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mation and against a random distribution of stacking 
faults in the polytypes is overwhelming. 

The observation (see Fig. 1) that the asymptotic 
value of NR/NL is two indicates that the transforma- 
tion mechanism does contribute to the randomization 
of layer positions so that for structures created by a 
large number of transformations the type of the layer 
in the M + 1 ,position does indeed become randomly 
related to the first one. This however does not imply 
that the stacking faults are randomly distributed. 
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Abstract 

Polarization-dependent resonant Bragg diffraction in 
crystals is investigated both theoretically and experi- 
mentally. In order to describe the effects of 
anisotropic anomalous dispersion on intensity and 
polarization of kinematically diffracted X-radiation, 
a general scattering model is developed on the basis 
of site-symmetry-compatible second-rank scattering- 
factor tensors for the absorbing atoms. For conven- 
tional four-circle single-crystal diffractometry it is 
shown that intensity and polarization of the diffracted 
beam can be predicted as functions of both crystal 
orientation and polarization of the incident radiation. 
In principle, anisotropy of anomalous dispersion may 
affect any reflection. In particular, it can give rise to 
the observation of intensities for reflections being 
systematically extinct by space-group symmetry. Both 
effects are discussed. Experimental proof of the 
model's validity was obtained by synchrotron-radi- 
ation X-ray diffraction measurements of mainly 'for- 
bidden' reflections in cubic cuprite, Cu20 and 
tetragonal rutile type TiO2 and MnF2. The experi- 
ments were carried out at the respective K-absorption 
edges of the cations using different instruments at 
HASYLAB/DESY during dedicated mode of DORIS 
II (3.78 GeV). Significant anisotropy of anomalous 
dispersion due to excitation of K electrons into p 
states was observed in each case, allowing studies of 
the dependence of 'forbidden' reflection intensities 
on both radiation energy and rotation (gt) around 
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the scattering vector h. Comparison of the observa- 
tions with the analytical intensity functions derived 
from the scattering model shows full agreement on a 
relative scale. For cuprite, estimates of the 
anisotropies of the real and imaginary components 
of the anomalous dispersion of Cu were obtained 
from the allowed reflection 330. The values derived 
from two different experiments (energies) are f ' =  
-0.56,  -0.35 and f " = - 0 . 2 3 ,  0.0 electrons, respec- 
tively. 

Introduction 
The anisotropy of the anomalous dispersion (AAD) 
of X-rays is an energy-dependent resonance effect 
which is likely to occur in the vicinity of an absorption 
edge of a bonded atom. As a pure consequence of 
chemical bonding it reflects two phenomena in the 
XANES and EXAFS regions, respectively: 

(i) dipole and (to a much smaller extent) quad- 
rupole transitions from the initial 'core' state to 
excited states which are vacant, allowed and related 
to the local symmetry and the chemical environment 
of the absorbing 'edge' atom, 

(ii) interference of the outgoing wave of 'true' 
photoelectrons, i.e. with positive energy, with the 
wave backscattered from surrounding neighbor 
atoms. 

In crystalline material of lower than cubic sym- 
metry both effects can manifest themselves in an 
anisotropic refractive index and consequently in 
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angular-dependent X-ray absorption cross sections 
which can be studied by transmission of linearly 
polarized photons (polarized radiation is, however, 
not a prerequisite). With the advent of synchrotron 
radiation (SR) the investigation of 'polarized', 
'angular dependent' or 'anisotropic' X-ray absorption 
spectra has become an attractive tool which is mean- 
while applied to a broad range of problems in 
chemistry, mineralogy, biology and solid-state and 
surface science. A number of applications has been 
compiled recently by Brouder (1990) who gives a 
theoretical account of the angular dependence of 
X-ray absorption spectra. 

