PHYSICAL REVIEW B VOLUME 58, NUMBER 8 15 AUGUST 1998-II

Anharmonicity effects on the extended x-ray-absorption fine structure:
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Extended x-ray absorption fine struct{fEXAFS) has been measured at teedge 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 distaffesn) 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 directip86163-182¢08)02132-§

[. INTRODUCTION quantum statistical approa¢hand worked out their model
for one-dimensional monoatomic and biatomic chafhs.
The standard formula for the analysis of the extended xThey also checked the applicability of the Debye and Ein-
ray-absorption fine structurdeXAFS) is based on the one- stein approximations for tridimensional systetfigiowever,
electron single-scattering harmonic approximatiofhe in-  they did not directly address the topic of thermal expansion,
adequacy of the harmonic EXAFS formula to deal withand neglected the possible effect of transverse atomic vibra-
asymmetric distributions of interatomic distances was recogtions in their calculations.
nized early?~* Several methods of analysis have been devel- The vibrations normal to the bond direction were explic-
oped to overcome this difficulty. For moderately disordereditly considered by Eisenberger and Brown in the analysis of
systems the cumulant methidtis particularly appealing be- EXAFS phases in asymmetric systémand by Ishii in a
cause it summarizes the relevant structural and dynamicaalculation of the EXAFS Debye-Waller facttt However,
information in a few parameters that are easily obtained fronthese effects have not been taken into account in the data
the experimental spectfal’ The attention has recently been analysis until very recently. In addition, no attention has
focused on the relation between EXAFS cumulants and inbeen paid to the difference between correlation in the radial
teratomic potentials. The main aim is the search for a morand transverse directions.
accurate interpretation of the experimental data in terms of In an EXAFS study ofB-Agl the distributions of inter-
the thermodynamical properties of materials, like the thermahtomic distances and the corresponding mean force poten-
expansion and the correlation of atomic vibrational motion. tials V(r) were reconstructed from cumulants at various tem-
The EXAFS cumulants have been related to the forceperatures within the classical approximatfSnThe mean
constants of an effective potential in classical approximatiorforce potential exhibited a non-negligible shift of its mini-
by Tranquada and Ingall@nd by Sterret al!! Frenkel and mum position when the temperature was varied, while its
Rehr first derived relations between the EXAFS cumulantshape was constant. In addition, the thermal expansion mea-
through a perturbative quantum approach based on a singleured ing-Agl by EXAFS was larger than the one measured
bond anharmonic Einstein modél. Yokoyama and co- by x-ray diffraction(XRD). A shift of the minimum position
workers extended this approach to calculate and comparef the effective potential was recently found also for CaBr.
with experiment the cumulants of biatomic Band linear  Actually, the EXAFS cumulants in crystals are directly re-
triatomic  molecules? Pt octahedrally coordinated lated to a mean force pair potential that depends on the dy-
complexe®  and tetrahedral MBr  molecules namics of all the atoms within the crystal, and is then in
(M=C, Si, Ge)® principle temperature dependént.
Fujikawa and Miyanaga developed a general expression The discrepancy in thermal expansion between EXAFS
for the EXAFS Debye-Waller factor in crystal latticéis- and XRD was attributed in Ref. 10 to the thermal vibrations
cluding third and fourth cumulantfrom a first-principles normal to the bond direction, which increase the average
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value of the distribution of distances sampled by EXAFSwere insensitive to local structural perturbations, including
with respect to the crystallographic distance. Moreover, dhe different possible mechanisms of surface reconstruction
large difference was found between the correlations in radiaind the difference between surface and bulk vibrational
and transverse directions. To our knowledge, this effect hag@roperties.

never been previously noticed. Stern has confirmed the con- An extensive EXAFS study of CdSe n%rlggparticles of dif-
clusions of Ref. 10 starting from a slightly different ferent sizes has been done by Mareisal”"“* The use of

approacif? different production procedures allowed these authors to dis-

In a recent EXAFS study of solid krypton in the tempera_tinguish between bulk and surface behavior. For the first co-
ture range from 24 to 43 K, Yokoyanet al. measured the ordination shell the interatomic distance and the effect of

thermal expansion of the first, third, and fourth coordinationth€'mal disorder were similar to those of the bulk com-
shells; they obtained good agreement with the XRD result®0Unds. The coordination numbers were consistent with a
by taking into account the effect of transverse vibrations, andnodel of a bulk core with some surface terminations. A dis-
considering the same amount of correlation in the radial and"€Pancy was, however, fpund between EXAFS and XRD
transverse directiorS results: when t_he cluster size decreases, a contraction of in-
To enhance the effectiveness of the single-boncferpl"’"_1ar spacmg_is_ monitore_d by XRD.’ while no corre-
approach? Van Hung and Rehr included the interactions sponding change in interatomic distance is seen by EXAFS.

