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Article info Abstract

Thermodynamic properties and anharmonic perturbation factor of orderly doped metal

Recieved: crystals has described throught by terms of cumulants expansion up to the fourth-order in X-
08/7/2017 . . . .
Accepted: ray absorption fine structure (XAFS) spectra, which have been studied base on anharmonic
03/8/2017 correlated Einsten model. Analytical expressions for dispersion relation, correlated frequency
Einstein and temperature Einstein, and the XAFS cumulant up to the fourth level have been
derived, the first cumulant or net thermal expansion coefficient, the second cumulant or mean
Tir khda: square relative displacement (MSRD) or Debye-Waller factor (DWF) to describe the
Phi diéu hoa, attenuation of x-ray scattering or coherent neutron scattering caused by thermal motion, the
)C(::r};i}ants; third cumulant and the fourth cumulant describe asymmetry for interactive potential of atoms
Nhiét dong; in crystals at high temperatures, thermodynamic parameters and anharmonic perturbation
Tham s6; factor inclusion the anharmonic effects contributions. Derived anharmonic effective potential
Ty lé. includes contributions of all nearest neighbors of absorbing and scattering atoms to take into
account three-dimensional interaction and Morse potential parameters for description single
pair atomic interaction. This research aims further away, the thermodynamic parameters and
cumulants not only temperature dependence but also depend on the ratio of orderly dopants
crystals. Numerical results are found to be in good and reasonable agreement with those of
other theories.
1. Introduction This works had used the anharmonic effective Einstein

To study dependence on temperature and doped ratio potential in XAFS theory [5] to formulate effective force

constant, thermodynamic arameters, anharmonic
of alloys for the cumulants, thermal parameters and Y P

thermodynamic properties of lattice crystals of a perturbation factor and the four first cumulant expressions

substance, we had used X-ray Absorption Fine Structure of doped AgCu crystals inclusion the first cuamulant or net

(XAFS) spectra which it had developed into a powerful thermal expansion coefficient, the second cumulant or

. mean square relative displacement, the third cumulant
probe of atomic structure and thermal effects of 4 p ’ ’

substances [1-10], in which the XAFS functions provide and the fourth cumulant describe asymmetry of atomic

. . . . otential in doped crystals at high temperatures
information on atomic number of each shell, and their p p M & P ’

. . — . . frequency Einstein and temperature Einstein which are
Fourier magnitudes provide information on radius of

atomic shell [4].The thermodynamic parameters and the contained in the XAFS spectra. In this study, AgCu doped

XAFS cumulants up to the third level have been derived crystal which contain a Ag atom called absorbing atom in

. the XAFS process, it is nearest neighbors with host atoms
for pure cubic crystals, and for doped face centered p ’ & W

cubic (fcc) crystals are provided by correlated - and called backscattering atom (Cu). Numerical

anharmonic Einstein model in XAFS theory [3,4,5,7]. calculation for AgCu doped crystal has been carried out to

. . how the th ical effect
However, the high order thermodynamic parameters, show the thermodynamical effects and dependence on

cumulants and anharmonic perturbation factor for Ag doped ratio of fcc crystal under the influence of the doped

atom. The calculated results are in good agreement with

doped by Cu (AgCu) crystals not yet mentioned.
P Y gCw ery Y other theory [5,10,6].
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2. Formalism

The expression of anharmonic XAFS spectra is often
described by [2,3]:

= SIN pexp| 2R Vi 0 exgf aikry + 3 )" t0) (1)
X(k)_kRz F(k)exp( Mk)j[m[e exp| 21kr0+§ o U /N(T) ||,

where S% is the intrinsic loss factor due to may electron

effects and characterise for many particles effects, N is

atomic number of a shell, F(k) is atomic backscattering
amplitude, ®(k) is total phase shift of photoelectron, k

and A are wave number and mean free path of the

photoelectron, respectively, and c(n) (n =1,2,3, 4) are

the cumulants description asymmetric components, they
all appear due to the thermal average of the function
e 2ikr , in which the asymmetric terms are expanded in a
around value R=<r> with r is
bond

scattering atoms at T temperature.