Within the dipole approximation AAD can be 
described by assigning to both real and imaginary 
parts of the anomalous-dispersion correction, f '  and 
f" ,  energy-dependent second-rank tensors which are 
compatible with the symmetry of the 'edge' atom. 
Since the macroscopic refractive index is determined 
by the average over all AAD tensors in the unit cell, 
i.e. the tensor being invariant against the rotational 
operations of the space group, AAD has no effect on 
the X-ray optical isotropy of cubic crystals. It causes, 
however, X-ray pleochroism and birefringence for all 
other systems as demonstrated, for example, by 
Templeton & Templeton (1980, 1982, 1985a, b, 1988). 
In uniaxial LiNbO3, birefringence has been studied 
by Petcov, Kirfel & Fischer (1990) using SR and an 
experimental set-up analogous to the optical polariz- 
ation microscope. These investigations were per- 
formed to obtain information about AAD in the 
crystallographic context, while the majority of 
transmission experiments deals merely with the 
anisotropy of the photoelectric absorption coefficient 
/.~ which contains information about the projected 
density of states and/or near-neighbor geometry of 
edge atoms. 

The effect of AAD on kinematic single-crystal 
Bragg diffraction was first discussed by Templeton & 
Templeton (1980). Based on the fact that, regardless 
of the crystal symmetry, the intensity of each reflec- 
tion may be modified in case of AAD, they developed 
a method for the determination of the principal com- 
ponents of the f ' ,  f "  tensors from selected diffraction 
data. As a particular consequence of AAD, the 
authors stated in 1980 that 'screw-axis and glide-plane 
rules for absent reflections are no longer rigorous 
since crystallographically equivalent atoms do not 
have exactly the same scattering power'. In two theo- 
retical contributions (Dmitrienko, 1983, 1984) and a 
recent review (Belyakov & Dmitrienko, 1989), a 
method was discussed for predicting the properties 
of this new type of structurally 'forbidden' reflections. 
Extinction rules and explicit intensity formulae were 
derived for the cubic system. Apart from our own 
work (see below and Petcov, 1989), the first and (to 
our knowledge) only experimental verification of the 
occurrence of space-group-extinct reflections due to 

AAD has been reported by Templeton & Templeton 
(1985a, 1986, 1987) for the case of cubic NaBrO3. At 
the Br K-absorption edge they observed reflections 
001 with l = 1, 3, 5, 7, 9, 11. The intensity dependencies 
on the azimuthal angle ~ were in agreement with the 
prediction by Dmitrienko (1984). In addition, the 
authors were able to show that this information could 
be used to determine the phases of the corresponding 
(allowed) second-order reflections with l even. 

In the present paper we wish to contribute to the 
knowledge of Bragg scattering in the presence of 
AAD. A general treatment of its effect is attempted 
on the basis of the Jones calculus (Jones, 1941, 1948), 
which has been found very useful in the description 
of the near-edge transmission of polarized radiation 
through LiNbO3. The formulation of the optical 
model in terms of Jones vectors and matrices renders 
a concise notation of both the intensity and polariz- 
ation of the scattered radiation. 

The model is compared to experimental results 
obtained with SR on single crystals of cubic cuprite, 
Cu20 (Kirfel, Petcov, Fischer & Eichhorn, 1988; 
Eichhorn & Kirfel, 1988; Kirfel & Eichhorn, 1988, 
1989) and tetragonal rutile-type TiO2 (Kirfel & 
Petcov, 1989) and MnF2 (Kirfel, Petcov, Jauch & 
Palmer, 1989) using different instruments at HASY- 
LAB/DESY. The energy-dependent occurrence of 
space-group-extinct reflections was abbreviated to 
FRED (forbidden reflection near edge diffraction) 
and emphasis was put on proving FRED and on the 
investigation of the intensity variation upon rotation 
around the scattering vector ( ~  rotation). In case of 
Cu20 some allowed reflections were also considered. 

The choice of the substances was governed not only 
by the availability of large single crystals, but also by 
the fact that the crystal structures are very different. 
While Cu in cuprite possesses an extremely 
anisotropic chemical environment provided by a 
linear O-Cu-O arrangement, the cation in the rutile 
structure is at center of an almost regular octahedron 
of O atoms, and only the second-neighbor environ- 
ment exhibits a distinct anisotropy. Thus, one impor- 
tant aspect in choosing rutile was to elucidate whether 
or not AAD can be expected in the majority of mineral 
structures being composed of rather less- than more- 
distorted coordination polyhedra. 