between absorber and backscatterer atoms and their imme&]’l-or.e rlecintly, EleFS has been used to monitor semiqgan—
ate neighbors into an effective potenfidiThey obtained a titatively the evolution of CdSe quantum dots in a potassium

good reproduction of the available experimental cumulantg'ncli‘:'”r']Cate glass: . ¢ -
of copper, while their coefficient of thermal expansion is All these EXAFS studies were performed within the stan-

lower than the experimental valu®s. dard harmonic approximatichHowever, it is reasonable to
In view of the progress in the theoretical interpretation of €XPECt that anharmonicity plays a non-negligible role in the

anharmonicity in EXAFS, the availability of a larger amount structure and dynamics of clusters. In particular, the compe-

of reliable experimental data on crystals of different structurdiion Petween bulk and surface properties should produce a

and complexity is desirable, to check and compare the gifdeviation of the distribution of interatomic distances from a

ferent approaches and approximations. The relation betweecr':@‘us_s_’ian ;,hape. Fromhthishpoint of view, EXAFS is more
pair potential, crystal potential and EXAFS effective poten—g_ens't've (tj_anﬁ(RD to the sharp features of _the asymmetric
tial, the contribution of transverse vibrations to EXAFS an-distance distributions, since it extends to higher values of

harmonicity, and the relevance of low-temperature quanturﬁransferred momentum.
effects deserve particular attention. This paper is organized as follows. A short account of the

In this paper we present a set of temperature-dependefiPerimental procedure is given in Sec. Il. The analysis of
EXAFS measurements at theé edge of selenium irbulk ata is summarized in Sec. Ill. In Sec. IV the results are
CdSe and the results of their cumulant analysis. The higlrl)resented and discussed; the attention is focused on the an-
quality of experimental data allows one to coﬁfirm andharmonic corrections to the mean square Fe'aF“’e displ_ace-
strengthen the conclusions drawn from the previous meanent(MSRD), the reconstruction of the distributions of dis-

surements on Agl. The dependence on temperature of tHances and mean force potentials and the critical evaluation

minimum of the potential is very evident; as a consequenceOf the thermal expansion measured by EXAFS. Section V is

the temperature dependence of the first cumulant is detep_edmatec_i to the conclusions. . .
mined not only by the shape asymmetry of the potential, but A prelmynary short account of this work has been given
also by the shift of its minimum position. Moreover, also for elsewheré.

CdSe as foB-Agl a much larger thermal expansion is mea-

sured by EXAFS_than by XRD and a_diffgrent correlation is Il. EXPERIMENTAL DETAILS

found for the radial and transverse vibrations.

Besides its contribution to understanding the mechanism The measured sample was prepared by grinding a CdSe
of EXAFS, this work is also intended as a calibration of themonocrystal. X-ray powder diffraction revealed a wurtzite
EXAFS technique for further studies on Cd&anoparticles  structure. The structural parameters for CdSe in wurtzite
Cadmium selenide nanoparticles embedded in glasses are istructure at room temperature ara=4.299 A, ¢
teresting for their electronic properties, which can be varied=7.010 A, andu=0.37596(Ref. 3); they correspond to a
from molecular to bulk behavior as a function of the clusterslight distortion of the first-shell tetrahedron: one atom is at
dimensions. The structural and dynamical studies of nano2.6355 A, the other three at 2.6299 A. This distortion gives
particles are complicated by the high ratio between surfaceise to an asymmetry in the distribution of distances, but the
and bulk atoms and the corresponding competition betweeeorresponding value of the third cumulant is several orders
surface and bulk behavior. of magnitude smaller than the values found by EXAFS

Only a few structural studies of CdSe nanoclusters ar@nalysis and attributed to thermal motion. In the following
present in the literature. Baweneli al?® made an x-ray dif- we will then neglect this slight distortion of the first shell.
fraction (XRD) study of 35—40 A capped CdSe nanoclusters To get a homogeneous sample of uniform thickness, as
with both the zinc blende and wurtzite structure. These aurequired by x-ray absorption measurements in transmission
thors were able to fit XRD spectra by taking into account themode, the powder was dispersed in alcohol and slowly de-
effects of thermal disorder and stacking faults, and foundposited on polytetrafluoroethylene membranes. Three sheets
that the wurtzite clusters have a better defined structure thamith surface density 18 mg/cimwere superimposed to ob-
the zinc blende ones. However, the x-ray powder patterntain a jumpA(ux)=1 at theK edge of selenium.
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Temperature-dependent EXAFS measurements aKthe
edge of Sg12 658 eVf were made at the beamline D42 of
the storage ring DCI at LURE, Orsay, France. Electron en-
ergy and maximum stored current were 1.85 GeV and 300

mA, respectively. The monochromator was a channel-cut
silicon crystal with(331) reflecting faces. . 08 [
Absorption spectra were recorded in transmission mode,

utilizing two ionization chambers filled with argon as detec- 12
tors; the gas pressures in the two chambers were adjusted tc , | !
get comparable signals in the EXAFS region of the spec- 08
trum. A temperature range extending from 18 to 300 K was J

