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RHF expressions, can also lead to drastic differences
at large thickness and, perhaps, far from the
optimum underfocus condition.

To avoid uncertainties in image interpretation, a
careful assessment of the scattering factors used
should thus be made. When quantitative HREM is
used to solve complicated structures, such as

extended defects, these considerations will
undoubtedly be necessary.
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Abstract

Partial Patterson maps containing peaks from
anomalous scatterers only can be derived from
powder diffraction data. For each anomalous scat-
terer, three data sets are needed: one off the edge and
another two at two wavelengths close to the edge.
The method presented is based essentially on the
wavelength dependence of the real part of the
anomalous scattering factor.

1. Introduction

Because of the high resolution of the X-ray diffrac-
tometers that are available now at many synchrotron
sources, powder diffraction has become nearly
equivalent to single-crystal methods: provided the
resolution is high enough, individual intensities I(H)
= |FH)] + |[F(—H)]* can be measured for a large
number of reflections H and all the well established
methods for the determination of crystal structures
can then be used. This statement applies for wave-
lengths far enough from the absorption edges of
atoms in the sample. If anomalous scattering comes
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into play, the coincidence of Bijvoet pairs in a
powder diagram prevents the application of the well
known single-crystal techniques, e.g. the multiple
anomalous dispersion (MAD) method discussed by
Karle (1980), for the determination of signs or
phases.

In a previous communication (Prandl, 1990, here-
inafter paper I), it was shown that, from a simple
modification of the single-crystal algorithm, signs or
phases can be obtained from powder data also,
provided, as usual, the locations of the anomalous
scatterers are known. We have demonstrated recently
that signs can be determined uniquely in this way
(Limper, Prandl & Wroblewski, 1991).

The main results of paper I may be summed up as
follows. For the determination of signs, for centro-
symmetric structures, a single anomalous scatterer is
sufficient. Two data sets are needed, one with intensi-
ties I, (H) close to the absorption edge of the atom o
and a second one with intensities I,(H) sufficiently
far from the edge. In the acentric case, two different
anomalous scatterers must be available in the struc-
ture. Three data sets are needed: one off all edges,
I,(H), and another two close to the edges of the
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atoms o, and o,, I,,(H) and I,,(H), respectively.
The structure of the anomalous scatterers can, in
principle, be determined from difference Patterson
maps using I, (H) — I,(H) in the case of centrosym-
metry and /,,(H) — I,(H) and /,,(H) — I,(H), respec-
tively, in the acentric case. In any of these cases,
however, the difference Patterson map will contain
peaks not only from interatomic distances between
the anomalous scatterers but also from those
between anomalous scatterers and normal atoms.

It is the purpose of the present paper to show that,
from a minor variation of the data sets taken and a
new algorithm, a partial Patterson map P,(u), con-
taining peaks from anomalous scatterers only, can be
determined. The procedure suggested is specific to
individual kinds of anomalous scatterers: different
elements can be analysed/located separately.

II. Analytic procedure and selection of data

As in paper I, we write the atomic form factor

Js=Jos (1a)
for normal scattering and
Jo=foo + 45 +id'; (1b)

for the anomalous scatterer o, where the f,, and £,
depend only on siné/A and the 4, A’ vary with the
wavelength. 4] and A’ are expected to depend only
slightly, if at all, on the scattering angle and for the
present discussion they are taken as scalar quantities
[the general tensorial form factor has been discussed
recently by Kirfel, Petcov & Eichhorn (1991)]. Far
from the absorption edge, the structure factor is

F,. = F(+H)=3 f, exp(+ 2i7Hr,) = |F,|exp(+ iP),
2

where f, is the product of the form factor f,, with
the appropriate isotropic temperature factor and
@ = ¢(H) is the unknown phase. Close to an absorp-
tion edge of the atoms ¢, we obtain, with the
shorthand notation a,,

a4, = (45 + il )foo = (8./f0c) expia,  (3)
5, = (A2 + 4" @)
a, = arctan (4',/4) (5)
F,.=F(xtH)=F,. +a,FJ(xH)
= |F.|exp (£i®)
+|a,||Fg|exp e, = ¥,). (6)

Here, F,(x=H) is the actual structure factor of the
crystal and FJ(=H) is the normal (i.e. nonanoma-
lous) part of the structure factor, pertaining only to
the anomalous scatterer o with its phase angle ¥, =
¥,_(H). Equations (3)-(6) are a correct formulation if

all the anomalous scatterers o are equivalent. If the
atoms of type o occur at different lattice sites and/
or in different valency states, then (6) is only
approximately valid. The present procedure may
become less reliable quite close (say within =20eV)
to the absorption edge, because the chemical
environment may change the position of the edge:
chemical shifts of the absorption edge have been
reported by, for instance, Wong, Lytle, Messmer &
Maylotte (1984).

