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K 
Kr 
Ra 

Table 2. Interpolated values (Rydbergs) for the absorption edges not listed by SandstrOm or by Cromer 

The values for potassium were obtained by linear interpolation, the others by four-point interpolation. 

ls½ 2s½ 2p½ 2p~ 3s½ 3p½ 3p~ 3d~- 3d-~ 4s½ 4p½ 4p~ 4d~ 4d-~ 4f~ 4f~ 
. . . . .  1"5 1"5 

1055 141 127 123 21 16 16 6"9 6"7 
7676  . . . .  329 . . . . . . .  44 22 21 

sities of the e and/~ radiations to obtain the scale factor be- 
tween the two sets of data. 

The anomalous scattering corrections have therefore been 
calculated for elements Z =  10 (Ne) to Z =  98 (Cf) for the 
KB1 radiations of Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Rh, Pd, 
and Ag. 

Calculations 

The values of Af' and Af" were calculated by the method 
of Parratt & Hempstead (1954) and are listed in Table 1 ; 
values are printed to only one decimal place if the wave- 
lengths of the incident radiation and one of the absorption 
edges differ by less than 0.1%; this is not intended as an 
absolute measure of the accuracy but to indicate which 
values are most likely to be in error. The oscillator strengths 
used were those calculated by Cromer (1965); the frequencies 
of the absorption edges were those of Sandstr6m (1957) or 
the eigenvalues calculated by Cromer (1965) where Sand- 
str6m (1957) gave no values. These two sources gave values 
for all but a few edges for which the frequencies were ob- 
tained by interpolation (Table 2). The wavelengths of the 
,81 incident radiations are those listed in International Tables 
for X-ray Crystallography (1962). 

For elements Ne to and including C1 four edges were 
considered; At" to Ni, seven edges; Cu to Xe, nine edges; 
Cs to Lu, fourteen edges; Hf to Cf, sixteen edges. For all 
elements the values of n used were: 11/4 for the ls½ edge, 

7/3 for the 2s½ edge, and 5/2 for the remaining edges. These 
are the values of n used by Dauben & Templeton (1955) 
and by Cromer (1965) in their calculations of anomalous 
scattering corrections for ~ radiations. Neither damping 
effects nor the change of d f  with sin (0/).) have been con- 
sidered. 

The calculations were carried out with a program written 
in GIER-Algol on the Aarhus University GIER computer. 
The program was checked by calculating some values for 

radiations and comparing them with those of Cromer 
(1965). 
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The rigid body analysis of the anisotropic temperature parameters, including the translation-libration 
correlation term introduced by Schomaker & Trueblood, is presented in triclinic coordinates. It is shown 
that the equations relating U ~j to T, S and to have the same form as in orthogonal coordinates provided 
that reduced covariant coordinates defined by x~g-* are used. 

The analysis of the anisotropic thermal vibrations in mo- 
lecular crystals in terms of rigid-body motions of the mol- 
ecules was first suggested by Cruickshank (1956). In the 
original work the librations were taken to be about the 
mass-centre of the molecule as origin, but this procedure 
was criticized by Pawley (1963) who found improved agree- 
ment in the case of azulene by moving the origin 0.53 A 
from the mass centre. A survey of the whole problem by 
Schomaker & Trueblood (1966) showed that the choice of 
origin is in fact arbitrary provided that correlations be- 
tween translations and librations are properly taken into 
account. In order, however, to ensure that results published 
by different workers should be directly comparable, they 

suggested a procedure for specifying a unique coordinate 
system, a procedure that involves reducing the complex 
20-parameter rigid-body motion to three principal mean- 
square translations and three screw motions about and 
along non-intersecting orthogonal axes. The object of the 
present note is to suggest that compatibility between differ- 
ent workers can more easily be achieved by referring every- 
thing to the crystal axes. A secondary object is to show 
how the use of the full notation of tensor algebra helps 
materially to avoid such errors as have been pointed out by 
Scheringer (1966). 

When a rigid body is rotated through a small angle ~. 
and simultaneously undergoes a translation t, a point of 
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q 
11 
22 
33 
23 
31 
12 

m r  11 22 

0 (y3) 2 
(y3) 2 0 
(y2) 2 (Yl) 2 

- -  Y2 Y3 0 

0 --YaYl 
0 0 

Table 1. The coef f ic ients  G sj, m r  

33 23 31 12 32 13 

(Y2) 2 -- Y2 Y3 0 0 -- Y3 Y2 0 
(yl) 2 0 --Y3Yl  0 0 - -YlY3 
0 0 0 - -YlY2 0 0 
0 0 YlY2 Y3 Yl -- (yl) 2 0 
0 Yl Y2 0 YEY3 0 -- (y2) 2 

