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ANHARMONIC CONTRIBUTIONS TO DEBYE-WALLER
FACTOR AND XAFS SPECTRA OF FCC CRYSTALS

NGUYEN VAN HUNG AND NGUYEN BA DUC
" Faculty of Physics, University of Natural Science, VNU-Hanoi

Abstract. New analytical expressions for anharmonic factor and for phase change of X-
ray Absorption Fine Structure (XAFS) spectra due to anharmonic effects have been derived.
They contribute to getting anharmonic Debye- Waller factor and anharmonic XAF'S spectra
at high temperature which are transformed into those of harmonic model at low temperature.
The curmulants contained in our new formulas are calculated by anharmonic correlated
Einstein model, and the theory is applied to fcc crystals. Numerical calculations have been
carried out for Cu, Ag, Pb, and the results agree well with experimental data.

I. INTRODUCTION

1t is known that the XAFS spectra and their Fourier transform magnitudes provide
informations on the atomic number and the shell radius of the substances, respectively.
Therefore, XAFS becomes an powerful structural analysis technique. At low tempera-
ture the harmonic procedures for XAF § calculation-workiwell [13/ Buit asithe temperature
increases the structural information from the XAFS becomes uncertain, i.e., they are dif-
ferent at different high temperatures [2,3]. The famous | reatment of these uncertainties is
based on the cumulant expansion approach [4,5], according to which the XAFS oscillation
function is described by ;

. (@R
x (k) = F (k) Im { e®®ezp | 2ikro+ Z (—%-')-—0(") ' (1)

where k, ®, F(k) are the wave number, net phase shift, real scattering ampﬁmdé; repec-
tively,and o™ (n = 1,2, 3, ) are the cumulants, which appear due to the thermal averaging
of the function in which 7 is the spontantaneous bond length of the two neighboring atoms
and ry is its value at the equilibrium. ; : :

Main applications of this approach have been developed to fit the high-temperature
XAFS and to interpret the anharmonic effects in these spectra [2, 4, 6, 7]. Some pro-
gresses have been made to approximate the cumulants [7-9], but each of these procedures
has a limitation, which was discussed elsewhere [10]. An anharmonic factor has been
introduced [3,11,12] to take into account the anharmonic contributions to Debye-Waller
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factor-and to the XAFS spectra, but this factor still,contains a fitting parameter, and the
cumulants were obtained by an extrapolation procedure from the experimental data..

The purpose of this work is to derive a new anharmonic factor, which overcomes the
limitations of the previous one, and a new formula expressing the phase change of XAFS
spectra due to the anharmonicity. The cumulants contained in these formulas are calculated
using the anharmonic correlated Einstein model [13]. Finally, we get the XAFS function
which include anharmonic effects at high temperature and is transformed into the one of
the harmonic model [1] at low temperature. Numerical calculations have been carried
out for fcc crystals Cu, Ag, Pb. The results are compared with those measured in the
experiment [14,15]. They show a good agreement between theoretical and experimental
results. ‘ :

II. THEORY

Devel_oﬁing further Eq.(1) we obtain the XAFS oscillation function which contains
an exponential factor in the form - '

x (k) ~ *® (k) = 2iko® — 2k%0"?) — 47;ka(2>(%~+ %) - %ik3a(3) s (2

where R =< 7 >, A, 0, 0@ = 02, and 0® are the thermally averaged radius of atomic

shell, the mean-free path of photoelectron, the first cumulant or net thermal expansion,

the second cumulant or Debye-Waller factor, and the third cumulant, respectively.
Using Egs. (1,2) we derived the anharmonic XAFS function which is given by

< SN
=4 %R,
&

x (k F. (k) e~ @kt 2R/ in [2kR, + @; + @, 3)
N J J A

where S2 and Njare the many body overlap term and the atomic number of each shell,
respectively, the other parameters have the same meanings as-defined above, and the sum
is over all the atomic shells. In this equation the total Debye-Waller factor o2, (T) at tem-
perature T consists of the harmonic contribution 0% (T) and the anharmonic one a4 (T)
[T o e

b (V=0 M)+ oa(T) - IR
and ® 4, denotes the phase changg of XAFS spectra due to anharmonic contribution.
Our next step is the definition of 0% (T') and ® 4. We can use an argument analogous

to the one given by [16] for the change of Debye-Waller factor due to the temperature
increasing to show that [7, 11] ' '

. : AV A ‘
AO’2 = AO‘%I [1 +2’)’G—f‘—/—} y : " ) (5)
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where ¢ is Griineisen parameter and AV/V is the relative volume change due to thermal
expansion. Considering that the temperature T incredses from the initial point at 0K and
taking into account Eq.(4), we generalize Eq.(5) to the form :

Ai=ohtah=0+Bey MY )

The anharmonic effect is expected to be equivalent to a system having an asymmet-

. ric radial pair distribution function. To model the asymmetry We replaced the harmonic

U(z) =D (e — 2¢~%) Q)

potential by 2 Morse potential [17]

where z is the deviation of instantaneous bond length between the two atoms from equi-
librium, D is the dissociation energy and 1/ corresponds to the width of the potential.
The cumulants applied to this work have been calculated using the anharmonic correlated
Einstein model [13], and they are given by

