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It is shown that the anomalous scattering of either X-rays or thermal neutrons provides a method of 

I 
separating the individual static displacements due to AA and BB pairs of atoms in a solid solution. 

Introduction similar to thermal diffuse scattering. The I" tensity lost 
in the Bragg reflexions is conserved by ,&e,resultant 

It is well known that the static displacement of the Huang (1947) diffuse scattering which isy d~str~buted 
atoms from the nodes of the average lattice causes close to the reciprocal-lattice points. ~ h ~ k r e s e n c e  of 
diffuse scattering of X-radiation. The effect of the root short-range order (SRO) in a solid solut$m manifests 
mean square of the static displace~nents is to reduce itself as modulations in intensity of the h u e  mono- 
the intensity of the Bragg refiexions in a manner tonic diffuse scattering with broad peaks at positions 
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close to the super lattice reflexions of an ordered soh- scattering. The variation of f i  and f," with wavelength 
tion. The difference in the effective size of the two is very signficant in the resonant region and their 
types of atoms in the solid solution results in the static dispersion behaviour, different from that in X-rays, 
displacement of atoms which predominates in the can be noted in the measurements on "'Cd resonance 
region whe.re local order exists. The diffuse scattering by  Brockhouse (1953). The typical values af f i  and 
arising due to these distortions modulates the SRO f< close to the resonant wavelength are aslarge as 100 
diffuse intensity in such a manner as to render it to 150% off,,, the normal scattering length. 
aperiodic in reciprocal space. The static displacement The intensity of radiation expressed in electron units 
coefficients which enter the expression for diffuse scat- in a direction defined by K is given by 
tering involve the atomic displacements of both the 
AA and BB pairs of atoms in an AB alloy system (Borie I,.,. = I z f m f  rn l2 n* exp {iK . Rmn) . (2) 
& Sparks, 1964). However, no method of separating 
these two bas been reported in the literature. I t  is the R,, is the interatomic vector connecting the atoms m 
object of this paper to suggest a method of separating and n. Allowing for the static displacement of atoms 
these two contributions and which enables one to from the nodes of an average lattice, one can write 
obtain maximum information regarding the atomic 
displacements in a binary alloy system. R,. = + 6," 

T& use of anomalous scattering of X-rays in solving where R k  represents the average interatomic vector 
complex crystal'structures is well known. The resonant and S,., the static displacement vector for the pair of 
elastic scatrering of thermal neutrons by some nuclides atoms m and n. Thus for a given coordination shell, 
like 'Li, 'OB, "'Cd, '"Sm, "'Gd etc.  results in a more- there can bc thrce different displacement vectors S,,, 
pronounced imaginary component of the scattering i.e. St:, S g  and 65; corresponding to AA, AB and 
length than for X-rays. The importance of this in BB pairs of atoms respectively. Making use of the 
crystallographic work has been noted by Peterson & fact that exp {iK . 6,.}- 1 + iK . 6," when the static 
Smith (1961, 1962). Ramaseshan (1966) and Singh & displacements are small, equation (2) can be written as 
Ramaseshan (1968). Recently Ramaseshan & Vis- 
wanathan (1970) and Ramesh 8: Ramaseshan (1971) I*.". = 2 2 ( f m f i )  exp {iK. R$)' , , 

m n 
have shown that a measurement of the intensity of the 
coherent one-phonon process in a two-atom structure + 2 2 { f m f  ,' - ( f m f  3 1  exp { i K .  R$} 

0 2  0 
when one of the atoms is an anomalous neutron scat- 
terer can, in principle, be utilized to determine the + 2 2 f,f.* iK .S,, exp {iK. RL.). 

m 7, 

(3) 
polarization vectors of the lattice waves Ijropagating 
along a general direction in the crystal. Wenow propose The first term on the right-hand side of (3) represents 
that a measurement, at two wavelengths, of the diffuse the Bragg reflexions for the average crystal, whereas 
intensity associated with short-range order and static the second and the third terms correspond to diffuse 
displacement of atoms, when one of the species of scattering due to SRO and static displacement respec- 
atoms in the binary alloy system are anomalous scat- tively. 
terers, leads to a separation of the atomic displace- Now 
ments due to AA and.BB pairs of atoms for a given 
coordination shell. Unlike thermal diffuse scattering, ( f m f  n * ) = f f * = ( X ~ f a + X ~ f a )  (Xaf  ;+Xs f s )  - 
both short-range order and static distortion diffuse Introducing the conditional probability P i ;  which 
scattering are elastic so that the method is of general represents the probability of finding an A atom at nl 
validity as regards both X-ray and neutron anomalous and a B atom at n, we can write 
scattering. 