12 |-

10 15

systematically explored by means of a helium gas flow cry-
ostat equipped with an electric heater; the temperature was
measured by a thermocouple mounted on the sample holder
Standard energy calibration was made at khedge of
crystalline germaniungll 103 eV). The average acquisition FIG. 1. X-ray-absorption spectrum at the Beedge of CdSe
step in the EXAFS region was 3 eV and the integration timemeasured at 18 K. In the inset an enlarged view is plotted as a
5 s per step. The energy resolution, determined by the joirfunction of the photoelectron wave vectotogether with the poly-
effects of lifetime of the excited atomic state, angular diver-nomial spline best fitting the average behavior of the EXAFS oscil-
gence of the photon beam and rocking curve of the monolations.
chromator, was estimated to eE=3.5 eV. Two spectra
were measured at 18 K, three at 300 K, and one at each mh0|e, three different procedures of fllterlng were adoptEd

the five intermediate temperatures. for each spectrum.
Phasesb (k) and amplitudesA(k) of the first-shell EX-

AFS signals at different temperatures were separately ana-
1. DATA ANALYSIS lyzed by the cumulant expansion method truncated at the

5
0 I i k(A.1) ) L

12800 13000 13200 13400
E (eV)

A large uncompensated glitch was present in all the abtourth-order term:
sorption spectra above 13 600 €¥000 eV past the edge, _ _ . 3
corresponding tk=15 A~!) and could not be satisfactorily Po(k) = Pr(k) =2kAC, — (419 K°ACs, (13

removed. The EXAFS signals were then utilized only up to _ 2 4
k=15 A~l. The data analysis was carried on within the IN[As(K)/A(K)]= = 2k"AC,+(213k"AC,.  (1b)

single scattering and plane wave approximations through th is the photoelectron wave vectsrandr refer to signals at

well estgazlblished method of phase difference and amplitudg~ 18 K andT=18 K, respectively
i~ 1,5, [ .
ratio. At each temperature and for each one of the three proce-

A straight line best fitting the pre-edge signal was prelimi-qyres of filtering outlined above, the analysis was made us-

narily subtracted from all the spectra. The values of the phomg the two different reference spectra measured at 18 K.
toelectron wave vectdk were calculated with respect to an

energy origing, set at the maximum of the first derivative of 0.4 —
each spectrum. A further refinement of tkescales was /\ 18K
made by aligning the edges of all spectra to within 0.1 eV. It /\ {\ A [\ A A
was a posteriorichecked that a mismatch of 0.1 eV in the ol A /\A M A
edge positions of two spectra reflects in a difference of in- W \/ W \/ UVU \/\} W v \/
teratomic distance of about 0.001 A.

The EXAFS function was determined agk)=[u(Kk) 0.4

— u1(K) 1/ wo(K), whereu(k) was the experimental absorp- A 150K
tion coefficient, u4(k) a spline polynomial best fitting the <

average behavior g (k) (Fig. 1) anduq(k) a smooth func- < oL A A/\ A f\ /\ A A
tion with a Victoreen-like slopéequal for all spectsaand < U\l \/ \// A% \/ yvvv
absolute values normalized to the experimental absorption =

jump of each spectrum. Thiey(k) functions are shown in < o4

Fig. 2 for three selected temperatures.
The k?x(k) functions were Fourier transformed in the 300K

interval k=3-15 A1, Two different windows were uti- A /\ A/\ ANA A -

lized: a Gaussian window and a 20% Hanning window. The U\j \/ \/ UAVAVRV, 7

magnitudes of the Fourier transformed signals at 18 and 300

K are compared in Fig. 3. The first-shell contribution to EX-

AFS was isolated by Fourier backtransforming the corre- R e e N IETEEY

sponding peak. The backtransform ranges are indicated by K (A'1)

horizontal bars in Fig. 3; in the case of the Hanning window

two different ranges were used, respectively excluding and FIG. 2. EXAFS oscillationky(k) at the SeK edge in CdSe at
including the nearest side lobes of the main peak. On thes, 150, and 300 K.

