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ABSTRACT

EXAFS functions had been extracted from measurements on the K edge of Se at
different temperatures between 20 and 300 K. The analysis of the EXAFS of the filtered
first two shells has been done in the wavevector range laying between 2 and 15.5 A"1 in
terms of the cumulants of the effective distribution of distances. The cumulants C$ and
C\ obtained from the phase difference and the amplitude ratio methods have shown the
anharmonicity in the vibrations of atoms around their equilibrium position.

MIRAMARE - TRIESTE

April 1997

Permanent address: Departement de Physique, Universite Cheikh Anta Diop, Dakar,
Senegal.

VOL 2 h ' t 2



1 Introduction

EXAFS (Extended X-ray Absorption Fine Structure) is an important tool to study the
vibrational properties of crystalline materials [1, 2]. The temperature effect is taken into
account in the EXAFS formula through the so-called Debye-Waller factor that corresponds
to the mean square relative displacement (MSRD) of the absorber and backscatterer atoms
in the case of a gaussian distribution of the interatomic distances. When the distribution
of interatomic distances deviates from a gaussian behaviour, it is necessary to count the
high order terms of the Debye-Waller coefficient expansion [3].

A study of CdSe is presented in this paper. Cdse has an hexagonal crystal structure
with tetrahedrally bonded atoms. It is an important II-VI compound that is widely used
as a solid state device such as IR detector, photoelectrochemical cell, nuclear radiation
detector.

The EXAFS functions extracted from the temperature measurements performed be-
tween 20 and 300 K will be presented. Isolated contributions of the coordinated atoms
into the first and second shells around the absorbing atom will be analysed using the
amplitude ratio method [4] that leads to the even cumulants, and the phase difference
method [5] that gives the odd cumulants. The spectrum measured at 20 K will be taken
as reference.

This paper reviews in section 2, the basic theory of the cumulant expansion method.
In section 3, the experimental details of the sample preparation and the EXAFS mea-
surements will be presented. A shortened presentation of the data analysis procedure will
be given in section 4. The results and discussion will be presented in the fifth section
before the concluding remarks in section 6.

2 Theory

Within the single-electron, single-scattering and plane wave approximation, the EXAFS
function is given by the expression

f P{r.\)exp(2ikr)dr} (1

where k is the wavevector, Nj and fj(k,Tr) are respectively the coordination number and
the complex backscattering amplitude of the j t h shell. 8\ is the central atom phaseshiit.
A the mean free path and S% takes into account the intrinsic losses.

The effective distribution of distances P(r, A) is given by:

e-2r/.\

P{r,\)=p{r)^- (2)

The logarithm of the characteristic function can be developed into Me Lauxin series around
fc = 0

I n / P{r,\

T h e C n coefficients a r e cal led c u m u l a n t s of t h e effective d i s t r i b u t i o n of d i s t a n c e s F ( r , A).



The EXAFS function of a specific shell is expressed in terms of cumulants C\ as

\{k) = A(k)sin$(k) (4)

where

A(k) = ^-NF(k)exp(C0 - 2C2k
2 + ^C4A-4 + ...)

and

y>(A') is the total phaseshift between absorbing and backscattering atoms. Cumulants can
be extracted from these equations referring to a standard compound.

3 Experiment

High purity commercial CdSe was powdered and deposited on a polytetrafluoroethylene
membrane by a sonication method. Resulting samples were homogeneous with a uniform
thickness x. An absorption edge jump A/t.r = 1 was considered at the A' edge of Se to
minimise the thickness effect [6].

The X-ray absorption spectra of Se A' edge was recorded in transmission mode at
the synchrotron radiation facility DCI at Lure (Orsay, Paris). The electron beam was
1.85 GeV and the maximum current was 300 mA. The monochromator was a two silicon
crystals with reflecting (331) faces. Electric heaters coupled with temperature controlled
helium flow cryostats were used to adjust the sample temperature T within an uncertainty
of ±2 K. Six spectra were recorded between 20 and 300 K.

4 Data analysis

The EXAFS oscillation function \{k) has been extracted from the experimental absorption
coefficient fi(E) at the K edge of the Se following a well-established procedure [7]. The
photoabsorption binding energy EQ was supposed to be located at the maximum of the
first derivative of the absorption spectrum. The photoelectron wavevector k has been
derived from the photon energy E by the formula k = [2m/h2(E — EQ)]1/2, where m is the
electron mass. The EXAFS functions k\(k) corresponding to the selected temperatures
between 20 and 300 K are shown in.Fig. 1. The modulus of their Fourier Transforms
appears in Fig. 2.

