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Tile use of neutron anomalous scattering in crystal-structure analysis. 11. Ceotrosymmetric structures. BY 
A.  K.Sf~on and S. RAMAS~HAN,  Marc, ial Scie,tccs Diuision, ~ario,zol Acron~~~slical Laborarory Ban~.alorc-17, O~riia 

(Reeeiued I9 April 1968 ~ n d  in rsuised form 5 At,ras! 1968) 

The method8 for locating the positions of the anomalous scatterers in a centrosylnmetric structurc and 
determining the signs of the reflexions using thc data coilecto~l at two neutron energios are given. The 
results are general and can be used for X-ray anomalous scattering as well. 

In an earlier publication (p;vt I, Singh & Ramaseshan, Q= (bl(r)-bz(r))2[l~I(~)12+1?z(~)l~l ' 
19680) the authors have suggested a method of locating the t (b?(i)-bi(i)) [lFdH)l2- lFAlf)lll 
position of the anomalous scatterers and detuniining thc 
phases of tlie "on-centrosymmotric structure factors using R=(IF1(H)12-IF2(H)12)2' 
the data collected at two neutron energies. A similar ap-   ti^^ (5) can be obtained from equation ((4) of 
pronch for centrosynimetric structures is reported in this singh & Rulnaseshsli (1968a) by lettilie IFmI(N)12= 
comniut~ication. IF,(H)IZ, IF,,2(H)I2=!FdH)IZ and 6 -0 .  

The notation used hcre is the same as in Part I (Sinph & ~h~ ofeqnatron (5) are  
Runiascshan. 1968~). R 112 

1x*12= 2- * 1 .g  . (5) 
L-tlan of the anomalolts scatterers r 1 r L  r j  

Thus for a given set of values of IFI(H)IZ and IF2(tI)IZ 
Let us consider a centrosymliletric structure contoinillg two values of lxlz and IFN(H)12 are To understand 
IIA identical anomalous scatterers with their scattering the physical of the two roots let us mnsider a 
lengths of tlie form bo+b'+ib" and t ts  normal scatterers. case with b,(i)=b2(i)=o; equation (5) then gives 
The structure factor is given by 

F(H) = FB(H) + FA(A) + IFi(H) Ix+l2= (Ifi(H)I + IFdH)I Wib~(r)-b2(r)l~ (64 

= F(H) + iF:(H) 
,.I,."IP 

(1) Ix-I¶= {IF,(H)l- IF~(H) I )z / I~ I (~ ) -  bdr)I2 (66) ....-.- 
S ( H )  = F,x(H) + FA(H) Further, writing equation (I) for two neutron energies 

and subtracting one from the other we have for bl(i)= 
FA(H) = b(r)x bz(i)=O 
F';(H)= b(i)r 

" A  
R(H) - FdH) = (b~(r)- bt(r))x 

x = 2  L' cos 2nH.  r*iexp 
I=  I I F ( l S ( ) - F H S F  I - b  . (7) 

" A  
F-.v(Ii) = 2 2 bn, cos ZnH . mi exp [- 0.w S ( h )  and S(F2) are the signs of FdH) and Fd1.I). It is 

J= I  Siy"' 1 ' well to note thnt if br(i) and I>g(i) are not zero, Fl(H) and 
~ ~ i l ~ ~ i ~ ~ ~  the procedure indicetcd i n  ;In eariicr p,,blica. F2(11) have phascs diferent from 0 and n. In such cases we 

tion (Singh & Rumnseshan, 19680), cquotion ( I )  can bc Can only talk of the signs of TI (H)  ilnd ,%z(H). 
rewritten fur two neutron cncreies E ,  and E~ follows: 011 comparing cqwution (7) with (60) and (6b) wc find 

that lx+12 and Ix.12 are the correct solutions for the cases 
IF.v(llf1' +2bt(r)xFx(H) S(91)#S( ,Fd and S(.F,)=S(Y2) respectively. 

+ ( b ( ) b ( ) )  ( I )  (2) It c m  be easily shown that S(9O#S(X2) occurs when 

+ {bi(~)tb:(i))lxi" IFAH)IZ=O (3) and 
Ibl(r)xl> IFN(H)I > Ibz(r)xl 

On eiiminnting lF.v(fi)12 between (2) iind (3) and noting far 
that [xIIN(H)Il= III~IF.Y(H)~~ we get bdr) > b2(r) . (8) 

P I . ~ I ' - ~ Q I . ~ I ' $ R = o ,  (4) In  the case of X-ray anomalous scattering thc changes 
where in scattering factors due to changi in wavelength are not 