(=]
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FIG. 4. Phase differences®/k (top) and logarithms of ampli-
tude ratios(bottom) plotted as a function ok? for selected tem-
peratures. The reference is a spectrum measured at 18 K. The

Sphases and amplitudes shown have been obtained after Fourier
transforming with a Gaussian window.

FIG. 3. Magnitudes of the Fourier transforms of the EXAF
signalsk®y (k) at 18 K (continuous linesand 300 K(dashed lines
Two different windows have been used within tkerange 3—
15 A~': Gaussian@ and 20% Hanningb). The horizontal bars up to 300 K; the polynomial coefficient€; can then be
show the different intervals chosen to backtransform the first-shelidentified with the cumulants of the effective distribution of
contribution. Se-Cd distances.

In Fig. 5(c) the open triangles are the valuaE, of the
Typical plots of phase differences and logarithms of amp"_second cumulant obtained for a bulk CdSe sample with the

tude ratios are shown in Fig. 4 together with the best fittingZN® blenollce struc@:}urﬁ by M?mm afl., taking a slpectrum ?jt 8
polynomials. The use of a Gaussian window in the Fouriel &S @ reference. The analysis of Marcust al. was made
transform procedure produced smoother curves of phase dif-

ferences and amplitude ratios than a Hanning window in- X107 (@) xi0d © .
cluding side lobes in the backtransform, but no systematic } R .
differences were found in the numerical values of the fitting < 4,442 ; } < 510° .
parameterd\C; . g ¢ g .

In Fig. 4 the phase difference divided kyand the loga- ol ¢ 0le °
rithm of the amplitudes ratio are both plotted agaik&tin 8x10
this way, in the phase plot the differences of first and third 15107 g, )
cumulant are proportional to intercept and slope, ~ 1x10* Z 40107
respectively? the increase of botA C; andAC; from 95 to 3 reio g
300 K is immediately evident. 3 510 > o

The four polynomial coefficientdC; (i=1,4) obtained 0
from the analysis are shown in Fig. 5 as a function of tem- 0 100 200 300 0 100 200 300
perature. The error bars are the standard deviations of thc T T

values f_rom the SIX dlff_ere_nt analysis proc_edures utilized FIG. 5. First four cumulants of the effective distribution of the
(three different Fourier filtering procedures times two 18'Kfirst-shell Se-Cd distances in CdSe obtained from the analysis of
reference spectjaThe temperature dependence of the pOIy'EXAFS phase differences and logarithm of amplitude ratia#
nomial coefficients is consistent with the first-order behaviordotgl The values of the cumulants are relative to the 18-K refer-
expected for thermal cumulants in classical approximationgnce. The continuous lines in panéis and (d) are parabolic and
Einstein-like, parabolic and cubic f&rC,, ACj, andACy, cubic curves best fitting the temperature dependence of the third
respectively. This suggests that the convergence of the cuand fourth cumulants, respectively. The triangles in the plat @4
mulant series is sufficiently fast to guarantee that the firsfpanel(c)] are the values obtained by Marcessal. for a bulk CdSe
four cumulants describe the EXAFS signal within 15 & sample with the zinc-blende structuiRef. 28.
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neglecting the fourth cumulant, and this can explain the
slight discrepancy with respect to our data. As for the differ-
ence between zinc blende and wurtzite structure, in the case<t L
= 0.005
of Agl the same values of the second cumulant were found
for the two structures, within the experimental uncertaffity.

MSRD

IV. RESULTS AND DISCUSSION 0

The EXAFS analysis described in the previous section has .~
given the temperature dependence of the first four cumulants'< g gos}

C; of the effectivedistribution of the first-shell Se-Cd inter- E
atomic distancespP(r,\,T). The effective distribution is )
connected to theeal distributionp(r,T) through =
P(r N, T)=p(r,T)exp(—2r/\)/r2, ) 0 100 200 300
where\ is the photoelectron mean free péth. T(K)

Some relevant, although qualitative, information can be
drawn from a direct inspection of Fig. 5. All cumulants regu-
larly grow with tempgrat.ure. In par.t|cular, the beha‘,"?’r OfAC2 points.(a) Harmonic correlated Deby@ashed lingand Ein-
the first cumulantC, indicates a slight but not negligible gein™ (continuous ling models; the Einstein model vg
thermal expansion of the average value of the effective dis=4 81 THz) gives values higher than the Debye modey, (
tribution, while the behavior of the third and fourth cumu- —1 28 A1 9=273 K); the difference is about 8% at 300 K.
lants means that the effective distribution progressively deth) Einstein model(dotted curve,ve=4.97 THz) plus the first-
viates from a Gaussian shape. order anharmonic contribution calculated from the experimental cu-