In a powder diagram, one obtains the off-edge
intensities

1,=2|F,} (M
and, near the edges,
I,=|F, .} +|F, P ®)

We define an intensity ratio r, that depends, via a,,
on the wavelength

re=1,/1,
=1+ |a,|*(|FSY/|F,}»)
+ 2|a,| cos a,(|F3|/|F,)) cos (@ — ¥,). (9)

In paper I, it was suggested that, for the determina-
tion of phases in the acentric case, two different
anomalous scatterers o; and o, should be chosen
and data should be taken at A,, A, and A,,, where
the latter two wavelengths are close to resonances of
the atoms o, and o,. Under these conditions, the
two resulting equations (9) for r,, and r,, can be
solved uniquely for sin® and cos @ and, therefore,
also for @, provided the F?=|F3|exp(i¥,) are
known.

Here, we show that (9) can be used to find |F3[%,
the ‘intensities of the anomalous scatterers’, directly.
For this purpose, we now assume that three data sets
specified in the following way are available: I,(H) at
A, (off edge) and I, (H,A,) and I,(H,A,), where A,
and A, #= A, are both close to an edge of atoms o.
Under these conditions, the normalized anomalous
scattering factors a, can be calculated, e.g. by the
program distributed by Cromer (1983; see also
Cromer & Liberman, 1970, 1981). The |F,|, &, |F{]
and ¥, in (9) do not depend on the wavelength. Let
us define

— |aa(/\'l)l2 2|a¢r(/\l)| Cos aa(Al) (10)
[ag(A)F 2]a,(A2)| cos a,(A;)
|Fol?/\F,*
= |4FeiE) cos (@ - w,) (1)
_ ra'(/\l) =1
" | - 1| (12

Then, the two versions of (9) corresponding to A,
and A, may be written as
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MY =V (13)

and (13) can be inverted if the matrix M is non-
singular.

In the approximation chosen, the matrix elements
of M depend only on the X-ray resonance properties
of the atoms o and not on their positions. M will be
singular if

lag(A)l/]as(22)] = cos a,(A1)/cos @, (A).  (14)

For Ay, 4,(A)), 4',(A)) and 6,(A,) given, all the
vectors A, (A%) + id',(A%) obeying (14) lic on a circle
with the radius

R=85(A))/24,(Ay), (15)

which passes through the origin as shown in Fig. 1.
By a proper selection of A, = A%, one can always
avoid this condition and then M can be inverted. In
Fig. 2, this construction is demonstrated for copper
as the anomalous scatterer. The anomalous contri-
butions have been calculated by the Cromer—
Liberman program. It is evident from Fig. 2 that the
restriction (14) becomes irrelevant, if one chooses
A1> Aegge aNd 5> Aggge.
From the inversion of (13), one arrives at

[Fel? = |FP(M~1V), (16)
[FS|cos (- ¥,) = |F,[(M™'V),.  (17)

The solution (16) is the quantity we look for: from
|Fg|* we may immediately compute the partial Pat-

A +1A'(AS) ? iA”

iA(Ay)
R
o)
D>
) A

Fig. 1. For A, given, the circle with the radius R represents the
conditions [(14)] under which the matrix M becomes singular.
Details are given in the text.

1K-ABSORPTION
|EDGE
1

1
|
|
|
|
L

Fig. 2. The circle construction (14)/Fig. | applied to copper as the
anomalous scatterer. 4\, and 4’%, in electron units.

terson function P, (u).
For centrosymmetric structures, (17) is reduced to

|5 1s(H)s,(H) = [FZ|(M™TV),, (18)

where s(H) and s,(H) are the signs of F,(H) and
FZ(H), respectively. Since, at this stage of the analy-
sis, the localization of the anomalous scatterers may
be taken as being known from P, (u), the signs s,(H)
are known also and (18) solves the sign problem for
s(H) with a single anomalous scatterer.

