlo calculations [18]
where, at each temperature, the lattice parameter was ad-
justed to account for crystallographic thermal expansion.

For the first three outer shells, only a unique average
thermal expansion could be reasonably obtained by a
non-linear best fit procedure taking into account multiple
scattering effects. Meaningful values of parallel MSRDs
could instead be obtained separately for each shell. When
fitted to correlated Debye models, the MSRDs of third
and fourth shell have the same Debye temperature as the
first shell, while the Debye temperature of the second
shell is lower, indicating a lower degree of correlation, in
agreement with recent calculations for fcc metals [19].

Germanium
Also for the first shell of germanium [9] the coef-

ficient of thermal expansion measured by EXAFS is
larger than the one measured by diffraction (Table 1),
and does not correspond to the coefficient solely due
to the effective potential asymmetry. The perpendicular
MSRD is much larger than the parallel MSRD, indicat-
ing a non-negligible anisotropy of the relative vibrations

TABLE 1. Coefficients of thermal expansion α ×105 at
300 K of the first EXAFS cumulant C∗

1 , of the crystallo-
graphic distance R and from the asymmetry of the effective
potential (a). The last column gives the asymptotic value of
the ratio γ = 〈Δu2

⊥〉/〈Δu2
||〉.

α[C∗
1 ] α[R] α[a] γ(∞)

Cu 2.2±0.1 1.6 1.3±0.1 2.5±0.3
Ge 1.2±0.1 0.6 0.6±0.1 6±0.3
AgI 1.7±0.5 0±0.2 3.5±0.5 6±1

(asymptotically, γ � 6), in spite of the isotropy of ab-
solute atomic vibrations measured by Bragg scattering.
Beyond the first shell, reliable values could be obtained
only for the parallel MSRD of second and third shell.
The inadequacy of the correlated Debye model for fit-
ting the MSRDs with a unique temperature is clearly
demonstrated, the correlation effect for the first shell be-
ing much stronger than expected according to the De-
bye model [20]. The experimental values of the parallel
and perpendicular MSRDs and of the third cumulant of
the germanium first shell have been well reproduced by
ab-initio dynamical calculations, including a perturbative
treatment of anharmonicity [21].

Silver iodide
In β -AgI, both the pioneering study based on the ex-

cluded volume model [22] and the study based on the
cumulant approach [23] agree in detecting a strong corre-
lation effect in the parallel MSRD of the I–Ag first shell
distribution. The large difference found between the EX-
AFS and diffraction thermal expansions [8] is however
consistent with a perpendicular MSRD much larger than
the parallel MSRD (Table 1). It is the large relative mo-
tion perpendicular to the I–Ag bond that is probably re-
sponsible for the onset of the superionic phase transition
at 420 K. The negative difference α[C∗

1 ]−α[a] suggests
an overall negative shift of the effective potential.

Negative thermal expansion materials
Several crystals are affected by isotropic negative ther-

mal expansion (NTE) [11]. In many of these systems, the
macroscopic expansion results from the competition be-
tween a positive contribution due to bond stretching and
a negative contribution due to a tension effect. The ten-
sion effect is often amenable to vibrations perpendicu-
lar to some inter-atomic bonds, giving rise to a ’guitar-
string’ effect; it is the case of systems with the diamond
and zincblende structure, like germanium or CuCl, where
NTE is generally limited to a narrow temperature in-
terval. NTE can extend over very large temperature in-
tervals in framework structures made up by networks



of polyhedral structural units connected by corners, like
ZrW2O8 [24], Ag2O [25], Zn(CN)2 [26]. NTE has of-
ten been attributed to low-frequency rigid unit modes
(RUMs) [27], although no definite correlation between
RUMs and NTE can be established for all framework
structures [28].

The ability of measuring the true thermal expansion of
selected bonds, as well as both parallel and perpendic-
ular MSRDs, makes EXAFS a powerful tool for inves-
tigating the local origin of negative thermal expansion.
In addition to the work on germanium [9], where NTE
is anyway very weak, a thorough study, based on a joint
approach EXAFS + diffraction, has been recently done
on Cu2O and Ag2O [29]. A further investigation is under
way on CuCl. The results up to now obtained can be sum-
marized as follows: a) The nearest-neighbour distance
always undergoes positive expansion. b) NTE is better
correlated to the anisotropy of relative vibrations mea-
sured by EXAFS than of absolute vibrations measured
by Bragg diffraction. c) The analysis of outer shells can
give relevant information; in the case of Cu2O and Ag2O
EXAFS results suggest the presence of a rather complex
dynamical behaviour, inconsistent with RUM models.

CONCLUSIONS

a) A non negligible difference exists between distances
and thermal expansions measured by EXAFS and by
Bragg scattering. The difference has a well defined phys-
ical meaning, and can be exploited to obtain the perpen-
dicular MSRD and to evaluate the anisotropy of relative
thermal vibrations.

b) No accurate information on thermal expansion can
be obtained from the third cumulant, since the effective
EXAFS pair potential depends on temperature.

c) The reproduction of parallel and perpendicular
MSRD is a unique test for the phase relationships be-
tween eigenvectors of the dynamical matrix obtained
from ab-initio or model calculations.

d) Sensitivity to the true bond distance and to perpen-
dicular vibrations can be effectively exploited to investi-
gate on the local origin of negative thermal expansion.
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