A more refined quantitative interpretation of the resultsmulantsC; andC,; the anharmonic contribution is about 6% of the
requires the reconstruction of the effective and real distributotal MSRD at 300 K.
tions and of their corresponding mean force potentials. To
this aim, theabsolute valuesf the cumulants are necessary. To get absolute values df, it is customary to fit an
The derivation of the absolute values from the relative one€insteirt* or a Debye correlated modelo the slope of ex-
is, however, far from trivial; in what follows we will criti- perimentalAC, data. In Fig. 6 the two models are com-
cally use some of the most common procedures. pared for the first shell of CdSe. The Einstein frequency is

The first cumulant, defines theositionof the effective  v=4.81 THz. The Debye temperaturedg=273 K; this
distribution. The actually relevant information related tovalue is much larger than the Debye temperature best fitting
thermal expansion is already contained within the relativeXRD spectra,dy, =155 K.3! A similar difference has been
valuesAC,(T). The absolute value€,(T) are necessary found for other non-Bravais crystals: the EXAFS Debye
only to calculate the zero-order cumulant for normalizationtemperaturesé, are different for different coordination
purposes, so they have been determined by simply adding t&hells, their values decreasing and approaching the XRD
the experimental value&C,(T) the approximate crystallo- value 6,, when going from the inner to the outer shéils.
graphic distanceR=2.63 A, assumed valid at 18 K. The The Debye model gives absolute values of the MSRD

FIG. 6. Absolute values of the MSRircles obtained by fit-
ting a phenomenological model to the slope of the experimental

zero-order cumulant has then been estimated as slightly lower than the Einstein model; a similar effect was
also observed for the first shell of germanitfin general,
Co=—2C1/A=2InCy, (3 the Einstein model is preferred for the first shell, on the

where a constant realistic valué ® A has been assigned to grounds of both theoretical consideratighand experimen-

‘e . 7
the mean free patk. talxern:.catlonsi i d hich takes int t
The second, third, and fourth cumulants describe the refinemen: of TIS proceciire, which fakes into accoun

shapeof the effective distribution. Their absolute values areanharmonlcny effects, can be achieved by considering an

then necessary to reconstruct both the effective and real dig_ffectlve pair potential expanded in power series of the varia-

tributions. As a first approximation, we assumed a classicafonsy (.)f the interatomic distance with respect to the poten-
harmonic behavior for the reference spectrum at 18 K, anEIIal minimum.

identified the relative valuesC; andAC, with the absolute Vo(U)=auw2/2+bud+cut+ - - - | @)
valuesC; andC,, respectively. The soundness of this choice
will be discussed posteriori The cumulants of the effective distributions can be related, in

Once the values of the third and fourth cumulants werghe classical approximation, to the force constants of the po-
established, we faced the problem of determining the secoriéntial by the expansidrt*
cumulant.

5C,=—(3b/a®)kgT+- - -, (5a)
A. Mean square relative displacement C,=(keT/a)+ (kaT/a) [ (6b/a)2— (12c/a)]+ - - -,

The second cumular, is the variance of the effective (5b)
distribution and measures the mean square relative displace-
ment(MSRD) of absorber and backscatterer atoms. Cs=—(kgT/a)?(6bla)+ - - -, (50
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C,=(kgT/a)3[(10&?/a?)—(24c/a)]+---.  (5d) % oal
= 0.
The temperature dependence of the third and fourth cu- z
mulants of the Se-Cd distance distribution can actually be & 0
fitted by a quadratic and a cubic polynomial, respectively § 02l
(continuous lines in Fig. )5 as expected from the first-order ‘§ '
approximation of Eqs(5c) and(5d). A more accurate evalu- 2 ool
ation of the absolute values of the third cumulant, taking into £
account the low-temperature quantum effects, can be done & o
through Eq. 18 of Ref. 12. However, in the present case of &
CdSe the difference between classical and quantum treat- § -0.2f
ments is negligible. 3
In the expression of,, Eq.(5b), the first term, represent-
ing the harmonic contribution, can be substituted by an Ein-
stein model,o?(wg,T), which takes into account the zero @
point energy, and whose frequency is connected to the force § 241
constania by the relatiomz,uwé. The second term, repre- g
senting the lowest-order anharmonic contribution, can be ex- &
pressed as a function of the experimental cumul&itsind 5 1.6}
C,. The final result is g
2 %
Co(M=0%wg,T)— E( ki-l;) Cy(T)+ E( ki-l;) C(T). 5 08f
2\ pog 2\ pog o
(6) 5 . .
K] .
Equation (6) has only one free parameter, the Einstein 1o 0= 25 2.7 2.9
frequency. It has been satisfactorily fitted to the slope of the R (A)

experimentalAC, points, as shown in Fig.(B), where the

dashed line represents the harmonic contribution, with Ein- FIG. 7. Characteristic functior(®) and effective distributions of
stein frequencyvg= wg/27=4.97 THz. The anharmonic interatomic distance) reconstructed from the EXAFS cumulants
contribution amounts to about 6% of the total MSRD at 300at 18 and 300 K.