Taylor series

instantaneous length between absorbing and

According to the anharmonic correlated Einstein
model [3, 4], effective interaction between absorbing and
scattering atoms with contributions of atomic neighbors is
characterized by an effective potential, to determine
Debye-Waller factors described in terms of cumulants, it
is necessary to specify the interatomic potential and force
constant. Consider a high-order expanded anharmonic
interatomic effective potential expanded up to the fourth
order

U(x)z %keffxz +k3effx3 +k4effx4 +... (2)

with net deviation x=r—1y, and r is spontantaneous
bond length between absorbing and backscattering atoms,
1, is its equilibrium value, in Eq.(2), k. is effective
spring constant because it includes total contribution of

neighboring atoms, and kg are effective

K3efr
anharmonicity parameters which gives an asymmetry of

the anharmonic effective potential.

The effective potential Eq. (2) is defined based on an
assumption in the orderly center-of-mass frame of single
bond pair of absorber and bacskcatterer [3,5,10]. For

monatomic crystals, the masses of absorber and

backscatter are the same SO

that it is given by:

U, (x)=U( )+22:ZU A RLR.|=U)+20] -2 48U -2 +8U(£j(3)
g\WX)=ULX L\ iy 1Ry | = U > 4 4

where the first term on the right concerns only absorber
and backscatter atoms, the sums extend over their nearest
neighbors, and the second equality is for fcc structure of

Ag orderly doped Cu. Hence, this effective pair potential
describes not only pair interaction of absorber and
backscatter atoms themselves, but also an affect of their
near neighbors atoms on such interaction. It is the
difference of our effective potential from the single-pair
potential [10] and single-bond potential [1,3] which
concern only each pair of immediate neighboring atoms,

e.g., only U(x), without the remaining terms on the right
of Eq. (3). In Eq.(3), R is the unit bond length vector, L
is reduced mass of atomic mass M, (of Ag) and M, (of
Cu), the sum according to 1, is the contribution of

cluster nearest atoms. The atomic vibration is calculated
based on quantum statistical procedure with approximate
quasi - harmonic vibration, in which the Hamiltonian of
the system is written as harmonic term with respect to the
equilibrium at a given temperature plus an anharmonic

perturbation.
p2 P2 1 4
H=_—+Up()=Hy+Ug(a)+8Up(y:  Hy=——+_Key’ “)
2 2u 2

with y=Xx—a, a(T):<x>, <y>=0,where a is the
net thermal expansion, Yy is the deviation from the

equilibrium value of X at temperature T. Use of potential
interaction between each pair of atoms in the single bond
can be expressed by anharmonic Morse potential for cubic
crystals and expanding to four order around its minimum,

we have:

Ug(x)=D(e?* —2¢ ™) » D(71+ a’x? —a’x? +%a4x44..

J (6))

where D is the dissociation energy by U(I‘O ) =-D, and

O describes the width of the potential. In the case
assumption of orderly dopant crystals, we have expression
of the Morse potential formed:

UE(x):Dlz[—l+a122x2 — a3 +%af2x4m] 6)
Morse potential parameters in Eq.(6) have been

obtained by expressions as follow:

2~D1a12+D2a§ 3 ,\,Dlals-'—DZCZZ3 ~D1+DZ (7)
a, = —— o & ——", D, =
D, +D, D, +D, 2
From expressions (3), (6) we have effective
interaction Einstein potential as:
1 8
UL (0)=U, @)+ k" + 80, 0)° ®

Substituting Eq. (6) with x =y +a into (3) and using
Eq. (8) to calculate the second term in Eq. (2) with
reduced mass of pure metals and metals doped:
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M, m M m
1 01 . 1y ~ 2 Moz oy Uiy ~

2up, - (9)
2 2 P 2 2 P

TP

with my is atomic mass number, m_ =93827231MeV/c? 18

mass of a proton in atoms. To calculation of (ﬁlz.ﬁij)

with lattice fcc crystals, applying Morse potential in Eq.
(6) to Eq. (5) and comparing the results to Eq. (4), we

coefficients of the

determine the K.z Kserr Kactr

anharmonic effective potential in terms of Morse potential
parameters.