For acentric structures, the ¥, are known with
one restriction: densities p,(r) and inverted densities
po(—r) cannot be discriminated. In other words,
powder diffraction cannot, in fact, be used to derive
absolute configurations. In the acentric case, one set
of equations (16) and (17) is not sufficient to
determine the phases @H) uniquely, as discussed
earlier (paper I); a second anomalous scatterer is
needed for this purpose.

The considerations given so far rely on perfect
resolution in the powder diagram; overlap and
coincidences of nonequivalent reflections have been
excluded. Limitations owing to these two effects will
be treated elsewhere.

III. Discussion

The main purpose of this communication is to point
out that, using anomalous scattering, the partial
Patterson function P,(u) is accessible not only from
single-crystal but also from powder data. With the
localization of the anomalous scatterers at hand, the
phase problem can be solved. One may, however, put
aside the structure problem and ask whether a partial
Patterson function P,(u), being an autocorrelation
function, has a value in itself. This is indeed the case
in many problems of disorder. Examples are substi-
tution in garnets or spinels and the partial autocor-
relation functions in quasicrystals.

In a more speculative manner, one might also
consider using the present method to solve the prob-
lem of site occupancies of and correlations between
less concentrated defects at unknown lattice sites,
e.g. interstitials, which very often give rise to appreci-
able changes in the physical properties of technical
materials. Data of very high accuracy are required in
this case. They may be attained under the conditions
shown in Fig. 1: if the wavelengths are chosen on the
low absorption side of an edge [A; > A, (K, L edges), i
=1, 2], then the absorption and experimental condi-
tions, for instance, counter efficiency and reflection
positions, remain nearly constant for the two meas-
urements close to the edge. If the |FZ]* could be
measured, then major complementary information
beyond extended X-ray absorption fine-structure
spectroscopy would be accessible for the defect prob-
lem by powder diffraction.
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Abstract

It is shown that multiple-beam X-ray diffraction
does not provide a means of distinguishing between
the two enantiomorphic forms of the same crystal. A
detailed proof is presented for the case of benzil. It is
also shown that, without anomalous dispersion,
multiple-beam diffraction is equally incapable of
determining the polarity of acentric crystals. Appli-
cations are presented to results published in recent
literature.

It is well known that multiple Bragg scattering, a
situation in which two or more Bragg reflections are
excited simultaneously, can be used to determine the
phases of structure factors. It is also well known that
enantiomorphic forms of the same structure cannot
be distinguished in ordinary X-ray experiments since
the diffraction patterns are identical. Only when
anomalous scattering occurs (i:e. the X-ray energy is
not too far from the absorption edge of one atomic
species present in the crystal) are certain Bragg
reflections, otherwise identical in the two enantio-
morphic forms, slightly strengthened or weakened,
depending on the space group, thereby making it
possible to distinguish between the two enantio-
morphic forms.

Such has been the case, for example, for a-quartz,
which is found with either the P3;2 or P3,2 space
group. It has been shown (De Vries, 1958) that
anomalous scattering can indeed be used to
determine the absolute configuration, or handedness,
of a-quartz.
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Since the determination of handedness ultimately
reduces to a phase determination, it would seem that
multiple Bragg scattering could be fruitfully applied
to the solution of the enantiomorphism problem.
Such a proposition was seriously considered recently
(Shen, 1984) and looked very attractive because it
seemed that it could be used with organic crystals
containing light atoms, such as C, O and H atoms,
for which anomalous scattering is not feasible. How-
ever, it was soon realized that even multiple Bragg
scattering could not solve the enantiomorphism
problem in the absence of anomalous scattering and
this conclusion was reported in a review paper (Shen
& Colella, 1986) in which the case of benzil (isomor-
phous with quartz) was considered. The explanation
given in the paper was essentially based on the fact
that our initial inability to distinguish between left-
and right-handedness prevents us from determining
the orientation of the crystal and, therefore, drawing
conclusions from any conceivable multibeam
experiment.

Since then, a number of papers have appeared in
the literature in which this conclusion is either openly
rejected or ignored and cases have been reported in
which multiple-beam diffraction has been used to
solve the enantiomorphism problem. Such is the
case, for example, for the experiment on benazil
described by Hiimmer, Weckert & Bondza (1989), in
which it is claimed that the handedness of the sample
used in the experiment was unambiguously
determined by comparing Umweganregung peaks
with different intensities.

Another case in point is the paper by Chang,
King, Huang & Gao (1991), in which some multi-
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