
VNU. JOURNAL OF SCIENCE, Mathematics - Physics, T.XXI, N04, 2005

THERMODYNAMIC AND CORRELATION EFFECTS IN ATOMIC 
VIBRATION OF BCC CRYSTALS CONTAINING DOPANT ATOM

N g u y e n  V an  H u n g , Ho K h ac  H ieu  a n d  N g u y e n  Cong T o a n

Department o f  Physics, College o f  Science, VNƯ Hanoi

A b stra c t: A new procedure for calculation and analysis of thermodynamic and 
correlation  effects of bcc crysta ls  under in fluence of dopant atom  in the X-ray 
Absorption Fine Structure (XAFS) has been developed. Analytical expression 
for the Displacement-displacement Correlation Function (DCF) CR has been

derived based on the derived Mean Square Relative Displacement (MSRD)
2Ơ2 and Mean Square Displacement (MSD) u of bcc 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. I n t r o d u c t i o n

Thermodynamic effects of atomic vibration have been oft studied by the  XAFS 
procedure because the em itted photoelectron is transferred  and scattered  in the 
vibrating atomic environm ent before in terfering with the out going photoelectron.

Therefore, it is necessary to take  a therm al averaging ị e ^ ki<J  ̂of the  photoelectron

function leading to the Debye-Waller factor DWF = e ' whe r e  k is the wave 
number. Since this factor is m ean t to account for the therm al v ibrations of the 
atoms about their equilibrium sites R °ị, someone assum e th a t  the quan tity  Ơj is

identical with the MSD [1]. But the oscillatory motion of nearby atom s is relative so 
th a t  including correlation effect is necessary [2-6]. In this case ơ 2ị is the  MSRD

containing MSD and DCF. The doping effects have been investigated to compare the 
XAFS results to the M ossbauer studies [6 ] and to consider their influence on the 
XAFS cum ulants of fee [9] and bcc [10] crystals.

The purpose of th is  work is to develop a new procedure for calculation and 
analysis of the DCF (Cfl), the MSD (u2) for atomic vibration in bcc crystals under 
influence of dopant atom. Expressions for these quantities  have been derived. The 
effective interaction potential of the system has been considered by tak ing  into 
account the influences of neares t  atomic neighbors based on the  anharm onic 
correlated Einstein model [4]. This potential contains the Morse potential 
characterizing the in teraction  of each pair of atoms. Numerical calculations have 
been carried out for Fe doped by w  and by Cr. The calculated It2f ơ 2 y CR and 
ratios CR l u2 , CK/ ơ 2 , which are oft studied in XAFS technique [2], of these crystals
have been analyzed. They are  found to be in good agreem ent with their 
experimental values deducted from the m easured Morse potential pa ram ete rs  [7].
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2. Form alism

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

X = Xo(e2ikA) ■, A = R . ( u 5 - U/4) , R = R /|R |, (1)

where uv and are  the scatterer  or host atom and central-atom  displacement 
respectively.

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

(2)
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to obtain Eq. (1) in the form

* = Z„e~2kW , (3)

so th a t  th e  th e rm a l v ib ra tio n  effect in  XAFS is defined  by Ơ 2 .

For c rysta ls  containing doping atom by using Eq. (1) the  MSRD is given by

<t2=(a ?) = „2+„2_Cr (4)

H ere we defined  th e  MSD function  for d o p an t (D) as  ab so rb e r (A) u] an d  for the  

host (H) a to m  as s c a tte re r  U2S hav ing  a dopan t as n e a re s t  ne ighbor as

uA = ( Ặ u A - ^ f y  » 5 = ^ ( u s - R ) 2^  (5)

SO th a t  th e  D C F is given by

Cr t = 2 ( K - R ) ( u S -R ) )  = i' ỉ +M5 - ơ'2 (6)

^  clear th a t  a11 at0ms vibrate under influence of the neighboring 
environm ent Taking into account the influences of the neares t  atomic neighbors 
the  anharm onic  effective interaction potential for singly v ibrating  atom is given by 
(ignoring the  overall constant):
- for absorber (A):

u eff M  =  s  V H1) (-*R o i • R ( ) ;) =  ị keffỵ2 + k *X* + • ■ • , X = r -  r0 , (7 )J—I z
• for sca t te re r  (S):

m th  r an d  r„ a s  th e  in s ta n ta n e o u s  an d  equ ilib riu m  bond len g th s  betw een  ab so rb er 
ind backscattere r , respectively.
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By using the definitions V = X -  a , a = (r -  r()), we obtain Eqs. (7, 8) in the form

