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Abstract

We have investigated the temperature dependence of the extended
X-ray absorption finestructure (EXAFS) above the K-edges of

Cu and Co in the metals and akove the K-edges of Rb and Sr

in the compounds RbCl, Sr§, SrF2 and SrC12. For Cu, Co,

RbCl, and SrS$ a good agreement of the correlated mean square
relative displacements of nearest neighbour atoms is observed
between the values derived from EXAFS spectra and values cal-
culated from a Debye model. Our experimental data are compared
with available mean square displacements of the individual atoms

calculated from more refined lattice vibrational models and

with Debye-Waller factors used in X-ray diffraction experiments.
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1. Introduction

The extended X-ray absorption finestructure (EXAFS) showing

up above the absorption edges of atoms in molecules, liguids,

and solids is caused by the interference of the outgoing photo-
electron wave and parts of this wave backscattered from the
neighbouring atoms (Kromig 1932, Stern 1974). There has been a
renewed interest in EXAFS since methods have keen developed

to extract informations about local geometrical structures, i.e.
bond lengths and coordination numbers from experimental spectra
{Lytle et al 1975, Stern et al 1975, Rake 1978). Whereas the
periodicity of the EXAFS oscillation is determined by the bond
lengths between absorbing and scattering atoms, the amplitudes

of the finestructure contaln informations about the number of atoms
surrounding the absorbing atom. It has long been known that these
amplitudes exhibit a temperature dependence which is due to
thermal vibrations of absorbing and scattering atoms (Hanawalt
1931, sShmidt 1961, Shmidt 1963). At high temperatures the fine-
structure is damped and the energy range where EXAFS can be ob-
served decreases. Therefore measurements are usually made at

low temperatures or a precise knowledge of the atomic motions

is important for reliable predictions of coordination numbers

from EXAFS.

We have measured the variation of this finestructure with tem-
perature above the K-edges of Cu, Co, Rb in RbCl as well as

Sr 1in S8rsS, Ser, and SrClz. In the next section we shall briefly
describe our experiment. In section 3 we present our results

and compare them with i) calculations for Debye-Waller factors

performed within the Debye model, ii) other published data of the

atomic motions calculated from more refined lattice dynamical

medels, and iii) values used in X-ray diffraction experiments.

2. Experiment

The absorption spectra of Cu and Co have been measured at the
Deutsches Elektronen-Synchrotron DESY. The synchrotron radiation
was monochromatized with a channelcut Ge {111)-crystal. The mcno-
chromatic radiation was monitored by airfilled ionization cham-
bers. The signals were digitized and stored in a computer. Details
about this experimental setup will ke published elsewhere

(Rabe et al 1978). For the investigation of the other samples

we used a 12 kW X-ray generator with rotating Ag- and Au-anodes

as light source. The bremsstrahlung was monochromatized by a

LiF (200) crystal and detected with a NaI(Tl) scintillation

counter.

The samples were mounted in a liquid nitrogen cryostat. The
temperature of the samples was varied between 8o K and 420 K.
The Cu sample was prepared as 4 um thick unsupported foil by
vacuum evaporation. The other samples have been powdered from
polycrystalline material., They were enclosed between adhesive
tape and a thin aluminium foil to ensure good thermal contaet

with the cryostat.

3, Results and discussion

For polycrystalline materials the oscillatory part of the ab-

sorption coefficient above K-edges is described by

1 X(K) = - §I Ay (K) sin (2kRy + 0,)
1
with
N . (_202 y_z)
2 Ak = —L |f, (7, k)| exp (-2 Rf/x ) exp i

K



llere k denotes the wave number of the photoelectrons, ¢i

the scattering phase, and Ri the bond length between the ahb~
sorbing atom and the scattering atom in the i~th shell. The am-
plitude function A, (k) contains as correlated variables the
coordination numbers Ni, the backscattering amplitudes

£,

3 (m, k)l of the photoelectronwave, the mean free path A for

inelastic scattering of the photoelectrons and the temperature

2

dependent mean square relative displacements Gi.