fmf:=xAf,( l  -p iB)f :+Xs( l  - P Z ) f $  

Static displacement modulated diffuse scattering + x ~ f ~  p % f ~ + x ~ f ~  p c f f ;  ' 
Since 

Consider a binary alloy system consisting of A- and X A P ~  = X , P g ,  
B-type atoms whose atomic fractions in the solid we have 
solution are XA and X, respectively. Let the species 
of atoms of the A type scatter either X-rays or thermal fmf  n* - P i 3  { ( f ~ ~ + f ~ ) % ( f ~ ' }  
neutrons anomalously so that the scattering factor of 
an A atom can be represented as + x s  (1- + _ 4 ~ )  f $ + 2 X ~ P ~ f ~ ( f ~ ~ + f i ) .  

f~ =faa +fi + if: . Therefore 
f,, represents the normal scattering factor while f; and 

p i :  f: correspond to dispersion corrections. For thermal f,  f z - ( f m  f ;)=X,X,( 1 - -) 
neutrons f,, represents the potential scattering length x~ 
whereas f i  and f: arise owing to resonant elastic x { ( f ~  +fi -f~)" O'} . c4) 
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Thus 
~ , , ~ = x ~ x b [ ( f i , + f ; - f B ) ~ +  (f3 

Since a,=l -P:,B/X,, the Warren short-range order 
parameter approaches zero for large values of [&I, 
the double summation in (5) can bereplaced by Ntimes 
a single sum taken over the ueighbouring atoms of 
coordinates l,m,n. 

Isto = N X ~ x ~ [ ( f ~ o + f i  -fB)' + (fi)'I 
x 2 Elm exp {iK . R:.} . (6) 

Imn 

Since a,, are statistically averaged quantities for every 
site imn, there is an equivalent site l%E characterized 
by the same value of a,,,. This leads to 

I S R o k N X ~ X ~ [ ( f ~ ,  +fi-f~)t  + (f~7'1 
x 2 a,,, cos K . RP_. . (7) 

1mn 

x* x j i i ~  . ~ f  + X ~ X ,  {z +a,,,} 

x (f:))' iK . 6;: . (11) 

The first term on the right-hand side of (11) is similar 
to the expression found under normal conditions, 
whereas the second term which contains only the static 
displacement of AA pairs, arises owing to anomalous 
scattering. 

For cubic solid solutions, the expression for the 
diffuse intensity can be considerably simpli6ed since 
for each site defined by i,m,n, there is an equivalent 
site l.m,E. Thus iK . SPA= -iK ,664 and i K .  S:&= 

tmn 
- i K .  S g .  On substituting these relations and re- 
placing the double summation by N times, a single 
sum over l,m,n, ws finally get 

It may be worth emphasizing that, in neutron scat- x sin K . R:,-NXAXB(f>' 2 (3 +at,,,.) tsring, ( fA,+ f;) can be made negative by choosing an t,, 

appropriate wavelength for thermal neutrons so that x K . S f 4  sin K . R g  . 
the short-range order diffuse intensity can be consider- (12) 

ably enchanged while the intensity of the Bragg re- The static displacement vectors 6;: and 62: can be 

flexions are correspondingly ~h~ intensity expressed in terms of their components along the cube 
of the static displacement modulated diffuse scattering that 

is given by ~ A A  - - LAA I ,  a ,+Mk< a2+Nf4 a, 
and 

I,,= 11 f, f :  iK . 6mn exp {iK . Rt.) (m#n)  (8) SBB -LBB 
(13) 

m n  ,,.- Imna~+ME:a2+NEa, .  1 
Further K . R k =  2n(h,l+ ham+ h3n) where h,, h,, h, are 

where continuous variables in reciprocal space. 
fmf.'iK.6,,=XA(1-P;3fAf:iK.6;: Is,= - N h x ~ [ f ~ , + f d - f I  2 2~(h1~:,,+hz%, 

x~ lnr" 

+x, ( I -  % p $ f ) , f i i ~ . 6 =  + h,grn) x sin 2z(h,l+ h2m + h,n) - NXAXB( fA)' 

+ 2XAPEfB( fA,+fJiK. 6;:. (9) x 2 (2 +a,,.) 2n(h,LE + h,M&&+ h 3 N f A  

Since, on the average, the interatomic vector R,. should sin 2n(h,l+ + h,n) 
tend to R k ,  the weighted average of the deviations (14) 
from the average lattice should vanish. This approxi- where 
mation which is of greater validity for the immediate 
coordination shell leads to a relationship between Y:,.= (2 +alnn) ( f ~ ~ + f d  Li'A 
6E, 8:; and S:, given by 

X,P$f 6;:+XB P;: 6:: +2XAP4f 6$f=O 
i.e. There are similar expressions for yz, and y;,, . 

