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Anharmonicity effects on the extended x-ray-absorption fine structure:
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Extended x-ray absorption fine structure~EXAFS! has been measured at theK edge of Se in bulk CdSe in
the temperature range from 18 to 300 K. The first four cumulants have been obtained as a function of
temperature from a data analysis based on the phase difference and amplitude ratio method, taking the 18-K
spectrum as reference. The effective distributions of distancesP(r ,l) and the corresponding mean force
potentialsV(r ) have been reconstructed from the cumulants. The potentials exhibit a shift of the minimum
position as a function of temperature. The temperature dependence of the first cumulant depends on both the
shape and position of the anharmonic mean force potential. The thermal expansion measured by EXAFS is
larger than the one measured by diffraction; the anharmonicity monitored by EXAFS does not reflect only the
crystal anharmonicity, but is enhanced by thermal atomic vibrations normal to the bond direction. The corre-
lation of vibrational motion is different in radial and transverse directions.@S0163-1829~98!02132-8#
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I. INTRODUCTION

The standard formula for the analysis of the extended
ray-absorption fine structure~EXAFS! is based on the one
electron single-scattering harmonic approximation.1 The in-
adequacy of the harmonic EXAFS formula to deal w
asymmetric distributions of interatomic distances was rec
nized early.2–4 Several methods of analysis have been dev
oped to overcome this difficulty. For moderately disorder
systems the cumulant method5,6 is particularly appealing be
cause it summarizes the relevant structural and dynam
information in a few parameters that are easily obtained fr
the experimental spectra.7–10 The attention has recently bee
focused on the relation between EXAFS cumulants and
teratomic potentials. The main aim is the search for a m
accurate interpretation of the experimental data in terms
the thermodynamical properties of materials, like the therm
expansion and the correlation of atomic vibrational motio

The EXAFS cumulants have been related to the fo
constants of an effective potential in classical approximat
by Tranquada and Ingalls7 and by Sternet al.11 Frenkel and
Rehr first derived relations between the EXAFS cumula
through a perturbative quantum approach based on a sin
bond anharmonic Einstein model.12 Yokoyama and co-
workers extended this approach to calculate and com
with experiment the cumulants of biatomic Br2 and linear
triatomic molecules,13 Pt octahedrally coordinate
complexes14 and tetrahedral MBr4 molecules
(M5C, Si, Ge).15

Fujikawa and Miyanaga developed a general expres
for the EXAFS Debye-Waller factor in crystal lattices~in-
cluding third and fourth cumulants! from a first-principles
PRB 580163-1829/98/58~8!/4793~10!/$15.00
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quantum statistical approach,16 and worked out their mode
for one-dimensional monoatomic and biatomic chains17

They also checked the applicability of the Debye and E
stein approximations for tridimensional systems.18 However,
they did not directly address the topic of thermal expansi
and neglected the possible effect of transverse atomic vi
tions in their calculations.

The vibrations normal to the bond direction were expl
itly considered by Eisenberger and Brown in the analysis
EXAFS phases in asymmetric systems2 and by Ishii in a
calculation of the EXAFS Debye-Waller factor.19 However,
these effects have not been taken into account in the
analysis until very recently. In addition, no attention h
been paid to the difference between correlation in the ra
and transverse directions.

In an EXAFS study ofb-AgI the distributions of inter-
atomic distances and the corresponding mean force po
tials V(r ) were reconstructed from cumulants at various te
peratures within the classical approximation.10 The mean
force potential exhibited a non-negligible shift of its min
mum position when the temperature was varied, while
shape was constant. In addition, the thermal expansion m
sured inb-AgI by EXAFS was larger than the one measur
by x-ray diffraction~XRD!. A shift of the minimum position
of the effective potential was recently found also for CuBr20

Actually, the EXAFS cumulants in crystals are directly r
lated to a mean force pair potential that depends on the
namics of all the atoms within the crystal, and is then
principle temperature dependent.21

The discrepancy in thermal expansion between EXA
and XRD was attributed in Ref. 10 to the thermal vibratio
normal to the bond direction, which increase the avera
4793 © 1998 The American Physical Society
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4794 PRB 58G. DALBA et al.
value of the distribution of distances sampled by EXA
with respect to the crystallographic distance. Moreover
large difference was found between the correlations in ra
and transverse directions. To our knowledge, this effect
never been previously noticed. Stern has confirmed the c
clusions of Ref. 10 starting from a slightly differen
approach.22