The procedure to evaluate changes cf Of with temperature for

a single scattering shell will be demonstrated on the EXAFS spec-
tra of Cu. The finestructure measured at 8o K and 420 K are
shown in Fig. 1. The monotonous contribution to the absorption
coefficient due to excitations of K-shell and weaker bound elec-
trons has been removed by a procedure described elsewhere
(Martens et al 1978). For the conversion of the energy scale to
the k-scale the energy zero was taken at cne half the step
height of the absorption edge. The damping of ¥ (k)
at large k values and the broadening of structures at high
temperatures is apparent from inspection of Fig. 1. According

to eg. 1 these spectra represent a superposition of con-
tributions from different scattering shells so that detailed
informations about the temperature dependence of EXAFS, i.e.

the values of the mean square relative displacements oi of

individual atom pairs cannot be extracted from the amplitudes

of x(k) directly.

In order to separate the single shell contributions we have
performed a Fourier transform to real space, 21l spectra
except Cu and Co have heen weighted with a Caussian window

function. The effect of this window is a considerable reduction

of truncation effects in the Fourier transform, although this
weighting results in a slight broadening of structures in real
space due to the effectively smaller k range (Gurman and Pendry
1976, Martens et al 1978). As a result we show the magnitude of
the Fourier transform |F(r )| of the two spectra of Cu taken

at 80 X and 420 K in Fig. 2. In this figure five peaks can bke
identified which are attributed to the first five nearest
neighbour shells surrounding the absorbing atom. Compared to
the true distances the positions of these peaks are shifted

due to the k dependent parts of the scattering phase ¢ (k).

Each maximum has been labelled with the number of scattering
atoms in the attached shell, The decreasing contribution from
more distant shells even in |F{r)| calculated from the low
temperature data is caused by the damping of the photoelectron
wave by inelastic scattering processes., The additional damping
in |F(r)| derived from the high temperature spectrum originates
from the atomic vibrations and results in a significant loss

of informations for more distant shells.

The widths and amplitudes in real space are determined by the
effective range in k space where EXAFS shows up with signifi-
cant amplitudes, the transformation window, and the spectral re-
solution., To aveoid influences of these parameters on the deter-
mination of differences in the mean square relative displace-
ments Aoi we interpret our data in k space. For this purpose

we hawe transformed back to k space over a limited range in real
space, as indicated by a bar for the first scattering shell of
Cu in Fig. 2. According to the window function used for the
transformation to real space, i.e. due to the reduction of trun-

cation effects, the informaticns about the amplitude functions
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A (k) and the scattering phases 0, (k) are concentrated in this
range of F(r). The result of this backtransform is the
contribution from one single shell to X(k) . Applying this proce-
dure to spectra taken at different temperatures T1 and T2,
changes of the mean square relative displacerments of single

atom pairs can simply be calculated by

2 2 2, -1
2 =02 _o0f& = 2k%7 1n[Aa; (k)/A, (k)]
(33 Aoars T~ T T2 Ty
2
0
The results of A EXAFS should be a constant over the whole
k range. Due to the small thermal expansion of the lattice the

2
influence of changes in R with temperature on AOEXAFS calcu~

lated from eg. 3 can ke neglected. The deviations from a
constant value which are mainly due to residual truncation
effects in the Pourier transform have to be regarded as the
uncertainties of our results. All values of AoEXAFS deter-
mined in this way are summarized in Table 1 column VII .

For a monoatomic lattice the mean square relative displacements
of atom pairs with relative distances Rj in a crystal can be

descriked by (Warren 1969, Beni and Platzman 1976).