3 4
2 . S5D,ay, . 17Dpp0q; -
Kerr =5D12a12’k36ﬂ = lj. - Kyepr = ; =

(10)

To derive the analytical formulas of cumulants of the
fce crystals, we use perturbation theory [1,5]. The atomic
vibration is quantized as phonon, with consideration of
the phonon-phonon interaction for taking into account the
anharmonicity, in the classical limit and assumption with

we obtain the cumulants up to third level:

_ L) (1+z)- 1
=) oDy 1) an
)] =<X2>_<X>2 z<X2> _ hog (1+z); (12)

10D},03 (1-2)

30202 2).
0¥ :<X3>_3<X2><X>+2<X>2 B ZOOD;:(F;%z (1 Jr(llgzz;rzz )’ -

and the fourth-order cumulant have been decided by:
0(4) = <x4 > - 4<x3 ><x> - 3<x2 >2

The calculation <x4> is analogous to the one <x>

2

—12<xz><x>2 —6<x>4 ~ <x4>—3<x2> >

in Eq.(11), and using <x2> from Eq.(12) we obtain

2
3<x2> . Substituting these values in to o™ and using

the phonon momentum conservation in the first Brillouin
zone, the fourth cumulant in terms of Morse parameters
has results as:

S _ 1377°0}10™* (1+2)° .
4Dhat, (1-2)°

(14)

—Bhog -0, /T

in Egs.(11-14), z=¢ =€
variable and determined by the Einstein temperature

is the temperature

ho . .
0p =—L  with kg is Boltzmann’s constant. The total
B

MSRD (Mean Square Relative Displacement) is described as
the sum of the harmonic term o> and the anharmonic

contribution ci [3,4] which in the present theory, we have:

36

om (M =c>(T) +05(T);  oA(T)=B(T)c>(T) (15)

2

where o~ is calculated using Eq. (12) and the

anharmonic factor 3 is given by:

15 4 2
ﬁ(T)=7a12262[1+§a1262[1+§a1262ﬂ (16)

which is defined based on the second cumulant ¢ and
R is the first shell radius. Anharmonic perturbation
factor OUg(y) has determined form:

ap@-x°
4

(17)

8Ug (y) = 5Dppa2, [a(a —x) -

Anharmonic perturbation factor oUg(y) dependence

T temperature and net deviation X .
3. Comparison

We applied the expressions which is derived in the
previous section to numerical calculation for orderly
mixed crystal is AgCu. According to Morse potential
parameters for pure Ag, Cu crystals have been known
[3.4.,8], we calculated parameters D, and o}, to shown

on Table 1.

Table 1. Morse potential parameters values for crystals

Crystals Dy, (eV) a,, (A—l )
Ag-Ag 0.3323 1.3690

Cu-Cu 0.3429 1.3588

Ag-Cu 0.3376 1.3638
Substituting D,,, O, thermodynamic parameters

from Table 1 into Egs.(9, 10) with Boltzmann’s constant
k, =8.617x10° VA", Plank’s constant 7=6.5822x10"'%eV s,
we calculated values of the ko Ksere, kaetr coefficients of
the anharmonic effective potential in terms of Morse
potential parameters according to Table 2.

Table 2. Anharmonic effective parameters values

Crystals k off (N/m) k3eff k deff
Ag-Ag 3.114 1.0657 0.5669
Cu-Cu 5.0648 1.0458 0.5535
AgCu 3.1397 1.0705 0.5673

Other thermodynamic parameters as reduced mass
Uo, correlated Einstein frequency p and Einstein

temperature O according to Table 3.

Table 3. Thermodynamic parameters values |, ®g , O

Crystals  peV/A%s?)  op(10P¥Hz)  Op(K)
Ag-Ag 0.5623.10726 3.3933 176
Cu-Cu 0.3310.1072¢ 3.0927 236
AgCu 0.4166.1072° 2.7453 209
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Substituting values of thermodynamic parameters
from Tabs. (2, 3) into Egs. (11-17), we received the

expressions of cumulants, anharmonic factor and

anharmonic  perturbation factor to describe the

dependence on temperature and doped ratio of orderly
of cumulants and thermal

compounds expansion

coefficient, anharmonic perturbation factor.