3fwg 1+ e~205/T

(1) = 3
R 0= D% 1 — e~ 205/T ®)
W e I
2l E L
0" = 10Da?1- e 2=/T’ , LV 5
2 —20g/T o o—208/T T
e (hwg)’ 1+ 10e”22/T + == (10)

10D%a3 (1- e-20/T)?

where the correlated Einstein frequency @we and the correlated Finstein temperature 0z

are as follows

e 1/2 2 3 1/2
wWE = [5Da (1 - §aaz)] - L,O0e= E— [5Da (1 - —aa)] (11)
= 2. ks | K -2

In these expressions }\{ is the.reduced mass of absorber and backscatterer, and kp is

] the Boltzmann’s constant. :

Using the net thermal expansion a in Eq.(8) we calculated v and AV/V, and then,
based on Egs.(5,6) we derived anew anharmonic factor for a single bond R for temperature

dependence
' - T 3kpT
B(T) = OnkpT [1+ L (1+—————B )] (12)

16D 8DaR 8DaR
: (Dei i e~0E)
n () = = e-05) (1 + e—0&/T)’

13)

According to Eq.(6) the anharmonic contribution to Debye-Waller factor at a gi\{en
temperature is determined by 0% = Bo% , so that from Eq.(2) we derived a new expression
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' A
for anharmonic contribution to the phase of XAFS ‘spectra

<

P4 (T) =2k [0‘(1) (T) - 2802 (T) (71{-— %)J - ga@) (T) s (14)

. From this equétion it is clear that ‘AAWiH disappears at low temperature, where the
anharmonic values 0!, 8, o® are negligibly small. /

IIl. NUMERICAL RESULTS AND DICUSSIONS

Now we apply the expressions derived in previous section to numerical calculations

“for some fec crystals. The Morse potential parameters D and o were obtained using exper-

imental values for the energy of sublimation, the compressibility, and the lattice constant
[18]. Figure 1 shows the temperature dependence of our calculated anharmonic factor for
Cu, Ag, Pb. In the case of Cu it has the value 2.7% at 300K and 8.4% at 700K which agree
well with those obtained by an imperical procedure [13,19]. They are negligibly small at
low temperature and increase strongly from the temperature which is higher than Einstein
temperature where 05 = 94K for Pb, 05 = 176K for Agand 0 = 236 K for Cu.
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Fig. 1: Temperature dependence of Fig. 2: Teperature dependence of tota]
anharmonic factor 5 (T") for Cu, Debye-Waller factor o7 ,(anharmonic)
Ag, Pb. compared with the harmonic one and

; with an experimental value [14] .

Figure 2 illustrates the temperature dependence of our calculated total Debye-Waller
factor o7, (anharmonic) compared with the harmonic one 0% and with the experimental
result. Our anharmonic value at 295K agree well with the measured data [14]. F igure 3
shows our calculated phase change of XAFS spectra of Cu due to anharmonicity. They
are different at different temperatures 295K, 500K and 700K, and the differences are very
strong at high temperature and high k-values. Figure 4 shows significant difference be-




o

24

a ‘ NGUYEN VAN HUNG AND NGUYEN BA DUC

tween the XAFS spectrum at 700K of Cu calculafed by the harmonic FEFF code [1] and

by our method including the anharmonic contribution.

XAFS spectra of Cu calculate
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Fig. 3: Phase change ® 4 of XAF
spectra-of Cu due to anharmonicity
at 295K, 500K and 700K.
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" Fig. 4: Oiir calculated anharmonic

"XAFS spectra of Cu at 700K compare
with those calculated by harmonic model.
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Fig. 5: The k-dcpehdencc of mean-free path A (k) of photoelectron of Cu
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The anharmonic spectrum is shifted to the left and damped especially at high k-
values in comparison with the harmonic one. Figure 5 illustrates the k-dependence of
mean-free path of photoelectron, used in this work. Fourier transform magnitudes of

d by our anharmonic theory are compared with those cal-

culated by harmonic FEFF [1] and with the experimental results [15] at 295K (Figure 6)
and at 700K (Figure 7). Our calculated values including anharmonic contributions agree
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vell with the measured ones. From these results ayr extracted uncertainties of structural

-

nation on the bond length due to anharmonicity are as follows: 0.009(= 0.001)A at
and at 0.048(= 0.002)A at 700K. s
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Fig. 7. Comparison of Fourier transform
magnitude of our calculated anharmonic
XAFS spectrum of Cu at 700K with those
of harmonic model and of experiment [15] .

Fig. 6. Comparison of Fourier transform

magnitude of our calculated anharmonic
“XAFS spectrum of Cu at 295K with those

of harmonic model and of experiment [15] .

IV CONCLUSIONS

In this work the new analytical expressions for anharmonic factor and for phase
change of XAFS spectra due to anharmonicity have been derived. The anharmonic con-
tribution to Debye-Waller factor is obtained by a multiplification of the harmonic one with
our anharmonic factor. The cumulants contained in our new derived expressions are cal-
culated by anharmonic correlated Einstein model.

Our anharmonic factors are negligibly small at low temperature and increase strongly
from the temperature higher than Einstein temperature, thus describing the temperature
dependence of anharmonic effects in XAFS theory. :

The good agreement of our calculated results for Cu with the experimental values
denotes the advantages and efficiency of our new anharmonic procedure in XAFS data
analysis theory. Our new derived expressions include anharmonic contributions at high
temperature but they are automatically transformed in to those of harmonic model at low
temperature. :
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