P =  (bl(r)-b~(r))2[2(b:(i)+b:(i)) large and therefore the reflexions with S(Sl)#S(Y,)  will 
be very weak. In the case of neutron anomalous scattering , 

+ r - r  i b i )  thesechanges may bequitclarge. In suchcases the retlexions 

I 



with S(9,) # S ( 9 3  may be strong but the number of such The sign determination 
reflexions is limited owing to the small probability ofcon- 
dition (8) being satisfied. Thus Ix-12 will represent the cor- 
rect roots for most rcfleiions. The change of sign however 
can occur more frequently if scattering length for one of 
the energies, say E2, i s  negative (1.e. b2(r) is ne~ative and 
further for the sake of discussion we shall assume again 
that bz(r) < b,(r)l. The conditions to be satisfied for such a 
change are 

Ibdr)xl> IFN(H)I if S(N)=S(x) 
or 

I b r x  > I if S(N)f X x )  

I n  practice i t  seems advantageous to choose the neutron 
energies such that bt(r) and bz(r) are of the same sign. 

For structures with large 'heavy atom' ratio, the position 
of thc anomalous scatter.er can be dctermincd by an ordi- 
nary Patlerson synthesis or synthesis with lh(H)I2 
+IF2(H)12 (Ramaseshan, 1966). The latter is known to 

.contain only A - A and N- N vectors i f  the neulron ener- 
.ies are chosen so that bt(r)= -b2(r). As the 'heavy atom' 
ratio decreases, an increasing background is provided by 
the N- Nvectors. For a small 'hcavy atom' ratio. A -  A vec- 
tors can hardly be distinguished from the N - N  vectors. I t  
is in such cascs thnt the present method i s  particularly use- 
ful. Further for a structure with small 'hcavy atom' ratio, 
cases with S(s",)#S(F,) are not many and ix-IQepre- 
sents the correct root for most rellexions. 

Equation (4) has coincident roots if El and Ez are chosen 
so that b~(r)=bz(r) and b~(i)fbz(i). The roots arc then 
given by 

ix+11= IX-I" Q/P . 
Thus there is no ambiguity in the delermination o f  lxiz. 
However In such a case the signs ofthe reflexions cannot be 
determined [see equation (9)]. 

A Patterson synthesis with b:(r) Ix-11 as coefficients will 
yield the positions of the anomalous scatterers. A compari- 
son of the calculated 1x1' values with those obtained from 
equation (4) will indicate the cases i n  which a wrong solu- 
tion has been chosen. Once such corrections have bcen 
made ix-12 values from equation (4) can be used to refine 
the thermal and the positional parameters of the anomalous 
ncntterers. 

On subtracting equation (3) from (2) we get. 

ZFN(H) (bdr)-ba(r)h= IIFI(H)I~- lh(H)I2) 
- + i -  b b l  I (9) 

Thus, x being known, Fu(H) can be determined. With this 
all the information necessary for solving a structure is 
complete. A Fourier synthesis with FN(H) as coeff~icnts 
will reveal the position of the normal scatterers. 

As pointed out in the previous section, the choice of two 
neutron energies such that b~(r)=bi(r) and b~( i )#hdi)  
leads to unique solution o f  lxl2. However on letting bt(r)= 
b2(r) i n  equation (9) the term containing Fx(H) vanishes 
and equation (9) becomes an identity. Thus F,s(H) cannot 
be determined under these conditions. However, from equa- 
#on (2) or (3), both o f  which are identica1,undcr the condi- 
tion b,(r)= b*(r)= b(r). we get 

IF*(H)I = - b(r)xf IbZ(r)lxl2 
+ (lF1(H)l2-(bf(r)tbf(i)) l . ~ l ~ ~ l ~ ' ~ .  

Thcse 1wu roolr corrcqpond to the tuo cascs (i) F.,(HI 
hnting t l x  s:arnc sign :IS h(r)r and (ii) F~('h(111 h;~\ing a stgn 
uppostrc lo  11131 ofh(r)x. Howc\,er this amhigully cannot be 
resolved. 

Thus an attempt to combine the data at two neutron 
energies to give lxlz leads to two possible solutions [equa- 
tion ( 5 ) )  The correct roots can be chosen indirectly and a 
Patlerson synthesis with these will give the position of the 
anomalous scatteren. Equation (9) can then be used to 
determine F,v(H). 

Equation (6) leads to a unique solution for b,(r)=bz(r) 
and bt(i) #bz(i) but F~(H)cannot bedetermined fromequd- 
tion (9). This situation is similar to thnt encountered in the 
noncentrosymmetric case (Singh & Ramnseshan, 19686) 
wherein such a choice o f  radiation gives ixlz unambiguously 
but the ambiguity in the phase remains unresolved 
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