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tion of  heavy-a tom parameters .  Fig. 6 depicts the 
synthesis p , ( r )  before and after  the t reatments  (3)-(4)  
and (5)-(2) .  

The authors  thank O. M. Liginchenko for her help 
in prepar ing the manuscript .  

(a) (b) 

(c) 

Fig. 6. Section z = 12/48: (a) the synthesis (11); (b) the synthesis 
(11) after treatment (3)-(4) (R= 10/~,); (c) the synthesis (11) 

max _ min after treatment (5) and (2) (Pcrit --0"56, Petit =-0.047, R = 
10/~). Bounded is the region b(r)> b ° which constitutes 40% 
of the cell volume. 
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Abstract 

The anomalous  scattering tensor, measured using syn- 
chrotron radiat ion with lithium iodate near  the iodine 
K absorpt ion edge, shows polarization anisotropy 
similar to that  in the bromate  ion, but lesser in magni- 
tude: about  1 e lec t ron /a tom at most. The reduction 
is explained by a greater  natural  width of  the K level. 
Equally small or smaller  anisotropy is predicted for 
any other absorpt ion edge above 33 keV. 

I. Introduction 

X-ray dichroism occurs in some molecules near  
absorpt ion edges as a result of  transitions to electronic 
states which have symmetry  that  reflects the direc- 
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tional character  of  the chemical bonding.  The 
anomalous  scattering also depends  on the direction 
of  polarizat ion of  the radiat ion and needs to be rep- 
resented by a tensor rather  than a scalar  function. 
Having found  large effects of  this kind for the 
pyramidal  b romate  ion near  the K edge of  bromine  
(Templeton & Templeton,  1985a) we were eager to 
test them in the iodate ion, which has analogous  
electronic structure and the same pyramidal  shape.  
Lithium iodate,  which crystallizes with two molecules 
per cell in the non-centrosymmetr ic  space group P63 
(Rosenzweig & Morosin,  1966; de Boer, van Bolhuis, 
Ol thof -Hazekamp & Vos, 1966), is a suitable material  
for observation of  the dichroism because the threefold 
axes of  all the iodate ions are parallel. This molecular  
orientation and the lack of  a center of  inversion permit  
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40 POLARIZATION ANISOTROPY OF ANOMALOUS SCATTERING 

one to measure the complex scattering tensor by a 
diffraction technique used earlier for the tetrachloro- 
platinate ion (Templeton & Templeton, 1985b). 
Access to 33 keV radiation at the iodine K absorption 
edge was possible when a diffractometer (Nielsen, 
Lee & Coppens, 1986) was installed on a wiggler 
beam line at the Cornell High Energy Synchrotron 
Source (CHESS). 

as a first-order correction for 88% polarization. This 
correction is valid for the scattering by lithium and 
oxygen and for the spherical average of the iodine 
tensor, but not for the anisotropy terms. Because the 
anisotropy is a small perturbation of the total scatter- 
ing, we believe that the result of this approximation 
is to move f,~ and f,, toward each other by an amount 
that is a few percent of their difference. 

2. Method of the experiment 

The components of the scattering tensor were deter- 
mined as the variables in least-squares adjustments 
of observed and calculated structure-factor magni- 
tudes, with the atomic coordinates and displacement 
parameters held constant. The values found by 
Svensson, Albertsson, Liminga, Kvick & Abrahams 
(1983) by neutron diffraction at 295 K were used. The 
atomic scattering tensors of all the iodine atoms can 
be represented by the matrix 

f =  f~ 

b 

in a Cartesian coordinate system with z in the direc- 
tion of the crystallographic c axis. For s-polarized 
radiation an azimuthal angle (the rr setting) can be 
found for any Bragg plane such that the scattering 
factor reduces to f ~ = f o + f ' + i f ' ~  (Templeton & 
Templeton, 1985b). For this 7r setting and s polariz- 
ation the absorption of both incident and scattered 
beams corresponds to f~, and correction for absorp- 
tion can be calculated in the usual manner. For hkO 
planes, s polarization, and azimuthal angle 90 ° from 
the 7r setting, the scattering factor is fo. = f o + f ' + f ,  
and the absorption corresponds to f , .  A set of diffrac- 
tion intensities measured at one of these kinds of 
azimuths can be used to derive f,~ or f,~ as if f were 
a scalar. For other settings, the calculated structure 
factor involves both principal values of the tensor, 
and dichroism complicates the absorption correction. 