In a recent EXAFS study of solid krypton in the temper
ture range from 24 to 43 K, Yokoyamaet al. measured the
thermal expansion of the first, third, and fourth coordinat
shells; they obtained good agreement with the XRD res
by taking into account the effect of transverse vibrations, a
considering the same amount of correlation in the radial
transverse directions.23

To enhance the effectiveness of the single-bo
approach,12 Van Hung and Rehr included the interactio
between absorber and backscatterer atoms and their imm
ate neighbors into an effective potential.24 They obtained a
good reproduction of the available experimental cumula
of copper, while their coefficient of thermal expansion
lower than the experimental values.25

In view of the progress in the theoretical interpretation
anharmonicity in EXAFS, the availability of a larger amou
of reliable experimental data on crystals of different struct
and complexity is desirable, to check and compare the
ferent approaches and approximations. The relation betw
pair potential, crystal potential and EXAFS effective pote
tial, the contribution of transverse vibrations to EXAFS a
harmonicity, and the relevance of low-temperature quan
effects deserve particular attention.

In this paper we present a set of temperature-depen
EXAFS measurements at theK edge of selenium inbulk
CdSe and the results of their cumulant analysis. The h
quality of experimental data allows one to confirm a
strengthen the conclusions drawn from the previous m
surements on AgI. The dependence on temperature of
minimum of the potential is very evident; as a consequen
the temperature dependence of the first cumulant is de
mined not only by the shape asymmetry of the potential,
also by the shift of its minimum position. Moreover, also f
CdSe as forb-AgI a much larger thermal expansion is me
sured by EXAFS than by XRD and a different correlation
found for the radial and transverse vibrations.

Besides its contribution to understanding the mechan
of EXAFS, this work is also intended as a calibration of t
EXAFS technique for further studies on CdSenanoparticles.
Cadmium selenide nanoparticles embedded in glasses a
teresting for their electronic properties, which can be var
from molecular to bulk behavior as a function of the clus
dimensions. The structural and dynamical studies of na
particles are complicated by the high ratio between surf
and bulk atoms and the corresponding competition betw
surface and bulk behavior.

Only a few structural studies of CdSe nanoclusters
present in the literature. Bawendiet al.26 made an x-ray dif-
fraction ~XRD! study of 35–40 Å capped CdSe nanoclust
with both the zinc blende and wurtzite structure. These
thors were able to fit XRD spectra by taking into account
effects of thermal disorder and stacking faults, and fou
that the wurtzite clusters have a better defined structure
the zinc blende ones. However, the x-ray powder patte
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were insensitive to local structural perturbations, includi
the different possible mechanisms of surface reconstruc
and the difference between surface and bulk vibratio
properties.

An extensive EXAFS study of CdSe nanoparticles of d
ferent sizes has been done by Marcuset al.27,28 The use of
different production procedures allowed these authors to
tinguish between bulk and surface behavior. For the first
ordination shell the interatomic distance and the effect
thermal disorder were similar to those of the bulk co
pounds. The coordination numbers were consistent wit
model of a bulk core with some surface terminations. A d
crepancy was, however, found between EXAFS and X
results: when the cluster size decreases, a contraction o
terplanar spacing is monitored by XRD, while no corr
sponding change in interatomic distance is seen by EXA
More recently, EXAFS has been used to monitor semiqu
titatively the evolution of CdSe quantum dots in a potassi
zinc silicate glass.29

All these EXAFS studies were performed within the sta
dard harmonic approximation.1 However, it is reasonable to
expect that anharmonicity plays a non-negligible role in
structure and dynamics of clusters. In particular, the com
tition between bulk and surface properties should produc
deviation of the distribution of interatomic distances from
Gaussian shape. From this point of view, EXAFS is mo
sensitive than XRD to the sharp features of the asymme
distance distributions, since it extends to higher values
transferred momentum.

This paper is organized as follows. A short account of
experimental procedure is given in Sec. II. The analysis
data is summarized in Sec. III. In Sec. IV the results a
presented and discussed; the attention is focused on the
harmonic corrections to the mean square relative displa
ment~MSRD!, the reconstruction of the distributions of dis
tances and mean force potentials and the critical evalua
of the thermal expansion measured by EXAFS. Section V
dedicated to the conclusions.