4 o= 2 —  [nwa ) + 2] 1-cos (FF,)]
1 o & wo a2 *
qi aA
with nglhthe phonon occupation numker and ¥ the number cof atoms

with mass M. The phonons are represented by their polarizatiecn

x the momentum g, the polarization A, and the fre-

quency We e For completely uncoupled motion 0% approaches to

twice the mean square displacement qi of the individual atoms.

vector e(T

The correlation between the atomic motions which is most do-
ninant for the nearest neighbour atoms is taken into account

by the last term ( cos Elﬁs }. Thig term describes the in-phase

motions of the atems which do not affect the amplitudes of

EXAFS.

Using the Debye approximation, Oi as a function of temperature

T can be represented by (x)
(s) 0Z =202 (1-y)
3hir Ty 2
@ el (@]
2 3K [1 - cos(g.R.) T2 IR
(7)) ¥0g = fi | — —— D"+ (2 St B Iy2n
“ ”‘*‘D[ 2(apR, 2 (6)" L tzmvmriloRig)™ @ 2nu
with
/T o
S 5 < dx
F e -1

Here Wy means the Debye cut-off freguency, § the Debye tempera-

ture, ¢_. the Debye wavenumber and yoi describes the in-phase

D
metion of the atoms. Although eg. 5 is strictly valid only

for monocatomic cubic crystals we have calculated the temperature
dependence of Oi from eq. 5 for all investigated materials.

For the binary compounds RbCl, Sr§, &rF,, and SrCl2 we have
approximated the atomic mass M by the average mass of the
individual ions. The Debye temperatures 6 , the distances

of the atom pairs Ri' and the ¢ Ri values are conmpiled in

D

Corpared tc eqg. 19 of Beni and Platzmann (1976) an additional

factor of 2 had to Le included in eq. 5 for completeness,



Table 2. A comparison of the measured differences of the mean
square relative displacements AUEXAFS with the calculated va-
lues A02 {Takle 1, column VI and VII ) shows a good agreement

for the first and second scattering shell of Cu, Co and the first

2
EXAFS

experimental uncertainty exists in the case of Srclz. For Cu,

shell of RbC12. Compared to the magnitude of A0 a large
Co, and RbCl the temperature dependence of Gi up to 60O K are
shown in Fig. 3. Our experimentalAcIEXAFs which are included in
this figure have been fitted to the theoretical value of Gf

at 80 K. Again the result shows that the data derived from the

EXAFS spectra follow the calculated curves within the experi-

mental uncertainties,

For SrS the calculated value is smaller than the experirental

A 02 . This fact is certainly due to a too high Debye tempe-
EXAFS

rature used in our calculation. The Debyetemperature of chalco-

genide crystals with scdiumchloride structure has been calculated

by Thakur (19277} using a logarithmic interaction potential energy

function. Compared to values of 6 estimated for alkaline earth

chalcogenides by Huggins and Sakamoto (1957) the model of Thakur

{(1977) seems to overestimate the Debye temperature. Using the
2

value of Huggins and Sakamoto (1957} for the calculation of 07
from eq, 5 our experimental result agrees with the calculated
bdo i. The mean square relative displacement of the nearest

neighbour atoms in SrS has beer included in Fig, 3.

2 : .
For SrF, we find an experimentaleEmAFS which is not reproduced
by ®g. 5 using the Debye temperature of Brade and Yates (1969).
Whether this difference is due to incorrect Debye temperature
or due to an incorrect estimation of the correlation in this

crystal is not evident. In this case a more detailed analysis

.."lo-

of the lattice dynamical properties seems to be necessary which

is beyond the scope of this paper.

For RbCl, Cu, and Co we have compared our data with available
mean square displacements calculated from more refined lattice
dynamical models. Using shell models the temperature dependence
of the mean square displacements of the ions have been calcu-
lated by Govindarajan (1973) and Gupta (1975) for RbCl. From
these values we have calculated the mean square relative dis-
placements of the nearest neighbour Rb and €1 ions by subtracting
the in-phase motion cof the ilons using the displacement correla-
tion function ( eg.7 } . In both cases the
results which are included in Fig. 3 are close to the values
obtained within the Debye approximation and close to our expe-
rimental data. This means that the temperature dependence of the
uncorrelated mean square displacement calculated within the
Debye approximation is in agreement with the results of

Govindarajan (1973) and Gupta (1975).