Elastic scattering in the Jones's formalism 

The observation of elastic photon scattering under 
28  # 0 defines the scattering plane containing both 
incident and diffracted beams. A totally polarized 
electromagnetic plane wave can then be represented 
by the column vector of the electric field: 

ID)o \Ao~/" 
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Ao,.,~ are generally complex numbers and o- and ~- 
denote the components perpendicular and parallel to 
the scattering plane which may be vertical as depicted 
in Fig. 1. (D  is used for the electric field because in 
the following E denotes the energy of the radiation.) 

[D)o gives a complete description of the radiation 
properties. In particular, the intensity is 

Io = o( D*l D)o = lmoo, l= + lAo,d = (2) 

and the degree of linear polarization, for example, 
perpendicular to the scattering plane is 

P~ = lAo~12/ lo. (3) 

The effect of a scatterer on I D)o can be described by 
a complex scattering operator ;~r so that the scattered 
radiation is 

,4, ID)o-- A,~ 

and the intensity 

I o  = o(D*lO)o=o(D*le~+o~olD)o.  (5) 

(The superscripts * and ÷ denote complex and Her- 
mitian conjugation, respectively.) The individual 
intensity contributions of the or- and ¢r-polarized 
components can be obtained by applying the projec- 
tion operators: 

P~=(10 ~ ) a n d  P ,~=(0  0 ~ ) ,  

respectively. 
With P+P = P for both cases, one obtains 

Io,~ = o ( D * l ~ P , , ~ o l D ) o  
(6) 

Io,, = o( D*l ~+oP,,~otD)o, 

which, of course, sum up to I~ of (5). Consequently, 
the degree of tr polarization of the diffracted radiation 
follows from 

Po,~ = l o d  ( lo,~ + lo,~ ) 

= o(O*]~7~oP~o[D)o/o(D*l~o~oIO)o.  (6a) 

Considering the scattering object as an optical ele- 
ment, one can use the formalism introduced by Jones 
(1941) to describe the scattering operator ~o  by a 
2 x 2 matrix: 

"~°= ~,~,  q b ,  (7) 

where the elements ~,,7(,1, v = o ' , ~ )  contain a 
description of the scattering object and determine the 
properties of the scattered radiation, ]D)o. The ~¢n 
are defined as 

e , r e ,  , ¢'~,~= ~ ts)e,.  (8) 
! 

e~ = e ' ,  e~ and e,, are the unit vectors of the polariz- 
ation directions (T= t ranspose )  with respect to a 

coordinate system associated with the scattering 
object, i.e. the scattering density distribution which 
may be a scalar function p(r) or a tensor function 
p(r). The same applies to the Fourier transform F(s) 
or F(s) (Isl =s in  O/A). 

Substitution of (1) and (7) into (5) and (6a) yields 

Io = Imo, l~(I ~ . , I  = + I ~,,.~12) + IAo~l~(I ~, , . I  = +1¢, .  I ~) 

and 

+ 2 Re[ Ao*~,Ao~ (~*,,, ~,~,,~ + * • ,~,~,~,~)1 (9) 

Poo. = (1 / Ia)[IAo~121 ~,~12 + IAo~l=l ~ ,~1 = 

+2  * * Re(Ao~,Ao,~,,,~ ~,,,,~) ], (10) 

which give explicit accounts of the scattered radiation 
in terms of intensity and degree of or polarization 
both as functions of the incident-radiation properties. 

Though (9) lacks any assumption about the very 
nature of the scattering object and is therefore valid 
for all sorts of samples, it may be exploited to its full 
extent only if F is not a scalar. This is in particular 
true for a crystal with atoms exhibiting AAD. The 
evaluation of ID)o and Io requires two steps, namely, 
according to (8): 

(i) formulation of the structure factor F(h); and 
subsequently 

(ii) formulation of the elements ~¢,7(h, ~ )  as 
functions of the crystal orientation in the laboratory 
system. Since the polarization directions tr and rr 
have to be considered with respect to the crystal axes, 
each ~ , ~  depends also on the azimuthal angle, i.e. 
a g' rotation around the scattering vector h. 

Once the ~,,~ are given, calculations of (4), (9) 
and (10) are straightforward. 