The firzt cumulant

1000

&0 o
Compound ratio

Figure 1: Dependence on the temperature and compound

ratio of the first cumulant o (T)

The s econd cumulant or DUYF

Compound ratio

Figure 2: Dependence on the temperature and compound

ratio of the second cumulant o2

I
EEES '

The thirst cumulant

Compound ratio

Figure 3: Dependence on the temperature and compound

ratio of the third cumulant 0(3)(T)

Figure 1 illustrates the dependence on temperature and
doped ratio of the first cumulant o (T) or net thermal

expansion and Figure 2 illustrates the dependence on
temperature and doped ratio of our calculated anharmonic

contribution the second cumulant o' (T) or the mean

square relative displacement (MSRD) of AgCu orderly
mixed crystal. Figure 3 illustrates the dependence on
temperature and doped ratio of the third cumulant

6(3)(T) of AgCu crystal. According to this theoretical

results, the form of graphs of o (M), c? (1), 0(3)(T)

have the style similar to that of the line that depicts the
dependence on temperature of the pure crystals of
cumulants in other theories [5,6,10] and varies with the
rate of conversion from copper (Cu) to silver (Ag)

crystals. For c(l)(T) (Figure 1), at OK we have
o(Cu)=0,00244"; o"(AgCu)=0,00214" with 50%
atomic number ratio of Ag-Cu and " (4g)=0,00184°,

ie the first cumulant or net thermal expansion coefficient
values are reduced evenly, that mean, at 0K temperature
pure silver crystals are more stable than silver crystal
doped with copper and are more stable than pure copper
500K o (Cu)=0,00294°,
and 5" (4g)=0,00204°, that

mean o"(4gCy) with 50% atomic number ratio Ag-Cu

crystal, at temperature

oV (4gCu) = 0,00254°

crystals is reduced 13,79% comparison with & (Cy) the
pure cupper crystal, and o (4g) is reduced 20%
comparison with & (4gCy), at 1000K temperature
o"(Cu)=0,00484°, 0" (A4gCu)=0,00374°
0"(4g)=0,00304°, that mean 50 (4gcy) With 50%

and

atomic number ratio Ag-Cu crystals is reduced 22,9%
comparison with " (Cy) the pure cupper crystal, and
reduced 18,92% with

' . :
oV (4g) s comparison

o (A4gCu). We notice, alloys with larger copper ratios
will be less durable than silver alloys with higher silver
ratio. When temperatures from 500K to 700K, the first
cumulant of AgCu (50-50 compound ratio) decreases
slowly but when the temperature reaches 1000K, the first

cumulant decreases faster, so that alloys with greater
silver ratio will be more durable at 500K-700K.
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Figure 5: Dependence on the temperature and compound

ratio of thermal expansion constant Ol

For the second cumulant or Debye-Waller factor
c? (T) (Figure 2) to describe the attenuation of x-ray

scattering or coherent neutron scattering caused by

thermal motion. At 0K we have
0. (Cu)=0,1049x107(4°)*; o (AgCu) =0,0910x107(A4°)’
with  50%

ol(Ag)=0,0809x107°(4°)*, and at 500K we have

atomic number ratio of Ag-Cu and

o 2(Cu )= 0,122 x10 (A4°)%;
o, (AgCu ) = x10 7 (4°)?,
ol(Ag)=0,0899x107(4%)> and at 1000K we have

0,1054 and
o (Cu)=0,2106 x10 *(A4°)*;
ol (AgCu ) =0,1628 x10 *(4°)’
o2(Ag)=0,1324 x107(4%)?. So that at 0K, when Ag

and

crystal ratio increase comparison with Cu crystal in
compound, the attenuation of x-ray scattering (the second
cumulant or Debye-Waller factor) is decreased 13,25%
and only decrease 11,1% from AgCu ratio 50% to pure
Ag crystal, at 500K the attenuation of x-ray scattering is
strongly reduced to 18,42% and less decrease with

38

14,71% from AgCu atomic number ratio 50% to pure Ag
crystal, and very strong decrease 22,7% and 18,67%,
respectively, at 1000K temperature. Meaning that the
scattering attenuation of x-ray is smaller.

