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Abstract: A new procedure for calculation and analysis of thermodynamic and
correlation effects of bee crystals under influence of dopant atom in the X-ray
Absorption Fine Structure (XAFS) has been developed. Analytical expression
for the Displacement-displacement Correlation Function (DCF) C; has been

derived based on the derived Mean Square Relative Displacement (MSRD)

o’ and Mean Square Displacement (MSD) u20f bee crystals containing dopant
atom. Numerical calculations have been carried out for Fe doped by W and by
Cr atom. They are found to be in good agreement with experiment.

1. Introduction

Thermodynamic effects of atomic vibration have been oft studied by the XAFS
procedure because the emitted photoelectron is transferred and scattered in the

vibrating atomic environment before interfering with the out going photoelectron.

. : 2k
Therefore, it is necessary to take a thermal averagmg(a' R’>of the photoelectron

function leading to the Debye-Waller factor DWF =¢ "7 where k is the wave
number. Since this factor is meant to account for the thermal vibrations of the
atoms about their equilibrium sites R(/)., someone assume that the quantity 0”2. 18
identical with the MSD [1]. But the oscillatory motion of nearby atoms is relative so

that including correlation effect is necessary [2-6]. In this case O'f is the MSRD

containing MSD and DCF. The doping effects have been investigated to compare the
XAFS results to the Mossbauer studies [6] and to consider their influence on the
XAFS cumulants of fee [9] and bee [10] crystals.

The purpose of this work is to develop a new procedure for calculation and
analysis of the DCF (Cy), the MSD (u?) for atomic vibration in bece crystals under
influence of dopant atom. Expressions for these quantities have been derived. The
effective interaction potential of the system has been considered by taking into
account the influences of nearest atomic neighbors based on the anharmonic
correlated Einstein model [4]. This potential contains the Morse potential
characterizing the interaction of each pair of atoms. Numerical calculations have
been carried out for Fe doped by W and by Cr. The calculated 1*,c?, Cr and
ratios CR/uz, CR/O’2, which are oft studied in XAFS technique [2], of these crystals

have been analyzed. They are found to be in good agreement with their
experimental values deducted from the measured Morse potential parameters [7].
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2. Formalism

In this investigation for XAFS process we consider the dopant (D) atom as
absorber and the host (H) atom as scatterer so that we write the XAFS function in
the form

2=20(**); A=R-(ug-u,), R=R/R

; (1)

where u; and u, are the scatterer or host atom and central-atom displacement,
respectively.

To valuate Eq. (1) we make use of the well-known relation [11]

. ~2k2(A2 2.2
<€2IkA> —e < > =€_2k o) (2)
to obtain Eq. (1) in the form
L= Z()C’—Zk-a_ ’ (3)
so that the thermal vibration effect in XAFS is defined by o?.
For crystals containing doping atom by using Eq. (1) the MSRD is given by
2 _[A2\_ 2 2
g —<Aj>—llA+HS—CR. (4)

Here we defined the MSD function for dopant (D) as absorber (A) u> and for the

host (H) atom as scatterer ui having a dopant as nearest neighbor as

ui =<(uA R)2> , ug =<(u5 R)2> : (5)

so that the DCF is given by
CR=2<(uAvﬁ)(us-ﬁ)>=zli+14§~0'2 (6)

It is clear that all atoms vibrate under influence of the neighboring
environment. Taking into account the influences of the nearest atomic neighbors
the anharmonic effective interaction potential for singly vibrating atom is given by
(ignoring the overall constant):

- for absorber (A):

~ - |
U;}f (x)= Z}UH,)(A'R“, 'Rﬂj) :5k‘f}7.x2 +Ex e, x= r—r,, (7
J:
- for scatterer (S):
7
. : - 1

Uej‘]‘ (x)=Upp (x) + 2Uy (XRm 'an) = Ekt‘,}xz thyxt 4o, (8)

Jj=1

¥ith r and r, as the instantaneous and equilibrium bond lengths between absorber
ind backscatterer, respectively.
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By using the definitionsy=x-a , a= (r— r(,), we obtain Egs. (7, 8) in the form

1 : i .- 3 .