Bragg scattering formalism 

In order to describe the AAD of an atom within the 
dipole approximation the scattering factor is given 
by an energy-dependent second-rank tensor, f, whose 
symmetry properties are determined by the point sym- 
metry of the atomic position. This is a natural assump- 
tion which, as pointed out by Dmitrienko (1984), has 
still to be proved both theoretically and experi- 
mentally. For any crystal system: 

f (E,s)=fo(s)G*o + f ' ( E ) + i f " ( E )  (11) 

f ( E , s ) = [ f o ( s ) + f r ( E ) + i ~ f o ( E ) ] G o  " * 

+ [ f ' ( E ) - f r ( E ) G * ]  

+ i [ f " (E ) - fg (E)G*o] ,  ( l l a )  

where fo(s) is the non-resonant isotropic atomic scat- 
tering factor, f~ (E) ,  f~ ' (E)  denote the isotropic com- 
ponents of the anomalous-dispersion correction. E = 
hto/27r is the photon energy, s = (sin O) /h  and Go* 
is the dimensionless tensor obtained from the 
reciprocal metric tensor for a* = b* = c* = 1 (for 
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orthogonal crystal axes, Go* = I, the unity matrix). 
Corresponding elements of f' and f" are assumed 
(Templeton & Templeton, 1988) to obey the disper- 
sion relation (James, 1982): 

oo 

f,~(to) (2/7r) ~ . . . .  2 ' ---- [to~f,7~(to ) / ( t o  - t o ' 2 ) ] d t o .  (12) 
0 

As a consequence of (11), the structure factor of a 
reflection h will also be an energy-dependent tensor: 

F(h, E) = ~  ~ cjfjkTjkGjk. (13) 
j k 

n = number of atoms in the asymmetric unit, m = 
number of symmetry operations of the space 
group, cj = occupation factor, Tjk = exp [ -hrBjkh]  = 
temperature-factor expression, Gjk = exp [2 rrih. rjk ] = 
geometric factor, fjk is the scattering-factor tensor of 
the j th  atom transformed by the rotational part of 
the kth symmetry operation (Dmitrienko, 1983) 
according to 

f j k = R k f j l R ~ .  (14)  

Thus, the scattering factor fj transforms like the tensor 
of thermal vibration, B j, yielding in general different 
scattering amplitudes for crystallographically 
equivalent atoms. For Bragg diffraction, the interfer- 
ences due to  Gjk have to be considered. For h = 0, i.e. 
for X-ray transmission, the superposition ~cj f jk  
characterizes the macroscopic X-ray optical proper- 
ties of the crystal. 

According to ( l l a ) ,  (13) can be reformulated as 

F(h) = G*o [~ ~ cj(foj + f~j if~j) TjkGjk ] 

n 

+ r E  cj[(f~ co*f~,j)+,(fj~- * " - " " Gofoj)]TjkGjk 
j k 

= Go* F(h)o + F(h),,. (15) 

The first tensor represents the usual structure factor, 
F(h)o (including isotropic anomalous dispersion), 
whereas the second tensor, F(h)~, describes solely the 
contribution due to AAD. Thus, with respect to a 
Cartesian system (C) attached to the crystal, one can 
also write: 

F(h)c=IF(h)o+r(h)c~. (15a) 

Substitution of (15a) into (8) transforms (9) into 

I (h) = I Ao~l~[I Fo + ¢'~,~1 ~ + I ¢~o~,~1 =] 

+ Iao,12[I fo cos 2 0 +  ¢~,,,~12 + I ¢,o~,~1 =] 

+2  Re{A*o~Ao~[ ~,,,,~(Fo+ ~,~,~)* 

+ qb*~,,~(Fo cos 2 0  + qb,,~, )]}. (16) 

This equation shows explicitly that all reflection 
intensities may be affected as soon as the anomalous 
dispersion of one or more atoms in the asymmetric 

unit deviates from isotropy. The relative effect may 
become considerable, especially for weak reflections 
with systematically or accidentally small Fo(h). Even 
for Fo(h)= 0, i.e. for a reflection which is systemati- 
cally extinct by space-group symmetry, (16) equals 
(9) showing the possibility of a non-vanishing 
intensity. Thus, serial and zonal extinction rules can 
be violated in the presence of AAD, with an intensity 
contribution exclusively from the atoms exhibiting 
the anisotropic resonant scattering. 