Applying the Morse potentials expanded to the th ird  order about its minimum

(10)^ H, M)  = DHD[e~2a'">x -2e~a"»x]j = D( - l  + a 2HI)x 2 -a ịn X *  +•■•), 

UH(X) = Dh [e~2a"x -  2e~aHx Ị s  d (-1 + a ị x 2 -  a ị x '  +•••),

Dn + D ftf) — _—_'__—— (V —u  HD ~ > ư HD
Dna n + D u Ơ

1/2
Du D 3 __H_ H

\ Dd + d h

(11)

(12)

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

anharm onic pa ram eters  ky for the absorber (A) and for the backscatterer (S)

keff -  — DHDa~HD -  M dù) 2d , -  2DHDa HDi

^HDa i w + T ^ H a H -  M s ^ ị  , ky = - ( d  HDơ]fD + D //Ơ/3/) .
* )

(13)

(14)

Using Eqs. (13, 14) we calculate the E instein  frequencies and tem pera tu res  
for absorber and backscatterer

16
DHDa HD > ~ h(0A

* S = J  2 DHDa HD + T  DHa H / M s  , ớ £ — hco£  / k ỊỊ J

(15)

(16)

where kB is Boltzmann constant, M A and M s are  the m asses of absorber and 
backscatterer.

The atomic vibration is quantized as phonon, th a t  is why we express in 

terms of annihilation and creation operators, a and a +, i. e.,

hco(» ~ + \  2 _  ỉ ư o A,sma0[a + a j, aị =— T s
ZKcff

(17)

and use the harmonic oscilator s ta te  I A?) as the eigenstate  with the eigenvalue 

£„ = nhcoA s , ignoring the zero:point energy for convenience.

Using the quan tum  sta tis tica l method, where we used the statistical density 
matrix z  and the unpertu rbed  canonical partition  function p {)

z  = Trpo = ^ Qxp{~nf i hú)AtS)= ^ JzA,s =---------’ /3 = \ I k BT , Z A S  = e ° ' s 1 , (18)
n ' /1=0 l ~ Z A,S



to determine the MSD function

“i s  = ( y 2) * J  Tr(p0y 2 )= I  £  exp(- nphcoA S x»|^2|«) =
n

= 1 a 2ữ{ \ - z A S)ỵ^( \  + n) z nAS = 
n
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hcửA,S \ + ZA,S

K 5 l ~ z™

(19)

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

u2 -  ,ắ0 Ỉ + ZA 0
A ~ A 71---- ’ A =1 - z  A

'bhcủ

2 0 l + *s 0
7—  > usl - Zc

us =us

HDa HD

IhcOc

■, ZA = e ■9A IT

DfiDa HD + ~Df ỉa H
Z o  = e ~ ớx / T

(2 0)

(21)

J v he l rystai each at0m vi brates in the relation to the o thers so th a t  the 
correlation m ust be included. Based on quan tum  sta tis t ica l theory with the
correlated Einste n model [4] the MSRD function for bcc crystals including dopant
a t m has been calculated using the procedure presented in [10] and they are given

2 2 (1 + z) 2
~ ơ - — —  . o 0 =

hú)
(1-z)

HDU HD 1 + 5 K H
(22)

* 1 +
2 > 
H + —  ĐHa ị  

12 w H

1/2

(23)

0£ ^ H D a  HD 1 +
1/2

/* =
m d m h

’ k h ~
M

J _ 9
+ — Duccjj 

12

, , z  = e-d* IT

(24)

(25)M d + M h " M D +M H

v h e re » £ , #£ are  the  correlated E instein frequency and  tem pera tu re , respectively. 

From the above resu lts  we obtained the DCF c „  , the  ratios c ,  /„> and c ,  / a 1

c * - 5& - Ỉ  Ế z i - ' Ỉ Ế 3 .