A oA 2 .41 S (LS 2, .53
Applying the Morse potentials expanded to the third order about its minimum

2a x —a, x
Uyp(x) =Dy (“ St e m” ) = D('l +appx’ —appx’ + ) , (10)
2a x i
Uy(x)=Dy (c’ it _2e “H")ED(—l+a,2,x2—a;x3+---), (11)
, \172
DHD‘_’Ma D = Dpap +Dyai , (12)
2 Dp+Dy

for Eqs. (7, 8) we obtain the effective local force constants 4, and the cubic

anharmonic parameters k, for the absorber (A) and for the backscatterer (S)

4 16 2 2 ;
k:[f E"},_DHDGIID =M pwp, kJA =—2D,,,)a;,,_,, (13)
' P 5)
kf/f = 2[DHDO’JID +§DHafJ J = Ms‘”é ) k.iY = _(DHDa:iD + Dlla?/ ) (14)

Using Eqgs. (13, 14) we calculate the Einstein frequencies and temperatures
for absorber and backscatterer

16 )
W, = Dyps@tiyn , 8,=hw,lkg, (15)
A J}MA HD" HD A A B
' 2 5 2
wS=\/2[DHDQHD+§DH0H)/MS y Bszh(l)s/ka, (16)

where kjy is Boltzmann constant, M, and Mg are the masses of absorber and
backscatterer.

The atomic vibration is quantized as phonon, that is why we express yin

terms of annihilation and creation operators, a and a”, 1. e.,

. , ho,
yEaO(a+a+), da; =——% , (17)
2k o7

and use the harmonic oscilator state ln) as the eigenstate with the eigenvalue

E, =nhw ¢, ignoring the zero:point energy for convenience.

Using the quantum statistical method, where we used the statistical density
matrix Z and the unperturbed canonical partition function p,

an

n 1 -
Z=Trp, =Y expl-nfho, )= 20 = L B=1k,T, z,g=e """ (18)

1-2

n n=0 “AS
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to determine the MSD function

ui‘s =<y2)z%Tr(poyz)=%Zexp(—nﬁhmeanyzln) =

= 2031-2, )Y e -

n

(19)

ha‘)A'S 1+ZA,S

Zkej]ls I~ 245

From Eqs. (13, 14, 19) we obtain the MSD for bee crystals containing dopant
atom for absorber and backscatterer

l1+z Jhw y
wiEui T e T (20)
1-z, 32Dypay
1+z 3hw _a.
ug =u_81 g , U = A , zg=e T, (21)

4(DHDa,2,D +§D,,a,2,)

In the crystal each atom vibrates in the relation to the others so that the
correlation must be included. Based on quantum statistical theory with the
correlated Einstein model [4] the MSRD function for bee crystals including dopant

atom has been calculated using the procedure presented in [10] and they are given
by '

P s (1+2) ol = hog ’ (22)
(I-2) 2 ; 5 2
4 Dypapp| 1+ +—Dyay
) 172
D = 2 Dypa i,D 1+i’Si +iDHaf, , (23)
7, 3 12
) 1/2
h |2 Sk 5
Op ~—{Z|D, a? |1+204 +—D,a? ; 24
E ks {/1[ HD HD[ 3 J 13 H%H (24)
My M, M _
/J=—D‘H_? Ky =_H“9 y 2 =€ QE/T: (25)
Mp+M, Mp+My,

vherew, , 6, are the correlated Einstein frequency and temperature, respectively.

From the above results we obtained the DCF Cr, the ratios C, /u2 and ¢, /o>

" (I'*'ZA) 0(]+Z.s') 2(l+2)
Cp=u, m*‘“sm-% (]—_z—), (26)

(l+zX]—zA)

Cr 1440 ug (1+-’.x-)(1-z,a)_0_§ ‘ 27)
uf (1—2X1+2A)’

“_j_ '\E(I‘ZA\'X“'ZA)



30 Nguyen Van Hung, Ho Khac Hieu, Nguyen Cong Toan

Cp 9, |+z4)(] ) l+z X] )
- - +— (28)
ol 0'5 —z4Xl+z) 5 -2y Xl+.. )