If (16) is rewritten as 

I ( h ) =  l ( h ) ~ +  l(h),~+ l ( h ) ~ ,  (17) 

this emphasizes that the first two terms contain the 
contributions of the orthogonal o- and 7r components, 
respectively, regardless of their mutual phase relation, 
while the third term considers the phase relation 
between them, i.e. the kind of polarization. Clearly, 
l(h),,~ vanishes if the radiation is totally tr or rr 
polarized (IAo~l or IAo.l=0) or unpolarized. The 
latter case, however, precludes neither modifications 
of allowed reflection intensities nor the violation of 
extinction rules so that polarized radiation is not a 
prerequisite for the manifestation of AAD in X-ray 
diffraction. In particular, for F(h)o = 0 and unpolar- 
ized radiation (IAo~l--IAo,I = Ao/2~/2), one obtains 

l (h). = ½ao2(I ~a~,,~l 2 + I ¢,~,~12 + I ~ ,~12 + 14,o~,~12). 
(18) 

Vice versa, however, the occurrence of AAD is a 
necessary condition for a detailed manifestation of 
the polarization because I(h)~,~ vanishes for F ( h ) a  --- 0 
and (16) reduces to the classical 

l (h)=lF(h)ol2(Iao~12+lao~l 2 c0s220) (19) 

which includes the polarization correction for Thom- 
son scattering, but is ambiguous with respect to the 
polarization of the radiation. If, for example, IAo~l = 
IAo~l, the incident radiation could be linearly or cir- 
cularly (right or left) polarized or unpolarized. 

Scattering intensity of 'forbidden' reflections 

Considering in particular ' forbidden'  reflections 
which are systematically extinct due to screw axes 
and /o r  glide planes, a detailed discussion of their 
properties has been given by Dmitrienko (1983). 
Results were derived on the basis of a suceptibility 
distribution in the unit cell which is invariant under 
the symmetry operations. The use of individual f 
tensors compatible with the point symmetry of the 
atoms is more restrictive (Dmitrienko, 1984) because 
the anisotropy of susceptibility is assumed to be local- 
ized at the atomic positions. This leads in some cases 
to modified structure-factor tensors which may be 
discussed in more detail elsewhere. Here, we address 
only a few points concerning some general properties 
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of 'forbidden' reflections as deduced from the scatter- 
ing model. 

For linear polarization of the incident beam, I(h),,,, 
of (17) is given by 

l(h)~,,, = 2AooAo,, Re [ ~o~,,,~*~,~ + * ¢,,,,,.,,,. ¢,o,,.,.,,,. ] .  

(20) 

Apart from pure tr or ¢r polarization, l(h)~,, can only 
vanish if the bracketed sum equals zero [e.g. ~,,~,~ = 
• o,~,,~ = 0, type I reflections (Dmitrienko, 1983)] or 
is purely imaginary. In view of (12) the latter cannot 
be true in general so that the total diffracted intensity 
is sensitive to (20) if the polarization direction is 
neither parallel nor perpendicular to the scattering 
plane. 

On the other hand, considering elliptical (circular) 
polarization with one main axis parallel to the scatter- 
ing plane: 

iD)o= ( Ao~ 
+ iAo,, / 

I(h)~,, :~2AooAo,, Im [ ~o~,,,~*~,~ + * = ¢,o,,,~ ~o,,,,,], 
(21) 

which vanishes only if Im [F(h)o]= C Re[F(h)o],  
C = constant. This condition is met for scattering- 
factor tensors possessing only one unique off- 
diagonal element as discussed below. In the general 
case, however, (21) indicates that the diffracted 
intensity is different for elliptical (circular) polariz- 
ations of opposite sense. 