A preliminary short account of this work has been giv
elsewhere.30

II. EXPERIMENTAL DETAILS

The measured sample was prepared by grinding a C
monocrystal. X-ray powder diffraction revealed a wurtz
structure. The structural parameters for CdSe in wurtz
structure at room temperature area54.299 Å, c
57.010 Å, andu50.37596~Ref. 31!; they correspond to a
slight distortion of the first-shell tetrahedron: one atom is
2.6355 Å, the other three at 2.6299 Å. This distortion giv
rise to an asymmetry in the distribution of distances, but
corresponding value of the third cumulant is several ord
of magnitude smaller than the values found by EXAF
analysis and attributed to thermal motion. In the followin
we will then neglect this slight distortion of the first shell.

To get a homogeneous sample of uniform thickness
required by x-ray absorption measurements in transmis
mode, the powder was dispersed in alcohol and slowly
posited on polytetrafluoroethylene membranes. Three sh
with surface density 18 mg/cm2 were superimposed to ob
tain a jumpD(mx).1 at theK edge of selenium.
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Temperature-dependent EXAFS measurements at thK
edge of Se~12 658 eV! were made at the beamline D42
the storage ring DCI at LURE, Orsay, France. Electron
ergy and maximum stored current were 1.85 GeV and
mA, respectively. The monochromator was a channel-
silicon crystal with~331! reflecting faces.

Absorption spectra were recorded in transmission mo
utilizing two ionization chambers filled with argon as dete
tors; the gas pressures in the two chambers were adjust
get comparable signals in the EXAFS region of the sp
trum. A temperature range extending from 18 to 300 K w
systematically explored by means of a helium gas flow c
ostat equipped with an electric heater; the temperature
measured by a thermocouple mounted on the sample ho

Standard energy calibration was made at theK edge of
crystalline germanium~11 103 eV!. The average acquisition
step in the EXAFS region was 3 eV and the integration ti
5 s per step. The energy resolution, determined by the j
effects of lifetime of the excited atomic state, angular div
gence of the photon beam and rocking curve of the mo
chromator, was estimated to beDE.3.5 eV. Two spectra
were measured at 18 K, three at 300 K, and one at eac
the five intermediate temperatures.

III. DATA ANALYSIS

A large uncompensated glitch was present in all the
sorption spectra above 13 600 eV~1000 eV past the edge
corresponding tok.15 Å21) and could not be satisfactoril
removed. The EXAFS signals were then utilized only up
k515 Å21. The data analysis was carried on within t
single scattering and plane wave approximations through
well established method of phase difference and amplit
ratio.1,5,32

A straight line best fitting the pre-edge signal was prelim
narily subtracted from all the spectra. The values of the p
toelectron wave vectork were calculated with respect to a
energy originE0 set at the maximum of the first derivative o
each spectrum. A further refinement of thek scales was
made by aligning the edges of all spectra to within 0.1 eV
was a posteriori checked that a mismatch of 0.1 eV in th
edge positions of two spectra reflects in a difference of
teratomic distance of about 0.001 Å.

The EXAFS function was determined asx(k)5@m(k)
2m1(k)#/m0(k), wherem(k) was the experimental absorp
tion coefficient,m1(k) a spline polynomial best fitting the
average behavior ofm(k) ~Fig. 1! andm0(k) a smooth func-
tion with a Victoreen-like slope~equal for all spectra! and
absolute values normalized to the experimental absorp
jump of each spectrum. Thekx(k) functions are shown in
Fig. 2 for three selected temperatures.

The k2x(k) functions were Fourier transformed in th
interval k53 –15 Å21. Two different windows were uti-
lized: a Gaussian window and a 20% Hanning window. T
magnitudes of the Fourier transformed signals at 18 and
K are compared in Fig. 3. The first-shell contribution to E
AFS was isolated by Fourier backtransforming the cor
sponding peak. The backtransform ranges are indicated
horizontal bars in Fig. 3; in the case of the Hanning wind
two different ranges were used, respectively excluding
including the nearest side lobes of the main peak. On
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whole, three different procedures of filtering were adop
for each spectrum.

PhasesF(k) and amplitudesA(k) of the first-shell EX-
AFS signals at different temperatures were separately a
lyzed by the cumulant expansion method truncated at
fourth-order term:

Fs~k!2F r~k!52kDC12~4/3!k3DC3 , ~1a!

ln@As~k!/Ar~k!#522k2DC21~2/3!k4DC4. ~1b!

k is the photoelectron wave vector,s andr refer to signals at
T.18 K andT518 K, respectively.