-- Yl Y2 Y3 Yl Y2Y3 0 0 0 

21 

0 
0 

--Y2Yl  
0 
0 

- (y3)  2 

mr 11 22 
6 
11 0 0 
22 0 0 
33 0 0 
23 0 -Yl  
31 Y2 0 
1 2  - -  Y3 Y3 

Table 2. The coef f ic ients  H thin 

33 23 31 12 32 13 21 

0 0 -- 2y2 0 0 0 2Y3 
0 0 0 -- 2y3 2yl 0 0 
0 --  2y I 0 0 0 2y  2 0 
Yl 0 0 Y2 0 --Y3 0 

--Y2 Y3 0 0 0 0 --Yl 
0 0 Yl 0 --Y2 0 0 

the body at position vector x undergoes (to first order) a 
displacement u=~ ,x  x + t .  In components referred to the 
crystal axes this is 

U ~ =8~mnj.mXn q- t ~, (1) 

where we specify the contravariant components of u and t 
which are simply the usual fractional coordinates of X-ray 
crystallography, and this requires that ,!.m and xn be covari- 
ant. The skew-symmetric tensor e gmn has the value zero 
when any two of its indices are equal, and has the values 
+g.-~ when ( imn) is an (g~g) permutation of (123), where g" 
is the determinant of the metric tensor g~j (McConnell, 
1957). 

The temperature factor has the form exp ( - M )  with 
M =  2n2 (u.  h) 2, where h is the reciprocal-lattice vector for 
the reflexion (James, 1948). In tensor notation, u .  h =  
u~h~ = u~h ~. In such expressions an index that appears once 
as a superscript and once as a subscript is to be summed 
from 1 to 3. The second of these expressions is not accept- 
able, since customary usage always makes the Miller in- 
dices of a plane covariant quantities. Hence the exponent 
in the temperature factor becomes 

M =  2n 2 (u*uJhihj) = 2n 2 U~h,hj.  (2) 

If  the values of the U *j are desired in units of A2, then the 
doubly contravariant nature of this tensor requires that 
they be multiplied by a,aj,  where as is the length of the 
direct-cell edge (Scheringer, 1966). To effect the conversion 
to/~2, as originally suggested by Cruickshank, by dividing 
by a*a ~, where a * is the length of the reciprocal-cell edge, 
is like converting fractional coordinates to /~ by dividing 
by a*: it is a type of error that could hardly have occurred 
if the full subscript-superscript notation had been used. 

From equations (1) and (2) we readily obtain 

U sa : @Smn,~mXn Jr- t i)-(e)rSArXs q- tO 

= (etmnejrSXnXs)2m2 r + (e~mnXnAmtJ + elrsXsArt ~) 

+ t~t j . (3) 
The quadratic averages in equation (3) may be written, 
2~2j = coij, t~t ~ = T ~J and 2~tJ = S~J. The mixed tensor Sd is the 
correlation tensor introduced by Schomaker & Trueblood, 
and unlike og~j and T ~ it is not symmetric. Equation (3) 
may now be written in the form 

U ij = G t~, mrCOmr q- H~LmSr m Jr T tl . (4) 

The coefficients G sj, mr and Ht/.m are given (Tables 1 and 2) in 
terms, not of the covariant components of the position 
vector x~, but of reduced covariant components defined by 
the equation ys=xsg .  -~. These tables have precisely the 
same form as those derived by Schomaker and Trueblood. 
This invariance of form occurs only if the covariant com- 
ponents of x and 7. are used. If the usual crystallographic 
practice of using contravariant components is followed, 
equation (1) becomes u s = etJkg.Jmg.en2mX n d-t  ~ and the result- 
ing analysis becomes very cumbersome. Patterson (1959) 
has also pointed out the simplification that results from the 
use of covariant components in the computation of bond 
lengths and angles in oblique cells. 

For a molecule with N atoms, there are 6N equations of 
condition for the determination of the 21 components of 
o)~s, Sd and T ~. Inspection of Table 2 shows that only the 
differences $33 - $22, $11 - $33, and $22 - $11 are determined, 
and the sum of these is necessarily zero. This constraint must 
be written into the least-squares program, giving a 22 x 22 
normal-equations matrix to be inverted for the 20 inde- 
pendent variables. The program J M T F A C  (Burns, Ferrier 
& McMullan,  1967) was modified to perform this analysis. 
It is written in Fortran I ID for the IBM 1620 computer 
with 60,000 digits of direct-access storage operating under 
two-disk monitor control. 

We gratefully acknowledge the cooperation of Professor 
K.N.Trueblood  in letting us see a pre-publication draft of 
the Schomaker-Trueblood paper. 
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