2XA P$"k!= -X,Pk Sk-X,pBB 6 g  . (10) 
Method of separation of the components of 

Substituting (10) in expression (9) and introducing the BB 
Warren short-range order parameter, we get SZ and 6,. 

x~ The procedure for separating the static displacement 
fmf; iK . ' ~ ~ ~ = X A X B { ~ A O + ~ L - ~ B )  [ C X B  diffuse scattering from that of short-range order has 

been worked out by Borie (1961). The method essen- 

x (f,,+fd)iK . 6i:- tially consists of measuring the total ditfuse intensity 
at points in reciprocal space separated by a reciprocal 



lattice vector. Since the short-range order diffuse scat- 
tering is periodic with the period of areciprocal-lattice 
vector, the formulation of a function, which expresses 
the difference in the intensity at two points separated 
by a reciprocal-lattice vector, contains only the static 
displacement-modulated diiuse scattering. Further, if 
the points in reciprocal space are chosen so that only 
one variable, h, say, is changed by unity, the function 
contains only the contributions of the static displace- 
ments of AA and BB pairs of atoms along the o2 axis. 

Qz(h,, h,, h 3  =I(hi,h,,hd-I(h~,hz- l,h3) 

= - NXAX,tfA,+fi -fBl 2 2% gm. 
Imn 

x sin 2n(h,l+h2m+ h3n) 

Two-wovelength method 
The scattering factor terms f; and f; in (1) are 

wavelength dependent so that they can be varied by 
choosing a different wavelengthfor the incident X-ray 
or thermal neutron beam. We write 

{fA}kl=fAo+fil+ i f 2  
and 

{ f A Z , = f d o + f i z +  8 i z  . 
Thus the functions Q,(h,,h,,h,) become wavelength 
dependent through the scattering factor of A-type 
atoms. I t  can be easily shown from (15) and (16) that 
by constructing a new function 

Yz(h,,ha,h,)= {Q& hi,  h312, i f ~ ~ + f i z - f i }  
- {Qz(hirhz,hJ)>1 { f ~ o + f i l - f ~ }  , (17) 

the term MFzn of the BB pair of atoms gets eliminated 
leaving only Mk$, the component of the static dis- 
placement of the anomalously scattering AA pair of 
atoms. 

~~(h , ,b ,h , )  = - NX,X, 2 2n (g +a,,,) MP,~.F 
I"," 

x sin 2n(h,l+ h,m + h,n) (18) 

As a special case, when A, is far away from the reso- 
nance region,f;,zO and fi, is very very small. Then 
the expression for F gets considerably simplified. 

F" ( f~o - f~ )  ifil(f~Offil-f~)+,(fi1)2} . 
It is clear from (18) that a Fourier transformation of 
Y2(h,,h,,h,) yields MfL directly. A similar pro. 
cedure can be followed to extract Lf2" and Nf& by 
constructing suitable functions Fl and Yi respeciweiy. 
A Fourier inversion of either {Q,(h,,h,,h,)},, or 
{Q,(h,,h,,h,)}, gives the combination of Mf,"," and 
ME: so that M e  can be separated by combining the 
data from (18). Thus all the six components of the 
static displacement of AA and BB pairs of atoms can 
be separated by combining the intensity dati  at two 
wavelengths. 

Conclusion 

I t  has been shown that using anomalous scattering of 
either X-rays or neutrons, one can separate the indi- 
vidual contributions of the AA and BB pair of atoms 
towards the static displacement diffuse scattering. The 
use of resonant elastic scattering of thermal neutrons 
has the added advantage in the enchancement of !he 
diffuse intensity at the expense of Bragg reflexions. 
Since the diffuse intensity associated with short-range 
order and static displacement of atoms depends on 
the difference in the scattering lengths between the two 
types of atoms, i t  is clear from equations (7) and (12) 
that by making (fA,+fi) negative (in the region lying 
in the long wavelength side of the resonant peak) one 
cin considerably increace thediffuse intensity. 
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