At each temperature and for each one of the three pro
dures of filtering outlined above, the analysis was made
ing the two different reference spectra measured at 18

FIG. 1. X-ray-absorption spectrum at the SeK edge of CdSe
measured at 18 K. In the inset an enlarged view is plotted a
function of the photoelectron wave vectork together with the poly-
nomial spline best fitting the average behavior of the EXAFS os
lations.

FIG. 2. EXAFS oscillationskx(k) at the SeK edge in CdSe at
18, 150, and 300 K.
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Typical plots of phase differences and logarithms of am
tude ratios are shown in Fig. 4 together with the best fitt
polynomials. The use of a Gaussian window in the Fou
transform procedure produced smoother curves of phase
ferences and amplitude ratios than a Hanning window
cluding side lobes in the backtransform, but no system
differences were found in the numerical values of the fitt
parametersDCi .

In Fig. 4 the phase difference divided byk and the loga-
rithm of the amplitudes ratio are both plotted againstk2. In
this way, in the phase plot the differences of first and th
cumulant are proportional to intercept and slop
respectively:9 the increase of bothDC1 andDC3 from 95 to
300 K is immediately evident.

The four polynomial coefficientsDCi ( i 51,4) obtained
from the analysis are shown in Fig. 5 as a function of te
perature. The error bars are the standard deviations of
values from the six different analysis procedures utiliz
~three different Fourier filtering procedures times two 18
reference spectra!. The temperature dependence of the po
nomial coefficients is consistent with the first-order behav
expected for thermal cumulants in classical approximati
Einstein-like, parabolic and cubic forDC2 , DC3, andDC4 ,
respectively.7 This suggests that the convergence of the
mulant series is sufficiently fast to guarantee that the fi
four cumulants describe the EXAFS signal within 15 Å21

FIG. 3. Magnitudes of the Fourier transforms of the EXAF
signalsk2x(k) at 18 K ~continuous lines! and 300 K~dashed lines!.
Two different windows have been used within thek range 3–
15 Å21: Gaussian~a! and 20% Hanning~b!. The horizontal bars
show the different intervals chosen to backtransform the first-s
contribution.
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up to 300 K; the polynomial coefficientsCi can then be
identified with the cumulants of the effective distribution
Se-Cd distances.

In Fig. 5~c! the open triangles are the valuesDC2 of the
second cumulant obtained for a bulk CdSe sample with
zinc blende structure by Marcuset al., taking a spectrum at 8
K as a reference.27 The analysis of Marcuset al. was made

ll

FIG. 4. Phase differencesDF/k ~top! and logarithms of ampli-
tude ratios~bottom! plotted as a function ofk2 for selected tem-
peratures. The reference is a spectrum measured at 18 K.
phases and amplitudes shown have been obtained after Fo
transforming with a Gaussian window.

FIG. 5. First four cumulants of the effective distribution of th
first-shell Se-Cd distances in CdSe obtained from the analysi
EXAFS phase differences and logarithm of amplitude ratios~full
dots!. The values of the cumulants are relative to the 18-K ref
ence. The continuous lines in panels~b! and ~d! are parabolic and
cubic curves best fitting the temperature dependence of the
and fourth cumulants, respectively. The triangles in the plot ofDC2

@panel~c!# are the values obtained by Marcuset al. for a bulk CdSe
sample with the zinc-blende structure~Ref. 28!.
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neglecting the fourth cumulant, and this can explain
slight discrepancy with respect to our data. As for the diff
ence between zinc blende and wurtzite structure, in the c
of AgI the same values of the second cumulant were fo
for the two structures, within the experimental uncertainty33

IV. RESULTS AND DISCUSSION

The EXAFS analysis described in the previous section
given the temperature dependence of the first four cumul
Ci of the effectivedistribution of the first-shell Se-Cd inter
atomic distances,P(r ,l,T). The effective distribution is
connected to thereal distributionr(r ,T) through

P~r ,l,T!5r~r ,T!exp~22r /l!/r 2, ~2!

wherel is the photoelectron mean free path.6

Some relevant, although qualitative, information can
drawn from a direct inspection of Fig. 5. All cumulants reg
larly grow with temperature. In particular, the behavior
the first cumulantC1 indicates a slight but not negligibl
thermal expansion of the average value of the effective
tribution, while the behavior of the third and fourth cum
lants means that the effective distribution progressively
viates from a Gaussian shape.

A more refined quantitative interpretation of the resu
requires the reconstruction of the effective and real distri
tions and of their corresponding mean force potentials.
this aim, theabsolute valuesof the cumulants are necessar
The derivation of the absolute values from the relative o
is, however, far from trivial; in what follows we will criti-
cally use some of the most common procedures.