Though the polarization of the diffracted beam is 
usually not investigated in the diffraction experiment, 
it is interesting to consider some consequences of the 
scattering model. The or polarization of the diffracted 
radiation is given by (10) which includes both the 
always present change of polarization due to Bragg 
diffraction and the change due to an anisotropy of 
the X-ray susceptibility. These are two different phy- 
sical phenomena. While the former depends strongly 
on the crystal perfection, the latter reflects the 
chemical bonding and the environment of the absorb- 
ing atom. Again, for pure or or ~r polarization of the 
incident wave: 

P ( h L ~  = lAo~121cho.,.12/ I ( h L  (22) 

P ( h L ~  = lAo,121C'a,,,12/ l (h)~.  (23) 

Thus, if ~o,,,o, or ~o,~,,, = 0, the polarization of the 
diffracted beam is orthogonal to that of the incident 
one. For these reflections, nonpolarized radiation 
obviously yields nonpolarized diffracted radiation. 

Equation (10) is useful considering linearly or non- 
polarized radiation, but it fails to give sufficient infor- 
mation about the effect in case of elliptical polariz- 
ation. Then, one has to refer to (4). As an example, 
one may consider the special case of circular polariz- 

ation and again ~o,,,~, = ~o,,,,, = 0: 

ID>. = ~:Ao = Ao( } ,  (24) 

showing that left-hand circularly polarized radiation 
is diffracted with right-hand polarization, and vice 
versa, if F(h)o is symmetric and ~a,, ' .  and ~o,~,~ are 
equal and real or imaginary quantities. The same 
applies to an antisymmetric F(h)o and real or 
imaginary ~o~,,, =-~o,~,,,. 

The structure factor in the diffractometer system 

The formulation of the unit vectors of the polarization 
directions, e~, e~ and e'~, with respect to the crystal 
is equivalent to the description of the structure-factor 
tensor F(h) with respect to the difffractometer system 
(D) after rotation of the crystal into the reflecting 
position. The notation is analogous to that of Busing 
& Levy (1967), however, with the usual convention 
that to = O for the bisecting position, i.e. the offset 
e = t o - O = 0 .  

The diffractometer coordinate system (D) for a 
reflection position is depicted in Fig. 1. The axes Xo 
and Yo are in the scattering plane with Xo coinciding 
with the scattering vector h, and Yo bisecting the 
scattering angle 2 0  between the incident and reflected 
beam. 

The orientation of an arbitrarily mounted crystal 
with respect to the laboratory system is given by the 
orientation matrix UB which contains the com- 
ponents of the reciprocal crystal axes with respect to 
that system. In order to bring a vector Vc in the crystal 
into coincidence with XD, the crystal has to be rotated 
around the ~o, X and to axes of the difffractometer, 
where the corresponding setting angles are derived 
from UB. Thus, 

vo = EXOVL = Qvc, (25) 

where E is the unity matrix for bisecting geometry 
(to = e + O ;  e ' - 0 ;  E, X and • have to be defined 

Ii o - -  - 

I 

I e, h, . e.1~ r i 

I i 

YD = ~e I 
I i 

I 

I ~ I 

I i 
I I 
l Z l 
I ._  I 

Fig. 1. Scattering geometry for the diffractometer system (D) in 
the reflection position. The vertical scattering plane contains e,, 
and e'. 
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according to the individual diffractometer set-up and 
sense of angle rotations). Thus, when a reciprocal- 
lattice vector h coincides with Xo, F(h) has been 
rotated too. Before applying the rotations Q to F(h), 
one has, however, to consider that F(h) of (15) is still 
defined with respect to the reciprocal crystal system 
which may be oblique. F(h) must therefore be trans- 
formed into a Cartesian system (C) where Xcllao, 
Yc Ilco* × ao, and ZcHaoX bo. This is achieved by 

F(h)c = (Bo 1) T[G* F(h)o + F(h)a ](Bo I ) 

= IF(h)0 + (Bo~) TF(h)o (Bo 1 ) (26a) 

with (Bot)rGo*(Bo~) = I  and ! cos -v* cos/3" \ 
Bo = sin y* -sin/3* cos a ] ,  

0 V0*/sin 7" ] 

V~o = [1 - c o s  2 a* --COS 2 /3*- -COS 2 y *  

+2 cos a* cos 13" c o s  7*] 1/2 

Bo describes the unit vectors of the reciprocal lattice 
with respect to system (C),  and is the matrix of unity 
for orthogonal crystal axes. (Bo can be obtained from 
the B matrix by setting a* = b* = c* = 1.) 