£ ệ - = Ị + u ° ! ỉ i | L i z .v X1 -  ^ ) °~0 0 + j o  -  z,4) 
«3 ■ «5 (l-z.sXl + r J  u 0 ( l - z)(i + z J ’

(26)

(27)
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o  ) I (28)
CT2 < J q  0 - z A l + Z  1  ơ l  0 - Z.vX1 + 2 )

If the dopan t atom is taken  from the host crystal, i., e.,

Dh d= d h = d > a HD=a H = a > (29)

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

 ̂A - k s  ~ kejj -  Dữ~\ kĨA =k3S = &3 -  -2Da , (30)

2 1 2 ho) 1 + z 3 hco 1 + z /Q1\u ế =u%-u  = — --------= -------- ;------ . \Oi)1'eff
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A s " 2 k \ - z  32D a 2 l - z

3. N u m erica l resu lts  and com parison  to exp er im en t

Now we applv 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 C r h av e  been  ca lcu la ted  u sin g  the M orse p o ten tia l p a ra m e te rs  D and  a  of 
these crysta ls  computed by using our procedure presented in [8]. They are shown in 
Figure 1 in a good agreem ent with experiment [7]. The tem pera tu re  dependent 
values of u] , uị  , Ơ2 , CR h ave been calculated a n d  the results  a re p resen ted  in
Table 1. Figure 2 i l lu s tra tes  the tem pera tu re  dependence of our

T a b le  1: C alculated  values of u] , uị , ơ)ak , c ỵ ’c for Fe doped by w  compared to

(7 2 cex pexperim enta l values of exp, R [7] a t  different tem peratures.

T(K) ^ ( 1 0 2Ẳ2) uị  (10-2Ẳ2) °ỉ„,c (lO^Â2) < , ( 1 0ZẲ2) CcRak (10 2Ẳ2) r " p( i o 2Ẳ2)

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
4-50 0 53 0.73 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 M S R D ^ r ) ,  MSD u ị(r)  and „ị(r) showing o > > u ị> u \  especially a t  
high temperatures. The tem pera ture  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 
UCi contain zero-point contribution at low tem pera tu re  and are  linearly 
proportional to the tem pera ture  a t  high temperatures. The tem pera tu re  dependence 
of the ratios c„ / u] and CH/ ơ 2 for Fe doped by w are  shown in Figure  4 . They have

f a T u f0rT  !°r  the  pu re  bcc crysta ls  t12J sa ti s fy ing  the  s a m e  p roper t ie s  
obtained by the Debye model [2], They increase fastly a t  low tem p era tu re s  and
approach a constant  values a t  high tempera tures  (about 36% for c,f I u\ and  18% for

c  I f  / Ơ ) taking from our calculated correlated Einstein tem pera tu re  9; =2\1 K
These results denote the significant rate  of the  correlation effect in atomic 
vibration. Our calculated quanti t ies  shown in Table 1 and in Figures 2 - 4 are  found
to be in good agreement  with the experiment  [7]

Figure 1: Calculated Morse potentials for Figure 2: Calculated MSRD and MSD for 
doped by w  and Cr compared to Fe doped by w compared to experiment  [7],

Ĩ .  nalCULated DCF f0r Fe d0ped by Figure 4: Calculated CR lu \  and c „ / a 2
w  and by Cr compared to experiment  [71. F T ?  J 1 , , ,

lor Pe doped by w compared to
experiment  [7],
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4. C o n c lu s io n s

In th is  work a new procedure for study of the thermodynamic and  correlation 
effects in the  atomic vibration of bcc crystals under  influence of a dopant  a tom in 
XAFS has  been developed. Analytical expressions for the effective local force 
constants ,  the  DCF ( C R), the MSD for the dopant as absorber ( u \ ) and  for the 

sca t te re r  as host  atom ( uị )  containing a dopant atom as neares t  neighbor and  the 

ra t ios  C r ỉ u 2a , CR /cT2 h ave  been derived based  on the  an h a rm o n ic  co r re la ted  

Einstein  model.
Obta ined expressions of the mentioned thermodynamic functions show their  

fundam en ta l  propert ies in tem pera tu re  dependence. The functions CR , U2A, u2Sì Ơ2 
a re  l inearly proportional  to tem pera ture  a t  h igh-temperatures  and conta in  zero- 
point contr ibutions a t  low temperatures .  The ratio CR / u 2A accounts for about 36%

and the ra t io  CR l ơ 2 about 18% at  high-temperatures.

Our developed theory for the doping bcc crystals contain the one for the  pure 
m a te r ia l s  as  a special  case when  the  dopan t  is t ak e n  away.  The r e su l t  Ơ2 >U2S >U2A 

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

The agreem ent  of our calculated values with experiment shows the efficiency 
of the  p resen t  procedure in studying thermodynamic param eters  and  correlation 
effects of bcc crystals  under  influence of dopant atom.
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