The first cumulantC1 defines thepositionof the effective
distribution. The actually relevant information related
thermal expansion is already contained within the relat
valuesDC1(T). The absolute valuesC1(T) are necessary
only to calculate the zero-order cumulant for normalizat
purposes, so they have been determined by simply addin
the experimental valuesDC1(T) the approximate crystallo
graphic distanceR52.63 Å, assumed valid at 18 K. Th
zero-order cumulant has then been estimated as

C0522C1 /l22 ln C1 , ~3!

where a constant realistic value of 8 Å has been assigned t
the mean free pathl.

The second, third, and fourth cumulants describe
shapeof the effective distribution. Their absolute values a
then necessary to reconstruct both the effective and real
tributions. As a first approximation, we assumed a class
harmonic behavior for the reference spectrum at 18 K,
identified the relative valuesDC3 andDC4 with the absolute
valuesC3 andC4, respectively. The soundness of this cho
will be discusseda posteriori.

Once the values of the third and fourth cumulants w
established, we faced the problem of determining the sec
cumulant.

A. Mean square relative displacement

The second cumulantC2 is the variance of the effective
distribution and measures the mean square relative disp
ment ~MSRD! of absorber and backscatterer atoms.
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To get absolute values ofC2 it is customary to fit an
Einstein34 or a Debye correlated model35 to the slope of ex-
perimentalDC2 data. In Fig. 6~a! the two models are com
pared for the first shell of CdSe. The Einstein frequency
nE54.81 THz. The Debye temperature isuA5273 K; this
value is much larger than the Debye temperature best fit
XRD spectra,uM5155 K.31 A similar difference has been
found for other non-Bravais crystals: the EXAFS Deb
temperaturesuA are different for different coordination
shells, their values decreasing and approaching the X
value uM when going from the inner to the outer shells37

The Debye model gives absolute values of the MSR
slightly lower than the Einstein model; a similar effect w
also observed for the first shell of germanium.37 In general,
the Einstein model is preferred for the first shell, on t
grounds of both theoretical considerations36 and experimen-
tal verifications.37

A refinement of this procedure, which takes into accou
anharmonicity effects, can be achieved by considering
effective pair potential expanded in power series of the va
tionsu of the interatomic distance with respect to the pote
tial minimum:

Ve~u!5au2/21bu31cu41••• . ~4!

The cumulants of the effective distributions can be related
the classical approximation, to the force constants of the
tential by the expansion7,11

dC152~3b/a2!kBT1•••, ~5a!

C25~kBT/a!1~kBT/a!2@~6b/a!22~12c/a!#1•••,
~5b!

C352~kBT/a!2~6b/a!1•••, ~5c!

FIG. 6. Absolute values of the MSRD~circles! obtained by fit-
ting a phenomenological model to the slope of the experime
DC2 points.~a! Harmonic correlated Debye~dashed line! and Ein-
stein ~continuous line! models; the Einstein model (nE

54.81 THz) gives values higher than the Debye model (qD

51.28 Å21, u5273 K); the difference is about 8% at 300 K
~b! Einstein model~dotted curve,nE54.97 THz) plus the first-
order anharmonic contribution calculated from the experimental
mulantsC3 andC4 ; the anharmonic contribution is about 6% of th
total MSRD at 300 K.
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C45~kBT/a!3@~108b2/a2!2~24c/a!#1•••. ~5d!

The temperature dependence of the third and fourth
mulants of the Se-Cd distance distribution can actually
fitted by a quadratic and a cubic polynomial, respectiv
~continuous lines in Fig. 5!, as expected from the first-orde
approximation of Eqs.~5c! and~5d!. A more accurate evalu
ation of the absolute values of the third cumulant, taking i
account the low-temperature quantum effects, can be d
through Eq. 18 of Ref. 12. However, in the present case
CdSe the difference between classical and quantum tr
ments is negligible.

In the expression ofC2, Eq. ~5b!, the first term, represent
ing the harmonic contribution, can be substituted by an E
stein model,s2(vE ,T), which takes into account the zer
point energy, and whose frequency is connected to the fo
constanta by the relationa5mvE

2 . The second term, repre
senting the lowest-order anharmonic contribution, can be
pressed as a function of the experimental cumulantsC3 and
C4 . The final result is

C2~T!5s2~vE ,T!2
1

2S kBT

mvE
2 D 2

C3
2~T!1

1

2S kBT

mvE
2 DC4~T!.