With respect to system (D) one obtains: 

F(h)o = QF(h)cQ 7-. (26b) 

An additional rotation of the crystal around the scat- 
tering vector yields 

F(h; att)o= ~ItQF(h)cQTal tT (27) 

with 

~ =  (i 0 0) cos gt sin , 

- s in  gt cos 

1/, = 0 refers to the bisecting position (to = O). 
Application of (27) to (8) leads to the final form 

of the elements O~'n: 

~ ,n (h ;  ~)=e'roqtQF(h)cQr'q[rreno . (28) 

From Fig. 1 follows: 

e~,o = , e , ,D = sin , e : D  = --S 0 . 

(29) 
Of course, a scalar structure factor F(h)o alone yields 
again: 

0,,.o. = F(h)o, 0,,.~ = F(h)o cos 20,  

~,~,,, = ~ , , ~  = 0. 

In order to predict the gt dependence of the ~ n  and 
ensuingly I(h; gt), the actual U is irrelevant and may 

Table 1. Crystallographic data and K-absorption edges 

Cu20* TiOzt MnF2~ 
Cubic Tetragonal 

a o (/~) 4.2696 4.59366 4.8734 
c o (A) 2.95868 3-3099 
V (A 3) 77.773 62.435 78.610 
Space group Pn]m (No. 224) P42/mnm (No. 136) 
Z 2 2 
Atoms Cu 4(b) (0, 0, 0; 3m) Me 2(a) (0, 0, 0; mmm) 

O2(a) (a,4,4;43m)tt t - F, O4(f)(x,x,O;x=O.3049;mm) 
K edge (A) 1.38059 2.49734 1.89643 

(keV) 8.9803 4.96452 6.5376 

* Kirfel & Eichhorn (1990). 
t Restori & Schwarzenbach (1987). 
~: Jauch, Schultz & Schneider (1989). 

be taken as the unity matrix, for simplicity. For bisect- 
ing geometry (e =0) ,  Q reduces to Qo = Xo~o for 
which the setting angles X and q~ can be calculated 
from 

with 

= tan-'(Qo.,2/Qo.l,) 
X tan-l[  2 i.)2 ~1/2" I 

= Qo,13/(Qo, xl + ~0 ,121  / (30) 

Qo, lj = IhlBh [ j=l ,2 ,3 ;h=(h ,k , l ) ] .  (31) 

Then, with 1/' = 0 as defined above, and provided the 
ambiguities in (30) are properly resolved, (28) can 
be evaluated explicitly according to: 

e,,o(qrXo~o)(Bo ) ~v,n(h; g t )=  ,r  -t r 

x [G*F(h)o+ F(h),,] 

× ( B o  1) (xitXotl~o) T e n o .  (32) 

Crystal structures and samples 

Crystallographic data for cubic C u 2 0  and tetragonal 
TiO2 and MnF2 are summarized in Table 1. 

Semi- and photoconducting cuprite has attracted 
much interest by both experimental crystallographers 
and theoreticians. The structure including the electron 
deformation density distribution has been well deter- 
mined, recently by Kirfel & Eichhorn (1990). The 
outstanding feature is a perfectly linear and sym- 
metric O - C u - O  arrangement [Fig. 2(a), Cu-O 

i 

(a)  (b) 

Fig. 2. Crystal structures o f  (a)  euprite (origin at 43m) and (b) 
ruffle. The metal atoms are indicated by full spheres. 
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1.848 A] requiring a considerable amount of covalent 
bonding. Owing to this anisotropic chemical environ- 
ment of Cu, one can intuitively expect anisotropy of 
the X-ray susceptibility at resonance energies. Theo- 
retical calculations by Nagel (1985) and Marksteiner, 
Blaha & Schwarz (1986) indicated a C u d  8 plus 
doubly occupied 3dz2-4s hybrid state. The band- 
structure calculations of the latter authors yielded 
two close peaks in the DOS of the p band (mainly 
due to O 2p states) which correspond to a large 
unresolved peak (6-7 eV below EF) in the photoelec- 
tron spectrum reported by Thuler, Benbow & Hurych 
(1982). Thus, excitation of Cu K electrons into this 
(these) p state(s) is likely for K-absorption-edge 
energies. 