Applying the same correction to the theoretical values of

Cu as discussed above for RbCl we find a good agreement
between our data and the results of Sinha (1966) whereas

the values of Kharoo et al (1977) are too large for both
scattering shells (Table 1). Using eq. 4 the mean sguare
relative displacements for Cu have been calculated by Sevillano
et al (1978)., The results which are included in Table 1 are

in excellent agreement with the experimental values,

It should be ncted at this peint that the ratio y of the dis-
placement correlation function and the mean sguare displacement
shows a significant temperature dependence. This ratio calcula-

ted from eqg. 7 is shown in ¥Fig. 4 as a function of qDR for



- 11 -

various T/e values. The qDR values of the first shells

in a fcc lattice are indicated by arrows., At high temperatures

y approaches to 0.38 for the nearest neighbours. With decreasing
temperature and increasing distance of the atom pairs the corre-
lation decreases. The oscillations iny as a function of gjR

are caused by the zero-point vibrations in the lattice. This
effect should ke cbservable at low temperatures (T/b < 0.1) by

a comparison of og for nearest and next nearest neighbours.

In Table 1 column IV we have compiled the available data of the
mean square displacements of the individual atoms used in

X-ray diffraction experiments of Cu, Co, and SrClz. In the

same way as for EXAFS the decrease of X-ray Qdiffraction maxima
with temperature can be expressed by an exponential facter

exp (-2B( (sin¥)/A )2) where A is the wavelength and § the
Bragg angle. The relation between the exponent and the component
of uncorrelated mean square displacement alcong the line of two

2
atoms ¢, is given by

(9) B= 81

The correlated motion of close lying atoms manifests itself

in X~ray diffraction in a thermal diffuse scattering intensity
(Azaroff et al 1974, Warren 1969, Walker and Keating 1961).
which has to be taken into consideration in the evaluation of
high precision structural data from single crystal and powder
diffraction pattern. The mean square relative displacements

af derived from EXAFS data may therefore be used as input pa-
rameters for the analysis of X-ray diffraction data. We have

2
corrected the 7Y, from X-ray diffraction by the displacement

2

correlation function (eg, 7). The resulting values of Aai

- 12 -

shown in Takle 1 are close to our experimental results. For

the second scattering shell of Cu our EXAFS value is slightly
larger than the X-ray diffraction wvalve, For Co the diffraction
value for the first scattering shell is close to the upper limit
of the EXAFS value whereas Ao° for the second shell is larger
than our result. This may indicate that the amplitudes of the
thermal vibrations of the Co atoms have been overestimated in

the diffraction data.

For the first scattering shell of Cu we have determined the

2

absolute value of ¢j at 80 K by the following procedure:

Using the magnitude of the complex backscattering amplitude
£(1m, k) calculated by Teo and Lee {(1978) the amplitude func-

tion A1 (k) has been calculated. It is well known that the theory

overestimates the magnitude of £{m ,k) (Lee and Beni 1977).
Therefore an overall scaling factor for i(f(w,k)| and

the mean square relative displacement O% have been varied in

a way to give a best fit of the calculated with our experimen-

tal amplitude function A1(k). The result yields a scaling
factor of 0.59 and 02 = (0.36 ¥ 0.03) 107%%n?

—22m2

compared to
0.3548-10 calculated from the Debye model. The
good agreement of these values justifies the fit of our expe-

2
rimental AC

2 ,
EXAFS to the calculated Gi curves at 80 K in Fig, 3.

