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ABSTRACT. A new procedure for description and calculation of the EXAFS
(Extended X-ray Absorption Fine Structure) cumulants for fec crystals
containing an abitrary number n of dopant atoms hdve been developed.
Analytical expressions for the 1*, 2" and 3™ cumulants have been derived.
They depend on the number of dopant atoms and approach those derived by
anharmonic correlated Einstein model, if all dopant atoms are taken out or
replacing all the host atoms. Numerical results for Cu doped by Ni atoms based
on the Morse potential show significant dependence of thermodynamic
parameters of the substance on the number of dopant atoms and a reasonable
agreement with experiment .

1. Introduction

Cumulant expansion approach has been developed [1, 2] to include
anharmonic effects in the EXAFS procedure. These anharmonic effects are
contained in the first cumulant or net thermal expansion, the second cumulant or
Debye-Waller factors, the third cumulant, and the thermal expansion expansion
coefficient, which are investigated intensively in the EXAFS experiment and theory
[1-14]. It is also very important to study thermodynamic properties of materials
containing dopant atoms [10, 14, 16]. Some investigations for crystals containing
one dopant atom have been performed [10, 14, 16]. But normally more than one
atom can be doped into a crystal. This case can lead to developing procedures for
studying thermodynamic properties of alloys with nano structure which are often
semiconductors containing some components with different atomic sourses. The
effective interatomic potential and local force constant for fcc crystals containing n
dopant atomts have been studied [16].

The purpose of this work is following our previous one [16] to develop a new
procedure for description and calculation of the EXAFS cumulants and other
thermodynamic parameters of fcc crystals containing some (n) dopant atoms, where
one dopant atom [10, 14, 16] is only a special case of this theory. Our development
1s derivation of the analytical expressions for the correlated Einstein frequencies
and temperature, for the 1%, 2" and 3" cumulants, where the host atom is denoted
by the letter H and the dopant atom by the letter D. All these expressions are
different if the number of dopant atoms changes. The results in the case if all the
dopant atoms are taken out or if all the host atoms are replaced by the dopant
atoms are reduced to those derived by using the anharmonic correlated Einstein
model [8] for the pure materials. Numerical calculations have been carried out for
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Cu doped by one or more Ni dopant atoms, and the results are compared to those of
the pure materials and some to experiment deducted from the measured Morse
potential parameters [15].

2. Formalism

2.1. Anharmonic effective potential, local force constant and derivation
of correlated Einstein frequency and temperature

Following [16] the anharmonic correlated interatomic effective potential of a
fee crystal doped by n atoms from another source is given by

VE(x)z%keﬂrx2 +k3,effx3 4o (1)

as a function of the displacement x=r-r, for r and r,being the instantaneous and
equilibrium distances between absorber and backscatterer atoms.
Using the definitions [8] y = x—a, a=(x) Eq. (1) is changed into
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Using the anharmonic effective local force constant Eq. (3) the correlated

Einstein frequency o and temperature 67 are given by
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where kg is the Boltzmann constant.

Morse potential parameters for the case with doping are obtained by an
averaging calculation from those for the host (H) and the doping (D) crystals
expanded to the third order around it equilibrium

-2y p\x - )X 2 2 3

Denoting the equilibrium bondlength of the host atom by r,, , of the doping
atom by r,, and between the host and the doping atom by r,;, and solving the
equation system of averaging procedure, the Morse potential
parameter D,,, characterizing dissociation energy, the Morse potential parameter
&, characterizing the width of the potential, and the equilibrium bondlength
between H and D atoms r,;,, are resulted as
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They will be used for calculation of thermodynamic parameters of crystals in
the doping case.

2.2. Derivation of analytical expressions for EXAFS cumulants

Making use of quantum statistical methods [19] the physical quantity is

determined by an averaging procedure using canonical partition function Z and
statistical density matrix p, e. g.,

<ym>=%Tr(py’"), m=123.. (13)

Atomic vibrations are quantized in terms of phonon, and anharmonicity is the
result of phonon-phonon interaction, that is why we express yin terms of phonon

annihilation and creation operators, a and a*, respectively
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satisfying relations
[6,6"]=1, @' |ln>=Vn+1ln+1l>, dln>=Jnin-1>, (15)

and use the harmonic oscillator state ’n) as the eigenstate with the eigenvalue
E = nha)gD , ignoring the zero-point energy for convenience.

Using the above results for correlated atomic vibration and the first-order
thermodynamic perturbation theory [19] considering the anharmonic term in the
potential Eq. (2) as a perturbation &V due to the weak anharmonicity in EXAFS.

Based on the procedure described by Egs. (13-15) we derived the cumulants
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where p,,Z, are unperturbed quantities and &p, §Zthe perturbations of the
statistical density matrix and the canonical partition function, respectively.