K.

This procedure for evaluating and subtracting the anharSUmption that the cumulants of order higher than 4 were
monic contribution to the MSRD has been recently applied"€9ligible up to 35 A, so that the EZ('lAFS signal could be
to the first three coordination shells of germanitim¢ Both extrapol_alted not only down th=0 A", but also up td
slope and absolute values of the so obtained harmonic cor= 35 A~ Actually, the characteristic function was regu-
tributions were in good agreement with three different theoJ@ry damped at the boundaries even at 300 K, and no win-
retical calculations: a bond charge model, a high temperatur@ow'ng was necessary before Fourier transforming. A similar

expansion of the projected density of vibrational states, and aroca%u_re was utilized for amorphous germanium thin
first-principles approach, respectively. films;®™ in that case the distribution of distances recon-

Sometimes the temperature dependence of the MSRD h&&ucted from EXAFS cumulants was in good agreement
been fitted by aT32 law to account for anharmonicity With the one determined by Filipponi and DiCié¢dhrough
effects?®®® The use of Eq(6) has the advantage of estimat- & completely different EXAFS analysis based on theoretical
ing the anharmonic term directly from the experimental cu-c@lculation of phase shifts and amplitudes and taking into

mulants: besides, it allows a reliable estimate of the absolutBccount spherical wave effects. _
values of the MSRD. The real part of the complex Fourier transform of the

characteristic function Eq7) is the effective distribution of
distancesP(r,\,T) [Fig. 7(b)]; the imaginary part of the
Fourier transform is identically zero. Both the average value
Once the absolute values of the leading cumulants havgnd the asymmetry of the effective distribution increase with
been established, it is possible to reconstruct the effectiveemperature, in connection with the growth of the first and
distributions of distance®(r,\,T).% To this purpose, the third cumulants. The position of the maximum of the distri-

B. Effective distribution and mean force potential

following procedure has been adopted. bution decreases when the temperature increases.
Complex characteristic functions have been calculated, In the classical approximation the effective distribution of
for all the temperatures considered, as distances can be expressed as a canonical average
n=4 ..
(2ik)" e~ V(/KT
\I’(Zk)=exr{ EOH—'Cn @) PrAT)=—"", ()
= [

f e V(N/KTq,
within a k range extending from-35 to +35 A~ [Fig.

7(a)]. The choice of the maximum value |, larger than  whereV/(r) is amean force pair potentidf? which depends
the experimental valuk,,,,=15 A1, was made on the as- on the statistically averaged behavior of all the atoms in the
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FIG. 9. Effective distribution of distances in CdSe: comparison
between the first cumuladtC, (full circles), the ratioC5/2C, (tri-
4 angles, and the shift of the minimum of the mean force potential
(diamonds$. The open circles have been obtained by adding the
valuesC,/2C, to the potential shifts.

O e

AC, (A)

Effective Potential

FIG. 8. Mean force potentials calculated in classical approximabeen sometimes utilized to estimate the thermal expansion
tion from the effective distributions reconstructed from EXAFS cu- from the values of the second and third cumuldntée want
mulants. The curves at each temperature have been vertically stress the difference between the valueB,, directly
shifted for clarity. measured from EXAFS phas¢Big. 5a)] and the values

) i _6C, of Eq. (5a). AC, is the actual variation of the average
crystal™ We stress that the potential considered here and i e of the effective distribution, and depends on both the

the previous paper on AgRef. 10 depends on the scalar ghane and the position of the mean force potendi@l),
distancer |I|§e the effective distribution, while in Ref. 22 a while 5C, only depends on the shape of the mean force
potential V(r) is considered, depending on the vector posi-potential. The difference is clearly depicted for CdSe in Fig.
tionr. 9, where the triangles are the values/2C,, corresponding