~6!

Equation ~6! has only one free parameter, the Einste
frequency. It has been satisfactorily fitted to the slope of
experimentalDC2 points, as shown in Fig. 6~b!, where the
dashed line represents the harmonic contribution, with E
stein frequencynE5vE/2p54.97 THz. The anharmonic
contribution amounts to about 6% of the total MSRD at 3
K.

This procedure for evaluating and subtracting the anh
monic contribution to the MSRD has been recently appl
to the first three coordination shells of germanium.37,38 Both
slope and absolute values of the so obtained harmonic
tributions were in good agreement with three different th
retical calculations: a bond charge model, a high tempera
expansion of the projected density of vibrational states, an
first-principles approach, respectively.

Sometimes the temperature dependence of the MSRD
been fitted by aT3/2 law to account for anharmonicity
effects.28,39 The use of Eq.~6! has the advantage of estima
ing the anharmonic term directly from the experimental c
mulants; besides, it allows a reliable estimate of the abso
values of the MSRD.

B. Effective distribution and mean force potential

Once the absolute values of the leading cumulants h
been established, it is possible to reconstruct the effec
distributions of distancesP(r ,l,T).8 To this purpose, the
following procedure has been adopted.

Complex characteristic functions have been calcula
for all the temperatures considered, as

C~2k!5expF (
n50

n54
~2ik !n

n!
CnG ~7!

within a k range extending from235 to 135 Å21 @Fig.
7~a!#. The choice of the maximum value ofuku, larger than
the experimental valuekmax515 Å21, was made on the as
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sumption that the cumulants of order higher than 4 w
negligible up to 35 Å21, so that the EXAFS signal could b
extrapolated not only down tok50 Å21, but also up tok
535 Å21. Actually, the characteristic function was reg
larly damped at the boundaries even at 300 K, and no w
dowing was necessary before Fourier transforming. A sim
procedure was utilized for amorphous germanium t
films;40 in that case the distribution of distances reco
structed from EXAFS cumulants was in good agreem
with the one determined by Filipponi and DiCicco41 through
a completely different EXAFS analysis based on theoret
calculation of phase shifts and amplitudes and taking i
account spherical wave effects.

The real part of the complex Fourier transform of t
characteristic function Eq.~7! is the effective distribution of
distancesP(r ,l,T) @Fig. 7~b!#; the imaginary part of the
Fourier transform is identically zero. Both the average va
and the asymmetry of the effective distribution increase w
temperature, in connection with the growth of the first a
third cumulants. The position of the maximum of the dist
bution decreases when the temperature increases.

In the classical approximation the effective distribution
distances can be expressed as a canonical average

P~r ,l,T!5
e2V~r !/kT

E e2V~r !/kTdr

, ~8!

whereV(r ) is a mean force pair potential,42 which depends
on the statistically averaged behavior of all the atoms in

FIG. 7. Characteristic functions~a! and effective distributions of
interatomic distances~b! reconstructed from the EXAFS cumulan
at 18 and 300 K.
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crystal.21 We stress that the potential considered here an
the previous paper on AgI~Ref. 10! depends on the scala
distancer like the effective distribution, while in Ref. 22
potentialV(rW) is considered, depending on the vector po
tion rW.

The mean force pair potentialsV(r ) for the first shell of
CdSe have been obtained from the effective distribution
different temperatures by inverting Eq.~8!, and are shown in
Fig. 8. Below 150 K the shape of the potentials depends
temperature, reflecting the inadequacy of the classical
proximation underlying Eq.~8!; however, above 150 K the
shape of the potentials is nearly independent of tempera
indicating the soundness of the classical approximation.
relatively low temperature at which the classical approxim
tion is still valid is connected to the low Einstein frequen
of the MSRD and explains why there is no significant diffe
ence between the quantum and classical behavior of the
cumulant.

The position of the minimum of the potentialV(r ), cor-
responding to the maximum of the distribution, shifts towa
lower values when the temperature increases. A similar
fect was found for AgI in the temperature range from 150
370 K ~Ref. 10!; in that case the same shift characterized
effective distributions and mean force potentials obtained
only from EXAFS spectra but also from a molecula
dynamics simulation based on the pair potentials optimi
by Parrinelloet al.43

The temperature dependence of the minimum of the
tential does not depend on the inadequacy of the class
approximation, but reflects an intrinsic characteristic of
mean force pair potential in crystals. The results obtain
from single-bond potentials12 cannot be directly applied to
crystals.