The second cumuland or Mean Square Relative Displacement (MSRD)
describing Debye-Waller factor (DWF) has been derived

o = o ZLTr(poyz)=ZZ" <nly’ln>,z=e%'T. (20)
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Substituting the calculated matrix element, 1. e.,

<nly*In>=(2n+1)o,’ (21)
into Eq. (20) we obtained
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The odd moments <y > and <y3 > have been calculated using the general
expression
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Since < y > contains <n'|y|n > which is different from zero only for n'=n=+1
that is why from Eq. (22) we obtain
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Calculating the matrix elements
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and satisfying the condition Eq. (16) we obtained the 1° cumulant
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Since <y > contains <n |8V |n'><n'|y®|n> which is different from zero only
for n'=n+1, n'=n+3 so that from Eq. (22) we obtained
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We calculated the matrix element
<n| y3 |n+3>= ((J'o)a[(n+1)(n+2)(n+3)]”2 (28)

Substituting Egs. (25, 28) into Eq. (27) we obtained the 3" cumulant as
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Note that in the above expressions a'(()l), or, cr‘()s) are zero-point contributions

to the 1%, 2™ and 3™ cumulants, respectively, and when the doping atoms are
taken from the host material all the above expressions will be reduced to those of
the pure material [8, 20].
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3. Numerical results and comparison to experiment

Table 1: Calculated values of k. and ks of Cu doped by n =0, 1, 4, 8, 10, 13
atoms of Ni compared to experiment [15].

n 0 1 4 8 10 13
koy (eV/A°), present 3.0905 | 3.4451 | 3.5188 | 3.5834 | 3.9221 | 4.0704
ko (eV/A°), Expt[15] | 3.1423 | 3.4415 | 3.5030 | 3.5567 | 3.8379 | 3.9608
kser (eV/A), present | -1.0468 | -1.2018 | -1.2289 | -1.2531 | -1.3524 | -1.4062
kseq (eV/A), Expt.[15] | -1.0841 | -1.2143 | -1.2362 | -1.2560 | -1.3325 | -1.3764

Now we apply expressions derived in the previous section to numerical
calculation for Cu doped by n atoms of Ni. Morse potential parameters for Cu and Ni
have been calculated by procedured presented in [17, 18]. They are used for calculation
of Morse parameters for Cu doped by Ni. The results are presented in Table 1
compared to experiment extracted from the measured Morse potential parameters. The
case n = 0 corresponds to the pure Cu and the case n = 13 to the pure Ni because all Cu
atoms are replaced by the Ni atoms. All they are found to be in good agreement with
experiment extracted from measured Morse parameters [15].

Figure 1 shows temperature dependence of the 1* cumulant or net thermal
expansion a(])(T) of Cu doped by one Ni atom compared to experiment extracted from
the measured Morse potential parameters [15] (@) and by n =0, 1, 4, 13 Ni atoms (b).

Figure 2 illustrates the temperature dependence of the calculated 2™ cumulant &2(r) or

DWF of Cu doped by n = 1 Ni atom compared to experiment extracted from the
measured Morse potential parameters [15] (@) and by n = 0, 1, 4, 13 atoms of Ni (b).
Figure 3 shows the temperature dependence of the calculated 3 cumulant of Cu doped
by one Ni atom compared to experiment extracted from measured Morse potential
parameters [15] (a) and by n = 0, 1, 4, 13 Ni atoms (b). All the above Figures contain
zero-point contributions and satisfy all their fundamental properties, e. g., at high-
temperatures the 1* and 2™ cumulants are linearly proportional to the temperature
and the 3™ cumulant to the square of temperature. They provide a reasonable
agreement with experiment for the case n = 1 doping atom.
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Figure 1: Calculated 1** cumulant o(')(T) of Cu doped by n=1 Ni atom compared to
experiment [15] (a) and by n =0, 1, 4, 13 Ni atoms (b).
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Figure 2: calculated 2™ cumulant o*(T) or DWF of Cu doped by n = 1 Ni atom
compared to experiment [15] (a) and by n =0, 1, 4, 13 Ni atoms (b).
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Figure 3: Calculated 3" cumulant of Cu doped by n=1 Ni atom compared to
experiment [15] (a) and by n =0, 1, 4, 13 Ni atoms (b).

4. Conclussions

This work has developed a new procedure for description and calculation of
the correlated Einstein frequency and temperature, the 1%, 2" and 3" cumulants
for a fcc crystal doped by an arbitrary number n of atoms from another material.

Derived expressions of the considered quantities approach those derived by
using the anharmonic correlated Einstein model for the pure materials which can
be considered as a special case of present procedure. They satisfy all their
fundamental properties and provide a reasonable agreement with experiment
extracted from measured Morse potential parameters.

This method considered for small cluster can be generalized for the whole
crystal so that from the present procedure one can develop a method for description
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and calculation of the thermodynamic parameters of an alloy consisting of different
percentage of constituent elements.
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