The mean force pair potentialg(r) for the first shell of to 6C,, the full circles are the valueAC,; (notice that the
CdSe have been obtained from the effective distributions atxperimental value€, utilized to calculate the rati€5/2C,
different temperatures by inverting E®), and are shown in have the correct lovil- quantum behavigr The diamonds in
Fig. 8. Below 150 K the shape of the potentials depends ofrig. 9 represent the shift of the position of the minimum of
temperature, reflecting the inadequacy of the classical aphe potential. The valueAC; are in good agreement with
proximation underlying Eq(8); however, above 150 K the the sum of theC5/2C, values and the potential shifopen
shape of the potentials is nearly independent of temperatureircles. Similar results had been previously found for Agl,
indicating the soundness of the classical approximation. Thalthough with a higher degree of experimental uncertaifity.
relatively low temperature at which the classical approxima- The temperature dependence of the position of the mean
tion is still valid is connected to the low Einstein frequency force potential does not invalidate the procedure followed for
of the MSRD and explains why there is no significant differ- calculating the absolute values 6f,, based on a constant
ence between the quantum and classical behavior of the thiggbtential, Eq.(4). Actually in Eg. (6) only the shape of the
cumulant. potential is involved, not the position.

The position of the minimum of the potentisr), cor-
responding to the maximum of the distribution, shifts toward
lower values when the temperature increases. A similar ef- ) ] )
fect was found for Agl in the temperature range from 150 to  The thermal expansion measured by EXAFS is the varia-
370 K (Ref. 10; in that case the same shift characterized theion with temperature of the average positiGij of the real
effective distributions and mean force potentials obtained noglistribution of distances. The relation between the first cu-
only from EXAFS spectra but also from a molecular- mulants of the effective and real distributions of distances,
dynamics simulation based on the pair potentials optimize€; and C} , respectively, is well establishedf and can be

|21

C. Thermal expansion

by Parrinelloet al*® expressed as
The temperature dependence of the minimum of the po-
tential does not depend on the inadequacy of the classical 2C3 CI
approximation, but reflects an intrinsic characteristic of the C=Ci~— T + N 9
1

mean force pair potential in crystals. The results obtained
from single-bond potential$ cannot be directly applied to The second cumulants of the effective and real distribu-

crystals. . . ) i
Equations(5a—(5d) express the temperature dependencet'ons are generally considered equal and, for crystalline sol

P ; — ok
of the first four cumulants as expected in the classical ap'—ds’ expzressed to a QQOd ﬁap-prOX|mat.|on =C;
proximation for a potential independent of temperature. In=((AU)%). HereAu =R (u;—Uo) is theradial component
particular, to first ordersC,=C3/2C,. This relation has of the relative instantaneous displacemeptand u, of the
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' ' ' measurement of the second cumuI@gtz((AuH)2>. A ratio
y=2 was assumed in Refs. 2, 19, and 23.

However, the correlation function is generally different in
0.0107 © ] the radial and transverse directions, so the evaluation of
((Au,)?) directly from EXAFS data is not possible. As a

© { matter of fact, the present EXAFS results for CdSe are con-
° E 1 sistent with the XRD thermal expansion if one assumes a
ratio about equal to 13. In the case ®fAgl, which has the
3 W me = m same wurtzite structure, a ratig=10 was experimentally
Omoat o a ww e . found® Theoretical calculations for germanium, based on a
' , bond charge modéf led to a ratioy for the first coordina-
0 100 200 300 tion shell growing from about 3.3 at 100 K to about 5 at 300

T(K) K

AC, (A)

0.005}

o4 0

The effect of thermal vibrations normal to the bond direc-
FIG. 10. Temperature dependence of the first-shell interatomi¢ion could explain, at least qualitatively, the difference found
distance in CdSe measured by XRD and EXAFS. The squares aigy Marcuset al?® between the interatomic distances deter-
the AR values from XRD. The full and open circles are the valuesmined by EXAFS and XRD in CdSe nanoparticles. The ab-
AC,; andACT for the effective and real distributions, respectively, sence of contraction in EXAFS data could be due to the
determined from EXAFS. influence of strong vibrations of surface atoms in directions
parallel to the surfacénormal to the bonds with inner at-
backscatterer and absorber atoms, respectiVelne angu- oms.
lar brackets indicate a canonical average. Since the first temperature-dependent EXAFS studies, it
In Fig. 10 the temperature dependence of the first cumuhad been pointed out that the reproduction of the EXAFS
lant of the effective distributior{full circles) is compared MSRD was an original test for vibrational dynamics calcu-
with the temperature dependence of the first cumulant of thgations, since the MSRD carries peculiar information on the
real distribution(open circley calculated through Eq9).  correlationparallel to the bond directior*3® The present
The differenceA CT — AC; amounts to about 0.004 A at 300 work shows that the comparison between thermal expansion
K. measured by EXAFS and XRD allows one to determine the
Also shown in Fig. 10 is the first-shell thermal expansionratio y=((Au,)?)/{(Au)?), which contains information on
AR calculated from XRD measurementsquares® The  the correlatiomormal to the bond direction, and represents
thermal expansion measured by EXAFS is very large ashen a new independent test of vibrational calculations.
compared with the one measured by XRD. The difference The anharmonicity of the mean force potential sampled
AC} — AR amounts to 0.011 A at 300 K. A similar behavior by EXAFS not only depends on the real crystal anharmonic-
was found forB-Agl, which has the same wurtzite structure ity, which is responsible for the true XRD thermal expan-
as Cdsé? sion, but is also enhanced by the effect of thermal vibrations
The discrepancy between EXAFS and XRD can be exnormal to the bond direction. This opens new questions
plained on the grounds of the following considerations. Theabout the meaning of the high-order cumulants. In particular,
relation between the average valG§ of the real distribu- the third cumulanCs, which measures the asymmetry of the
tion and the distancR between the centers of thermal ellip- distribution and is related to thermal expansion, could de-
soids of absorber and backscatterer atoms can be expresg@nd on thermal vibrations normal to the bond direction; in