EXAFS contributions of the first two coordination shells were singled out by back-
transforming the corresponding peak in Fig. 2 to k space. The Fourier filtering procedure
allows one to separate the EXAFS amplitude A(k) and phase $(k) of each coordination
shell and to analyse them using the amplitude ratio and phase difference methods. In
this way. experimental values of backscattering amplitude, phaseshifts and inelastic terms
were taken separately for each coordination shell, from the low temperature reference
spectrum. Therefore, the correlation between parameters was reduced to the one between
pairs of cumulants. Multiple scattering contributions on the EXAFS of the second shell
have been assumed to be negligeable according to results obtained on some isostructural
compounds [8, 9].



5 Results and discussion

Single-shell experimental amplitudes at a given temperature T. A(T) have been compared
with the corresponding amplitude at 20 K. .4(20K) through the formula:

In 1 ^ - ) = -2[C2(T) - C2(2QK)]k2 + j[C4(T) - CA(2QK)]k*

AC2 = C2{T) - C'2(20K) and AC, = C4{T) - C4(20K) are obtained through the linear
least-squares fitting of the logarithm in equation 5. Similarly AC'i and AC3 are extracted
from the following equation best fitting the phase difference with an odd power function
of the form ct\k + 0.3 A'3

- $(20K) = 2[C1(r) - C,(20K)]* - 1[C3(T) - C3(20K)]fc3 (6)

For both cases, the fitting interval Ak = 4 — 15 A"1 has been considered, keeping un-
changed the coordination number, the intrinsic losses and the central atom phaseshift.

Fig. 3 (a) shows the first cumulant C\ that gives the mean value of the effective
distribution of distances for the first and second shell [10]. Under the effect of temperature,
its observed change is 0.006 A for the first shell and 0.095 A for the second shell within
the considered temperature interval (20-300 K).

In fig. 3 (b), the second cumulant C\{T) is presented. The best fitting curves of the
experimental data, usine the Einstein model with the vibrational frequencies 4.85 THz
and 2.5 THz for the first and second shell respectively, are also plotted (dashed lines).
For comparison, values obtained for the first shell from an EXAFS study [11] assuming a
gaussian distribution of the interatomic distances, are also plotted (empty circles). The
agreement is quite good but the regular increase with temperature of the cumulants C>,
and C\ observed in Fig. 3 (c) and (d) is a sign 1 of a deviation from a gaussian behaviour.
Therefore it is necessary to take into account the anharmonic effects in order to have a
good estimation of the vibrational properties of CdSe.

The temperature dependence of Cz(T) is well described by a quadratic curve AT2.
whereas C^T) is described by a curve of the form BT3 obtained from a fit carried up
to 350 K (solid lines in Fig. 3 (c) and (d)). This behaviour is the one that is expected
in first approximation of the expansion of the third and fourth cumulants as a potential
series of the temperature [12]. Values taken by the coefficients A and B are respectively
1.79 x 10"9A3-K-2 and 1.15 x 10~13A4K-3 for the first shell, and 1.29 x 10"8A3-K-2 and
9.5 x 10"12A4-K-3.

The relatively high values of these coefficients at the second shell compared to the first
one. demonstrates the relevance of the thermal disorder in that shell. Therefore it must be
treated, taking into account the anharmonicity in the atomic vibrations. Although errors
in interpreting the Debye-Waller factor of the first shell using the harmonic approximation
are less pronounced, our previous results [13] have shown that they can lead to a bad
estimation of the thermal expansion coefficient.

6 Conclusion

The first four cumulants of the effective interatomic distances distribution have been
extracted. Standard analysis based on the approximation of a small gaussian disorder.



would produce significant errors in the determination of the physical parameters at high
temperatures. The regular temperature dependence of cumulants has demonstrated the
validity of this method to measure the degree of anharmonicity of thermal vibrations and
the thermal expansion coefficient in CdSe.
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Fig. 1: EXAFS oscillation functions k\{k) at measured temperatures at the A" edge So
of CdSe.
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Fig. 2: Fourier transforms of the EXAFS k3\(k) at different temperatures.
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Fig. 3: Temperature dependence of the first four cumulants of the effective distribution
of the interatomic distances Se-Cd (open squares) and Se-Se (solid squares) for the first
and second shell respectively in CdSe. Values from reference [11] are also plotted (empty
circles). Dashed lines are the Einstein curves best fitting the second cumulant C2. Solid
lines are the fitting curves of the experimental data (AT2 for C3 and BT3 for C4).