If the dopant atom is taken from the host crystal, 1., e

the above obtained results will change into those for the pure bec crystals [12]

kA=kS=kEj] ?Da ksAsz-g:k3=_2Dal, (30)

uz =u2 =u2: how 1+Z= 3ho l1+z . (31)
e 2k 1=z 32Da’ 1-:2

3. Numerical results and comparison to experiment

Now we apply the expressions derived in the previous section to numerical
calculations for Fe doped by W and by Cr. The Morse potentials for Fe doped by W
and by Cr have been calculated using the Morse potential parameters D and @ of

these crystals computed by using our procedure presented in [8]. They are shown in
Figure 1 in a good agreement with experiment [7]. The temperature dependent
values of u’,u},o?, C, have been calculated and the results are presented in

Table 1. Figure 2 illustrates the temperature dependence of our

Table 1: Calculated values of w2, u}l, ok, ,Cg“ for Fe doped by W compared to
experimental values of 03"" CR [7] at different temperatures.
T(K) | «}(10%4% | u5(1074%) | o2, (10789 | o), (1024%) | C (107%A%) | €5 (10?4
30 0.09 0.19 0.26 0.25 0.02 0.02
50 0.10 0.19 0.26 0.26 0.02 0.02
70 0.11 0.20 0.28 0.28 0.03 0.03
100 0.14 0.22 0.32 0.32 0.04 0.04
150 0.19 0.28 0.41 0.40 0.06 0.06
200 0.24 0.35 0.51 0.50 0.08 0.08
250 0.30 0.42 0.62 0.61 0.10 0.10
300 0.36 0.50 0.73 0.72 0.12 0.12
350 0.41 0.57 0.84 0.83 0.14 0.14
400 0.47 0.65 0.96 0.94 0.17 0.17
450 053 073 1.07 1.05 0.19 0.19
500 0.59 0.81 1.12 1.08 0.21 0.21
550 0.64 0.88 1.30 1.27 0.23 0.23
600 0.70 0.96 1.41 1.38 0.25 0.25
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calculated MSRDo*(T), MSD w}(T) and u2(T) showing o? >ul >u?} especially at
high temperatures. The temperature dependence of our calculated DCF C,(T) for
Fe doped by W and by Cr is presented in Figure 3. The functions MSRD, MSD and

DCF contain zero-point contribution at low temperature and are linearly
proportional to the temperature at high temperatures. The temperature dependence

of the ratios C, /u% and C,/c? for Fe doped by W are shown in Figure 4. They have
the same form as for the pure bee crystals [12] satisfying the same properties
obtained by the Debye model [2]. They increase fastly at low temperatures and
approach a constant values at high temperatures (about 36% for C, /u? and 18% for

Cu/c?) taking from our calculated correlated Einstein temperature 6, =217k .

These results denote the significant rate of the correlation effect in atomic
vibration. Our calculated quantities shown in Table 1 and in Figures 2 - 4 are found
to be in good agreement with the experiment [7]
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Figure 1: Calculated Morse potentials for Figure 2: Calculated MSRD and MSD for
Fe doped by W and Cr compared to Fe doped by W compared to experiment [7].
experiment [7]
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Figure 3: Calculated DCF for Fe doped by Figure 4: Caleulated C,/u} and C, /o>
W and by Cr compared to experiment [7]. for Fe doped by W compared to

experiment [7].
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4. Conclusions

In this work a new procedure for study of the thermodynamic and correlation
effects in the atomic vibration of bce crystals under influence of a dopant atom in
XAFS has been developed. Analytical expressions for the effective local force
constants, the DCF (C,), the MSD for the dopant as absorber («%) and for the

scatterer as host atom (u}) containing a dopant atom as nearest neighbor and the

ratios C,/u’, Cp/c’ have been derived based on the anharmonic correlated

Einstein model.

Obtained expressions of the mentioned thermodynamic functions show their
fundamental properties in temperature dependence. The functions C,, u,uz, o’

are linearly proportional to temperature at high-temperatures and contain zero-
point contributions at low temperatures. The ratio C,/u} accounts for about 36%

and the ratio C,/o*about 18% at high-temperatures.

Our developed theory for the doping bece crystals contain the one for the pure

materials as a special case when the dopant is taken away. The result o2 >u} >u’

shows the role of location of the dopant (as the central or as the neighboring atom)
and the correlation effect in studying atomic vibration.

The agreement of our calculated values with experiment shows the efficiency
of the present procedure in studying thermodynamic parameters and correlation
effects of bee erystals under influence of dopant atom.
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