as a function of the thermal atomic displaceménts’ that case, as an effect of the zero point thermal motion, it
should not be zero at zero K also in the classical approxima-
2 tion, and the determination of its absolute values from the

* ((Au)%) i | relati | hould be far f ivial

C¥=R+ — (100  experimental relative values should be far from trivial.

Here Au, is the transversecomponent of the relative V. CONCLUSIONS

atomic  instantaneous  displacement: Au( )?=(Au)? The high quality of the EXAFS spectra of bulk CdSe has
—(AuH)Z. According to Eq(10), C7 is larger tharR owing  allowed a very accurate determination of the cumulants of
to the effect of thermal vibrations normal to the bond direc-the first shell in the temperature range from 18 to 300 K. The
tion. Since((Au,)?) grows with temperature, the thermal anharmonicity effects are well evident and not negligible
expansion measured by EXAFS is larger than the real onesven at relatively low temperatures.
an apparent thermal expansion should be observed by The effective distributions of the first-shell Cd-Se inter
EXAFS also for a perfectly harmonic crystal. atomic distances and the corresponding mean force poten-
To recover the true thermal expansion from EXAFS datdials have been reconstructed at various temperatures. The
one should know the value d{Au,)?). Like the MSRD  mean force pair potential(r) is temperature dependent in
((AuH)2>, also ((Au,)?) is sensitive to the correlation of both shape and position: however, while the variations in
vibrational motion of absorber and backscatterer atoms. I§hape depend on the drawbacks of the classical approxima-
the correlations in the radial and transverse directions wergons and are negligible above 150 K, the shift of the mini-
equal, the rati0y=<(Aul)2>/<(AuH)2> would be equal to 2, mum position is regular in all the temperature range; the
and the term((Au,)?) could be directly obtained from the EXAFS cumulants in crystals cannot be connected to a con-
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stant anharmonic pair potential. As a consequence, the variaf the crystal potential, which is responsible for the true ther-
tion of the average valu€, of the distribution depends both mal expansion, but also the anharmonicity created as an ef-
on the position and on the shape of the potential, soAl@&at  fect of the correlation of vibrational motion normal to bond
is not equivalent taC5/2C,. direction. As a consequence, also the meaning of the high-
The interatomic distance measured by EXAFS is largeorder EXAFS cumulants should be reexamined.
than the distance betwen the centers of thermal ellispoids, as
determined by XRD, owing to the effect of thermal vibra-
tions normal to the bond direction. Correspondingly, EXAFS
measures a thermal expansion artificially larger than the true The collaboration of F. Rocca and C. Armelli(CNR-
one. In order to recover the true thermal expansion fromlTC, Trentd in preparing and XRD characterizing the
EXAFS spectra one should know the eigenfrequencies angample, and the help of A. Traverse and F. VillditURE,
eigenvectors of the dynamical matrix. Conversely, the comOrsay during synchrotron radiation measurements are ac-
parison between EXAFS and XRD thermal expansion carknowledged. This work has been partially funded by the EC
give original information on the correlation of vibrational program Training and Mobility of Researchers for Large
motion normal to the bond direction, say on phase relationScale Facilities. One of the authdi®.D.) is grateful to the
ships between eigenvectors. Swedish Agency for Research Cooperation with Developing
The very meaning of the anharmonicity of the mean forceCountries(SAREQ and the International Centre for Theo-
potential sampled by EXAFS should be questioned. Acturetical PhysicgICTP, Trieste for financial support. D.D. is a
ally, the EXAFS potential reflects not only the anharmonicity Regular Associate of ICTP, Trieste, Italy.
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