Equations~5a!–~5d! express the temperature dependen
of the first four cumulants as expected in the classical
proximation for a potential independent of temperature.
particular, to first orderdC15C3/2C2 . This relation has

FIG. 8. Mean force potentials calculated in classical approxim
tion from the effective distributions reconstructed from EXAFS c
mulants. The curves at each temperature have been verti
shifted for clarity.
in

-

at

n
p-

re,
e
-

ird

f-
o
e
ot

d

-
al

e
d

e
-

n

been sometimes utilized to estimate the thermal expan
from the values of the second and third cumulants.9 We want
to stress the difference between the valuesDC1 , directly
measured from EXAFS phases@Fig. 5~a!# and the values
dC1 of Eq. ~5a!. DC1 is the actual variation of the averag
value of the effective distribution, and depends on both
shape and the position of the mean force potentialV(r ),
while dC1 only depends on the shape of the mean fo
potential. The difference is clearly depicted for CdSe in F
9, where the triangles are the valuesC3/2C2 , corresponding
to dC1 , the full circles are the valuesDC1 ~notice that the
experimental valuesC2 utilized to calculate the ratioC3/2C2
have the correct low-T quantum behavior!. The diamonds in
Fig. 9 represent the shift of the position of the minimum
the potential. The valuesDC1 are in good agreement with
the sum of theC3/2C2 values and the potential shift~open
circles!. Similar results had been previously found for Ag
although with a higher degree of experimental uncertaint10

The temperature dependence of the position of the m
force potential does not invalidate the procedure followed
calculating the absolute values ofC2 , based on a constan
potential, Eq.~4!. Actually in Eq. ~6! only the shape of the
potential is involved, not the position.

C. Thermal expansion

The thermal expansion measured by EXAFS is the va
tion with temperature of the average positionC1* of the real
distribution of distances. The relation between the first
mulants of the effective and real distributions of distanc
C1 and C1* , respectively, is well established5,44 and can be
expressed as

C15C1* 2
2C2*

C1*
S 11

C1*

l D . ~9!

The second cumulants of the effective and real distri
tions are generally considered equal and, for crystalline
ids, expressed to a good approximation asC25C2*

5^(Dui)
2&. HereDui5R̂•(uW j2uW 0) is theradial component

of the relative instantaneous displacementuW j and uW 0 of the

-
-
lly

FIG. 9. Effective distribution of distances in CdSe: comparis
between the first cumulantDC1 ~full circles!, the ratioC3/2C2 ~tri-
angles!, and the shift of the minimum of the mean force potent
~diamonds!. The open circles have been obtained by adding
valuesC3/2C2 to the potential shifts.
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backscatterer and absorber atoms, respectively.35 The angu-
lar brackets indicate a canonical average.

In Fig. 10 the temperature dependence of the first cum
lant of the effective distribution~full circles! is compared
with the temperature dependence of the first cumulant of
real distribution~open circles!, calculated through Eq.~9!.
The differenceDC1* 2DC1 amounts to about 0.004 Å at 30
K.

Also shown in Fig. 10 is the first-shell thermal expansi
DR calculated from XRD measurements~squares!.25 The
thermal expansion measured by EXAFS is very large
compared with the one measured by XRD. The differen
DC1* 2DR amounts to 0.011 Å at 300 K. A similar behavio
was found forb-AgI, which has the same wurtzite structu
as CdSe.10

The discrepancy between EXAFS and XRD can be
plained on the grounds of the following considerations. T
relation between the average valueC1* of the real distribu-
tion and the distanceR between the centers of thermal ellip
soids of absorber and backscatterer atoms can be expre
as a function of the thermal atomic displacements:45–47

C1* 5R1
^~Du'!2&

2R
. ~10!

Here Du' is the transversecomponent of the relative
atomic instantaneous displacement: (Du')25(Du)2

2(Dui)
2. According to Eq.~10!, C1* is larger thanR owing

to the effect of thermal vibrations normal to the bond dire
tion. Since^(Du')2& grows with temperature, the therm
expansion measured by EXAFS is larger than the real o
an apparent thermal expansion should be observed
EXAFS also for a perfectly harmonic crystal.