For the third cumulant (T) (Figure 3) and fourth

cumulant oY (T') (Figures 4) shows contribution in to

phrase shift of XAFS spectra very strong at hight
temperature comparing to the low temperature, that mean
calculation expressions in this work agreement with other
theories. At the same time, when ratio of Cu crystal is
greater than of Ag crystal in compound, which makes the
phase shift dramatically strongly change (Figure 3).

The temperature dependence of the four cumulant
c(T) (Figure 4) calculated using Eq.(14) for Ag, Cu
and AgCu agrees well with experiment not only 500K and
700K but also at 77K [3,7]. Hence, the present classical
theory can be applied to the third and four cumulants of
fcc crystals from the temperatures which are much lower
than their Einstein temperature. The reason of the above
conclusions is attributed to the absent of zero-point
vibrations, wich are non-negligible for the cumulants
o1 62, and negligibly small for ¢® and ¢* cumulants,
this is quantum effects. At high temperatures, the
cumulants ® o2 are linear proportional to the T

temperature, and the third cumulant <®, &® is

T2, T,
respectively. Figure 5 illustrates the dependence on

proportional to the square temperature

temperature and atomic number ratio of net thermal
expansion constant Oty of Ag, Cu and AgCu in our

calculated, they have the form of specific heat, thus
reflecting the fundamental of solid state theory, that the
thermal expansion is the result of anharmonic effects and

is also proportional to specific heat, and O factor

approach constant values at high temperatures and it is
approximate zero at low temperature, thus agree with

classical theory and other theories [5,6,10].
4. Conclusion

A new analytical theory for calculation and evaluation
of the thermodynamic properties of AgCu crystals has
been developed based on the quantum statistical theory
with  the
developed for the orderly doping fcc crystals. The

effective anharmonic Einstein potential

expressions for the thermodynamic parameters, effective

force constant, correlated Einstein frequency and

temperature, the cumulant expansion up to the fourth

order, thermal expansion coefficient, anharmonic
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perturbation factor and anharmonic factor in anharmonic
XAFS spectra of AgCu crystals including orderly doped
crystals agree with all standard properties of these
quantities. The quantitive calculation for the orderly
doping crystals has the same form as for the pure crystals
themselves.

The well agreement between the results of calculated
theory and the other theories demonstrates possibility that
is may be used the present developed theory in XAFS

data analysis.
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Tir khoa:

duoc mo ta qua viéc khai trién cac cumulant t6i bac 4 trong phd cau tric tinh t& ciia hap thy tia X
(XAFS), qua nghién ciru dva trén co sé mé hinh Einstein twrong quan phi diéu hoa. Céc biéu thirc
giai tich vé su tan sic tuong quan, tin sd va nhiét d6 twong quan Einstein, cumulant bic 4 ciia phd
cAu truc tinh té hép thu tia X da duoc xac dinh. Cumulant bac 1 hay hé s6 gian no nhiét mang,
cumulant bac 2 hay do dich chuyén twong dbi trung binh toan phuong (MSRD) hay hé sb Debye-

Waller (DWF) dd mo ta su suy giam ciia tin xa tia X hay tan xa notron két hop gay ra do chuyén

Phi diéu hoa;
XAFS;
Cumulants;
Nhiét dong;
Tham s6;

Ty l¢;

dong nhiét. Cumulant bac 3 va cumulant bac 4 mo ta sy bét ddi xung cla thé tuong tac clia cac
nguyén tir & nhiét do cao, cac tham s6 nhiét dong va hé $6 nhidu loan phi diéu hoa bao g@)m cac
dong gop cua anh huong phi didu hoa. Pa xac dinh duoc thé hidu dung phi didu hoa bao gdm cac
dong gop cua cac nguyén tir hip thu va tan xa gin nhit dugc tinh toan theo twong tac ba chidu va
céc tham s thé Morse mo ta twong tic nguyén tir don cip. Muc tiéu xa hon ctia nghién ciru nay 1a

céc tham sd nhiét ddng va cac cumulant khong chi phu thudc vao nhiét d6 ma con phu thudc vao

ty 1¢ ciia céc tinh thé pha tap c6 trat tu. Cac két qua tinh toan sb phii hop vé6i nhing két qué ciia cac

phuong phap ly thuyét khac.
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