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EVALUATION OF TEMPERATURE AND SHELL SIZE
DEPENDENCE OF ANHARMONICITY IN EXAFS OF Cu
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Abstract : In this work .we evaluated the anharmonic effects in Extended X-ray Absorption
Fine Structure (EXAFS) of Cu in the Single-Shell model. They are proportional to the

perat and i ly p ', innal to the radius of the spherical shell. The anharmonic
EXAFS spectra are compared with the harmonic ones showing significant differences. Qur
anhrmonic spectra at T=700K agree very well with the measured ones and are much better than
the results calculated by the harmonic model.

. INTRODUCTION

No crystal is exactly harmonic. But the harmonic model can work because the  most of
EXAFS spectra were measured at low temperature where the anhar icity can be I d
For some aspects like catalysis research the EXAFS studies carricd ont at low temperature may
not provide a correct structural picture and the high-temperature ENAFS is necessary [1]. The
aim of this paper is to use the theory presinted in [2] to evaluaic the anharmonic cffects in
EXAFS of Cu. They are included in the Mean-Sq Relative-Disp (MSRD). The
anharmonic contribution is takea into cogsideration by multiplying the harmonjc one with an
anharmonic factor. The results calculated by our anharmonic model are compared with the ones
calculated by the harmonic code [3] at the same temperature. They show signilicant differences
and our anharmonic results agree very well with the measured ones.

1I. THEORY
For a cry:laillinc material the K-edge EXAFS spectrum is described by:
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k is photoelectron wave number, 502 is square of the many-body overlap term, X is the electron
mean free path, F(k) is the atomic buckscattering amplitude, 8(k) is a net shift and the sum is
over the coordination shells of neighbors of the absorbing atom. In this case one expands the
asymmetric terms in the brack-cts in a Taylor seric about R = <rj> and rewrite the thermal
everage in terms of cumulants n("’J [S] defined by the cqu'ﬂmn

<e™ 5= exp{Z[(Zlk)" /ntlo ”"} @)

n=1

When phonon-phonon interactions are important the terms given in Egs. (2) and (3) are
required to give an accurate description of the EXAFS. The term of Eq. (1) including o2
desribes Debye-Waller factor. We assume that at temperature To the system is in a equilibrium
and the ncarest ncighbor separation between two atoms is Ro and the harmonic approach is
valid. So at temperature T>To the anharmonicity appears and it must be considered. At
temperatures above the Debye temperature the classical model works well [6] and the MSRD o
2(T) including the harmonic contribution nzH(T) and the anharmonic one o2 (T) has been
calculated [2] and desribed by:

o (Ny={1+f (TR, )a3, © o (1= IR ) o (T) )
Where the anharmonic contribution is valued by the anharmonic factor:
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In this anharmonic model the harmonic potential is replaced by the Morse pair potential [7):

U(R) = D{exp [-2aR-R )] -2exp [ - (R-R )] @®

Where o and D are constants with dimensions of reciprocal distance and energy, respectively,
kp is Bolizmann is constant. The anharmonic contribution causes also a phase change.
Therefore, (0 include the anharmonicity the phase of EXAFS spectra is corrected by :

AD(T) = Zk[AR( ~280 2(—‘ -l)]-ic Ok )
R ¢ 3

Ac’=0%(T) -0 *(T,); AR, = R(T) - R, = 3k,AT/8Da 10

Where o(3) is the therd cumulant [4]
111, RESULTS OF CU

o

Cu has fec structure with the lattice constant of 3.61 A which was used to calculate
the coordinations of the ncighbor atoms. Cu has comparatively large anharmonic vibrations
even at room temperature, but at T=80K no anharmoniccity was measured [8] that is why the
value Tp=100K was used. Debye temperature Ty is temperature - dependent, but for T2100K it
is about constant at Ty= 315K which was used in our calculation. The values y = 2.
18 ; D = 0.3429¢V; w=1.3588"! were token from 17]. All calculated values are called
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harmonic if only the harmonic MSRD was used

0
and called anharmonic if besides the harmonic @ Cu
MSRD the anharmonic contribution was involved. isE e
The anharmonic factor of Cu calculaicd with the -
help of Eq. (6) is proportional to the '?r" shell
temperature and inversely proportional to the o Fate
radius  of the spherical shell (Fig.1). These
qualities are the same in the case of anharmonic ~ 0.05
contribution ‘,ZA calculated with the help of Eq.
(5) and illustrated in Fig.2.Because in our theory 0.00
the single-shell model was used then R, is also 100 300 500 700
the radius of the outer shell that is why the T{K]

above are similar to the ones discovered in a
experiment [1] that the anharmonicity of motion
of crystal atoms increases with desreasing particle
size and with