The determination o f f "  in this way suffers because 
no Bijvoet differences exist among the hkO reflections, 
and the intensities are insensitive to the imaginary 
part off .  To improve the determination we included 
some hkl reflections in the measurements. For them 
the best setting is also 90 ° from the 7r setting, but the 
c axis cannot be made to coincide exactly with the s 
direction. Among those included in the calculations, 
the angular deviation ranged from 5 to 17 °. At 5 °, the 
scattering factor is 99% f~ and 1% f~ and at 15 °, 91% 
f~ and 9% f~. For this reason the anisotropy is under- 
estimated by a small amount. 

The imperfect polarization of the radiation affects 
the measurements of both f,, and f,,. The observed 
intensities were divided by 

P =  1 +0.0638 cos 2 20 

3. Experimental 

Crystals of LiIO3 were grown as follows: 
stoichiometric quantities of Li2CO3 and HIO3 were 
dissolved in water, heated to 348 K, and cooled 
slowly. Then the water was allowed to evaporate at 
room temperature. A crystal with 17 faces and 
dimensions ca 0.20 × 0.25 × 0.27 mm was used for the 
experiments. 

Diffraction data were measured near the iodine K 
edge using a Huber diffractometer installed on the 
A2 station at CHESS. The wavelength was controlled 
by a monochromator with two reflections from 
Si(400), with a 1.0 cm carbon filter in front to reduce 
the heat load. It was calibrated according to the 
absorption edge observed in transmission through 
polycrystalline lithium iodate, assumed to be at 
0"37381 ~ = 33.1665 keV (Bearden, 1967). This 
calibration is in error by the amount of the chemical 
shift, if any, between iodate and elemental iodine. 
The degree of linear polarization of the beam, 
measured several times by horizontal and vertical 
scattering from a thin plastic sheet, was 0.88+0.01 
with the beam limited vertically by a 1.5 mm slit 23 m 
from the source. Low counting rates prevented 
measurements on a finer scale. 

Two lists of reflections and azimuthal angles were 
prepared. For 'perpendicular' experiments, the list 
included h - 4  to 0, k - 4  to 1 and l 3 to 10 with 
7r-setting azimuthal angles. It consisted of 279 reflec- 
tions including repetitions of 004 (with ~ = 0  °) 
measured every 13th or 15th time as a standard. The 
'parallel" list contained 109 reflections chosen from 
the ranges h -8  to 0, k - 8  to 0, and ! -1 to 1, with 

at 90 ° from the perpendicular setting, plus repeti- 
tions of ?a00 as a standard; 41 reflections were of the 
type hkO. A portion of each list, to the extent permit- 
ted by the vagaries of the synchrotron, was measured 
at each of several wavelengths. In a few cases repeti- 
tions were possible. The range of(sin 0)/A was mostly 
0.105 to 1.196 A-1 for the parallel sets and 0.387 to 
1.211 ,~-1 for perpendicular ones. 

Absorption corrections were made with our analyti- 
cal absorption program ABSOR. Linear absorption 
coefficients were calculated by 

tx = (2Ne2/ mc2)Af'= 83.4Af' cm -~ 

with A in A. First f '  and Ix were estimated from the 
absorption spectrum; then calculations were repeated 
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Table 1. Anomalous scattering of iodine, parallel 
polarization 

keV f "  f "  R (%) N* 
33.117 -6.7(3) 1.4(11) 2-7 96 
33.162 -7-8 (2) 1.5 (7) 3.7 109 
33.171 -8"6 (4) 3"9 (4) 3.1 76 
33-173 -8"9 (2) 3-4 (4) 3-5 104 
33.173 -8.5 (3) 4.0 (4) 3.1 105 
33.174 -7.8 (4) 4.0 (4) 2-6 46 
33"189 -6"9 (5) 4.2 (5) 3"3 52 
33.209 -5"8 (4) 3.8 (8) 4.7 103 
33.209 -6.2 (3) 3.7 (7) 4.0 105 

*Number of reflections 

Table 2. Anomalous scattering of iodine, perpendicular 
polarization 

keV f "  f~ R (%) N 
33"120 -6"6 (2) 0"1 (7) 2"3 251 
33.160 -8.5 (1) 0.9 (4) 2.2 201 
33.169 -7.5 (4) 5.1 (5) 3.3 99 
33.178 -7.9 (2) 5.1 (3) 3.2 244 
33.186 -6.7 (2) 4.2 (4) 3.8 252 
33.186 -6.6 (3) 4.2 (5) 3-2 215 
33.188 -6.8 (2) 4-1 (3) 3-0 247 
33.196 -5"8 (2) 2-9 (5) 2"0 60 
33.207 -6.0 (2) 3.2 (3) 1.9 253 

until the resulting f "  was consistent with the/.i, which 
had been used. Absorpt ion correction factors ranged 
from 1.40 to 1.52 for the lowest /x  and from 8.28 to 
13.36 for the highest one. Values for f '  and f "  are 
listed in Tables 1 and 2 and plotted in Fig. 1. 