To recover the true thermal expansion from EXAFS d
one should know the value of̂(Du')2&. Like the MSRD
^(Dui)

2&, also ^(Du')2& is sensitive to the correlation o
vibrational motion of absorber and backscatterer atoms
the correlations in the radial and transverse directions w
equal, the ratiog5^(Du')2&/^(Dui)

2& would be equal to 2,
and the term̂ (Du')2& could be directly obtained from th

FIG. 10. Temperature dependence of the first-shell interato
distance in CdSe measured by XRD and EXAFS. The squares
the DR values from XRD. The full and open circles are the valu
DC1 andDC1* for the effective and real distributions, respective
determined from EXAFS.
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measurement of the second cumulantC25^(Dui)
2&. A ratio

g52 was assumed in Refs. 2, 19, and 23.
However, the correlation function is generally different

the radial and transverse directions, so the evaluation
^(Du')2& directly from EXAFS data is not possible. As
matter of fact, the present EXAFS results for CdSe are c
sistent with the XRD thermal expansion if one assumesg
ratio about equal to 13. In the case ofb-AgI, which has the
same wurtzite structure, a ratiog.10 was experimentally
found.10 Theoretical calculations for germanium, based on
bond charge model,48 led to a ratiog for the first coordina-
tion shell growing from about 3.3 at 100 K to about 5 at 3
K.

The effect of thermal vibrations normal to the bond dire
tion could explain, at least qualitatively, the difference fou
by Marcuset al.28 between the interatomic distances det
mined by EXAFS and XRD in CdSe nanoparticles. The a
sence of contraction in EXAFS data could be due to
influence of strong vibrations of surface atoms in directio
parallel to the surface~normal to the bonds with inner at
oms!.

Since the first temperature-dependent EXAFS studies
had been pointed out that the reproduction of the EXA
MSRD was an original test for vibrational dynamics calc
lations, since the MSRD carries peculiar information on t
correlationparallel to the bond direction.34,35 The present
work shows that the comparison between thermal expan
measured by EXAFS and XRD allows one to determine
ratio g5^(Du')2&/^(Dui)

2&, which contains information on
the correlationnormal to the bond direction, and represen
then a new independent test of vibrational calculations.

The anharmonicity of the mean force potential samp
by EXAFS not only depends on the real crystal anharmon
ity, which is responsible for the true XRD thermal expa
sion, but is also enhanced by the effect of thermal vibratio
normal to the bond direction. This opens new questio
about the meaning of the high-order cumulants. In particu
the third cumulantC3 , which measures the asymmetry of th
distribution and is related to thermal expansion, could
pend on thermal vibrations normal to the bond direction;
that case, as an effect of the zero point thermal motion
should not be zero at zero K also in the classical approxim
tion, and the determination of its absolute values from
experimental relative values should be far from trivial.

V. CONCLUSIONS

The high quality of the EXAFS spectra of bulk CdSe h
allowed a very accurate determination of the cumulants
the first shell in the temperature range from 18 to 300 K. T
anharmonicity effects are well evident and not negligib
even at relatively low temperatures.

The effective distributions of the first-shell Cd-Se int
atomic distances and the corresponding mean force po
tials have been reconstructed at various temperatures.
mean force pair potentialV(r ) is temperature dependent i
both shape and position: however, while the variations
shape depend on the drawbacks of the classical approx
tions and are negligible above 150 K, the shift of the mi
mum position is regular in all the temperature range;
EXAFS cumulants in crystals cannot be connected to a c

ic
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stant anharmonic pair potential. As a consequence, the v
tion of the average valueC1 of the distribution depends bot
on the position and on the shape of the potential, so thatDC1
is not equivalent toC3/2C2 .

The interatomic distance measured by EXAFS is lar
than the distance betwen the centers of thermal ellispoids
determined by XRD, owing to the effect of thermal vibr
tions normal to the bond direction. Correspondingly, EXA
measures a thermal expansion artificially larger than the
one. In order to recover the true thermal expansion fr
EXAFS spectra one should know the eigenfrequencies
eigenvectors of the dynamical matrix. Conversely, the co
parison between EXAFS and XRD thermal expansion
give original information on the correlation of vibration
motion normal to the bond direction, say on phase relati
ships between eigenvectors.

The very meaning of the anharmonicity of the mean fo
potential sampled by EXAFS should be questioned. Ac
ally, the EXAFS potential reflects not only the anharmonic
v

ys

r,

ev

ev

at
ia-

r
as

e

d
-
n

-

e
-

of the crystal potential, which is responsible for the true th
mal expansion, but also the anharmonicity created as an
fect of the correlation of vibrational motion normal to bon
direction. As a consequence, also the meaning of the h
order EXAFS cumulants should be reexamined.
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