800

Fig 1. Temperature and shell size
dependence of anharmonic factor

increasing temperature. Certainly, in the case of particle the surface-clfects have

to be included and the anharmonic contribution

—

Cu

—— 15t shell

T = well

with

must be stronger. The anharmonic MSRD have
been calculated with the help of Eq. (5) and
/ compared with the harmonic ones for the first
and the second shell (Fig.3). It shows increasing
of the anharmonic MSRD especially at high
temperature. The calculated anharmonic MSRD

o
value of 091 x 102 A2 for the fisst shell at
the measured onc of 0.876 x

o
100 A2 6] that is why the use «f  persent

W S0 70 80
T[K] theory can  be extended for the rtoom
Fig 2. Anharmon ic contribution to temperature. The  mean = free  path is k-
the MSRD dependent (Fig.4) influencing on the anharmonic
correction of the phase of EXAFS spectra. To
receive o3 (T) (Fig.5) for Cu we 0,085 e S
extrapolated its measured of value 0.13x10-3 Cu pam
(8] according to its proportionlity to the square 0.030] (111t shell , (2)2nd shell /}‘
of temperature [4.6]. The temperature 0085 F  __ parmonie e %“)
dependence of the phase corrections of the ;: 0020} ---- anharmonie
anharmonic EXAFS spectra is included in AR,
and o), while the shell size 5012
dependence is only in the term A02/R, 0010
that is why, the temperature dependence of A$ 0.005
is stronger than its shell size dcpendence. 0000
The harmonic and anharmonic EXAFS spectra 100 300 500 700 900
have been calcilated using muffin-tin potential T(K]

for the absorbing and back scattering atoms.
_ Because extrinsic and losses involve the same
final states , interference between these
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anharmonic onc of the first and
second shell

Fig 3. Comparison of harmonic MSRD with
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processes must also be considered. The intrinsic

losses and interference tend to  compensate
each other, considerably reducing the net
effect of the intrinsic processes alone, these loss =
terms arc simply lumped into a constant
reduction factor S2;, [3]. The major contributtion
to the EXAFS is from the first shell. We
compare in Fig.7 the harmonic EXAFS spectrum
with the anharmonic one for the first shell at T
= 700K. In calculation of these spectra the value
520=0.9 (3] was used. In the EXAFS teehque the
Fourier transfrorm provides structural
information. Fig.8 compares the of Fourier
transform of the harmonic and anharmonic
EXAFS spectra of the first shell at three

temperature. Fig.9. illustrates the damping and

Fig 4. k - dependence of the mean-free path

1.20 the shifting to the right of the anharmonic
{100 Cu EXAFS spectra  with increasing temperature
=" especially at high k-values. Fig7 and Fig.8
E 0.80 show significant differences between the
= 060 barmonic and the anharmonic  case. The
5 behaviors  of calculated anharmonic EXAFS
e 040 spectra (Fig.9) are similar to the ones of the
0.20 measured  results  [9]. Fig.10 shows that our

' " calculated anharmonic result very well with

lHmlml 300 500 700 the measured one and is must better than
T(K] the curve calculated by the harménic code

Fig 5. Temperature dependence of 13). From the above results we can see the

the third cumulant. ity of the anh i i in the

EXAFS spectra calculated by the harmonic
model as well as their temperature and shell size dependence.
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Fig 6. Phase corrections due to Fig 7. Harmonic and anharmonic EXAFS
h icity at three temp spectra of the first shell at T=700K
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Fig 8. Fourier transform magnitudes of
harmoaic and anharmonic EXAFS spectra
of the first shel| at three temperatures
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Fig 10. Comparison of measured fourier

transform

de with the one

by our anharmonic model and by FEFF

IV.CONCLUSIONS

* The anharmonic. €ffects discovered in the measurement of EXAFS of Cu have been
calculated. They arc proportional to the temperature and inversely proportional to the radius of
the shell. The calculated results afrce well with the measured oncs even al room temperature
showing the nccessity of the anharmonic corrections in the EXAFS spectra calculated by the
harmonic model. Including the anharmonic contribution in our model can widen the use of the
famous code FEFF of Prof. John Rehr et al [3] for calculating EXAFS specua at high

temperature.

The author sincerely thanks Mr.L. Troeger for, his providing the measured results of EXAFS

of Cu,,, §3,
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TAP CHEKHOA TOC DHQG TIN. KITIN, £.XI1, n%3-1995

DANIH GIASUPHU THUQC NHIET BO VA KICHT THUSC LGP CUATINH PHI
PIEU HOA TRONG EXAI'S CUA Cu

Nguyén Vin Iling
Khoa vt 15, Dai hoc khoa hoe e nhien-DHQG 1IN

Trong cong trinh ndy ching toi d

cinh gid cie hi¢u ing phi dicu hoa trong phiin cdu tric tinh t& cia
phé hap thy Rom-ghen (EXAFS) ciia Cu véi mo hinh dom I6p. Ciic dnh huéng phi dicu hoa duge tim
thiy 1y I& thudn vai nhiét do va ty 12 nghich véi bin Kinh cia 16p cau. Cdc phé EXAFS phi digu hoa di
duge so sinh vai cic phd dicu hoa vi cho thiy su khic nhau 1o rét gl ching. Cic phd phi dicu hoa
tinh theo mé hinh cia ching 161 & nhidt dd 700K i rit tring véi k€t quin thue nghiém va sy triing hop
niy (6t hon cic phé tinh theo mo hinh dicu hoa rit nhicu,
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