Polarized absorpt ion spectra (Fig. 2) were 
measured  by fluorescence technique with the crystal 
oriented so that the c axis was either parallel to or 
perpendicular  to the s-polarizat ion direction. The 
scinti l lat ion-counter detector of  the diffractometer  
was detached and placed at one side of  the incident 
beam. Obstruct ion by parts  of  the diffractometer  pre- 
vented its p lacement  at the ideal right-angle position. 

4. Discussion 
As in bromate, the absorption edge for iodate is at 
lower energy and the edge resonance is stronger for 
perpendicular  polarizat ion than for parallel.  The edge 
shifts, about  1 or 2 eV in each case, are similar, but  
the magni tude  of  anisot ropy is less in iodate.  The 
spectra in Fig. 2 show dichroism at the edge inflection 
region because of  the difference in edge energy. In 
the region of  max imum absorpt ion,  where bromate  
is most strongly dichroic, the iodate spectra show 
little difference; we attribute this to the sample thick- 
ness which exceeds the absorpt ion length and limits 
the max imum signals. The greatest anisotropy of  f "  
indicated by the diffraction experiments is about  1 in 
iodate compared  with 6.6 in bromate ,  and the 
anisotropy of  f '  is even less. A small part  of  the 
reduction is caused by technical experimental  details 
ment ioned above. The rest is explained by a wider  
natural  width of  the K level: 10.6 eV in iodine, 
2.52 eV in bromine  (Krause  & Oliver, 1979). 

Anisot ropy terms f~ = f ' - f "  and f~ = f ~ - f "  for 
bromate  are plotted in Fig. 3 (Templeton & Temple- 
ton, 1985a). The appearance  of  these curves, if the 
level width were like that  in iodine, is est imated by 
convolution with a Lorentzian line shape:  

F [ f ( E ' )  d E '  
fr(E)=~---~ - (E,_E)2+(F/2)2, 

calculated with F = 10.6 eV. The factor F/2~r causes 
the areas u n d e r f r  a n d f t o  be equal. This t ransforma-  
tion smears out most of  the fine structure and reduces 
the max imum anisotropy of  f "  to 1.0, in agreement  
with the experimental  result for iodate.  The 
anisotropy of  f '  becomes less than 0.7 and is also 
consistent with the results for iodate. 
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Fig. 1. Principal values of the anomalous scattering tensor: open 
circles, f~. (above) and f~ (below); solid circles, f~ and f ' .  
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Fig. 2. Polarized absorption spectra for lithium iodate observed 

by fluorescence; sample thickness compresses the scale in the 
region of high absorption. 
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The K-level widths increase rapidly with atomic 
number beyond iodine, up to 96 eV for uranium. It 
seems unlikely that K-edge resonances for any of 
these heavy elements will be strong enough to com- 
pensate for the spreading of effects over wavelength 
any better than in the present case. No L absorption 
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Fig. 3. Polarization anisotropy of anomalous scattering in sodium 
bromate, f~-f~ above, f ' - f "  below. Solid curves show the 
actual values, broken curves the result of convolution with a 
line shape of 10-6 eV FWHM. 

edges occur in existing elements above 33 keV. Thus 
the high-energy region is not favorable for applica- 
tions which would exploit this kind of dichroism or 
birefringence. Those who seek to avoid these compli- 
cations may welcome this result. Another conclusion 
is that the search for examples of greatest anisotropy 
should be directed toward the long-wavelength region 
where levels are narrow. 
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Wilfried Schildkamp and Don Bilderback for assis- 
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Science Foundation. Some facilities of the Lawrence 
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Abstract 

A vectorizable algorithm for fast computation of 
structure factors and derivatives during refinement of 
macromolecular structures is presented. It is based 

on fast Fourier transformations on subgrids that cover 
the unit cell of the crystal. The use of subgrids allows 
reduction of the total memory requirements for the 
computations without producing large overheads. 
The algorithm is applicable to all space groups. The 
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