By fitting the full EXAFS spectrum Gurman and Pendry (1976)
okbtained values for ci for the first five shells in Cu at
80 K. For the first two shells treated in this work they
found 02 = (0.36%70.014) - 10 *’n’ and o3 = (0.38%0.07)
10_22m2. A value of AUZ = (0.4710.04) . 10-22m2 between
77 K and 300 K has been repcrted by Stern at al (1975) for

the first shell. All these values are in excellent agreement

with our results.



4. Conclusions

The good agreement between mean square relative displacements

of atom pairs in crystals derived from EXAFS data und values
calculated within the Debye approximation shows that the corre-
lated motion between nearest neighbour atoms is correctly taken
into account by this simple model. Without knowledge of the de-
pendence on the electron wavenumber k of all parameters which
influence the amplitudes of EXAFS it is difficult if not im-
possible to extract coordination numbers from experimental spec-
tra. The fact that the Debye model yields reliable predictions of
the temperature dependence of EXAFS, in many cases opens simple
ways to account for thermal broadening and damping. This fact
facilitates the evaluation of coordination numbers around spe-
cific atoms. Certainly the Debye approximation yields an ade-
guate description of the vibrational properties only for simple
crystal structures. For more complex structures or crystals

with strong covalent bonding character the description of the
correlation in various shells may demand a more realistic model.
Nevertheless values of the mean square relative displacements
evaluated from EXAFS spectra could be used in various fields

as force model calculations or structural analysis from X-ray

diffraction.

An additional damping of the EXAFS oscillations may be due to

a static structural disorder in solids. The superpesition of con-
tributions from close lying scattering shells to EXAFS leads to

a k dependent damping of the EXAFS amplitudes (Martens et al
1977) which may be difficult to distinguish from the thermal
disorder at a definite temperature. In these cases a distinction
between the dynamic thermal disorder and the static structural

disorder can be made from the temperature dependence of EXAFS,
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Table 1:

Table 2:

Compilation of the uncorrelated mean square displace~
ments qﬁ used in X-ray diffraction experiments ((1) Int.
Tables {(1968), {2) Linkoahoa (1972)) and calculated from
various lattice vibrational models ((3) Kharoo et al
(1977), (4) Sinha (1966), (5) Sevillano et al (1978),

(6) Govindarajan (1973}, (7) Gupta (1975)), of mean

square relative displacements Gi

calculated from 03
by subtracting the in-phase motion of the atoms and of
values calculated from the Debye model (DM). In column
VI and VII the variation of Gi between 80 K and

300 K / 420 K are compared with our experimental

2

AC pxars®

Crystal structures, bend lengths R; of nearest neighbours,
qDRi values and Debye temperatures O used for the cal-
culation of the mean square relative displacements from
eq.5. The © values have been taken from (1) Flinn et al
(1961), (2) AIP Handbook (1963), (3) Pathak and Trivedi
(1973), (4) Jarvinen and Inkinen (1967}, (5) Thakur (1977),
(6) Huggins and Sakamoto (1957), (7) Brade and Yates

{1969), and (8) Lauer et al (1971) .
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Figure

Fig.1:

Fig,2:

Fig.3:

Fig.4d:

Captions

EXAFS spectra above the K edge of Cu at 80 K and

420 K

Magnitude of the Fouriertransform of the EXAFS

spectra of Cu at B8G K and 420 K

Temperature dependence of the mean square relative dis-
placements oi for the first and second scattering shell
of Cu and Co and the first shell of RbCl and SrS cal-
culated from eq.5. The crosses and circles are the results
of Govindarajan (1%973) and Gupta (1975) for RbCl after
subtraction of the displacement correlation function
(egq.7). The EXAFS results have been fitted to the values

calculated from the Debye model at 80 K.

Ratio of the displacement correlation function and the
mean square displacement for various values of T/0
as function of ¢-R. The positions of the first 13

shells in a hcp lattice have bheen indicated by arrows,
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