The point symmetry of the Cu site is 3m allowing 
symmetric f '  and f" tensors, each with equal diagonal 
(fll=f22=f33) and off-diagonal (f12=f13=f23) ele- 
ments, respectively. Since, according to (15) and (16), 
the former elements do not contribute to 'forbidden' 
reflection intensities, there is only one complex par- 
ameter, f12, to be considered in the structure-factor 
tensor F(h),~. Owing to the cubic symmetry, absorp- 
tion is isotropic so that diffraction is the only way to 
(i) obtain direct proof of the excitation of ls electrons 
into a p state, and (ii) assess the magnitude of the 
resulting anisotropy in the anomalous dispersion of 
Cu. 

Another interesting feature of the cuprite structure 
is the division of the allowed reflections into four 
parity classes, (eee), (ooo), (ooe) and (eeo). If contri- 
butions of aspherical atomic density distributions due 
to chemical bonding are neglected, the (eeo) reflec- 
tions are 'forbidden' by the special atom positions, 
and the (ooe) reflections are weak, being determined 
by the O atoms alone. Thus, besides the systematically 
extinct zonal reflections (hk0; h + k = 2n + 1), these 
reflections are, in keeping with (16), of particular 
interest for tests of the scattering model. 

Samples of Cu20 were prepared from two natural 
batches from Canada, hereafter referred to as CUC, 
and Western Australia, CUA. From CUC we have 
taken the crystal sphere (0.173 mm diameter) already 
used in our electron-density study (Kirfel & Eichhorn, 
1990) and a crystal cube of 6 x 5 x 4.5 mm cut perpen- 
dicular to [011 ], [ 111] and [21T]. Both crystals were 
regularly mounted on goniometer heads. From CUA, 
thin slinces of 20 x 20 mm were cut perpendicular to 
[100] and [110] and polished to about 40 ~m. In order 
to ensure mechanical stability these wafers were then 
glued to thin glass plates which could be mounted as 
usual. 

The rutile structure compounds, TiO2 and MnF2, 
were chosen for the following reasons: 

(i) Like cuprite, rutile has been investigated in 
numerous studies concerning the bonding character 
and its relation with its extraordinary physical proper- 
ties (Abrahams & Bernstein, 1971; Gonschorek, 

1982). The structures are well determined (TiO2: 
Restori & Schwarzenbach, 1987; MnF2: Jauch, 
Schultz & Schneider, 1989) and large crystals are 
available. 

(ii) Polarization dependence of the photoelectric 
absorption coefficient has been observed for isotypic 
ZnF2 at the Zn K-absorption edge by Cox & Beau- 
mont (1980). Particularly for the 'white line' which 
is associated with a high density of states with p 
symmetry above the Fermi level they reported an 
anisotropy of /~ of up to 25%. This finding means 
AAD for Zn, and similar conditions could be expec- 
ted for the Ti and Mn cations. 

(iii) This possibility has been discussed in detail 
by Dmitrienko (1983). Though the metal atom is 
coordinated by an almost regular oxygen octahedron 
(Ti-O 1.980 and 1-948; Mn-F  2.102 and 2.132/~), 
the structure can also be imagined as being construc- 
ted from successive layers of O-Ti-O entities (com- 
pare O-Cu-O)  directed alternately at 45 and -45 ° to 
the a0 axis (Fig. 2b). The principal axes of the f' and 
f" tensors for subsequent layers are therefore 
orthogonally oriented, allowing the occurrence of 
'forbidden' reflections. Thus, experimental verifi- 
cation of Dmitrienko's prediction was one aim of our 
investigation. 

The TiO2 sample was a large natural prism of 
14x 14 mm cross section from Steiermark, Austria. 
The prism faces were {100} and {110} and the (001) 
face was obtained by cutting the crystal. Owing to 
lack of time, the faces received no further treatment. 

For MnF2, a synthetic crystal plate (15 x 10 x 2 mm) 
with polished (100) faces was kindly provided by W. 
Jauch (Hahn-Meitner-Institut, Berlin, Germany). 

Experimental 
All experiments were carded out during dedicated 
beam time, i.e. DORIS II being operated at 3.7 GeV, 
critical energy 9keV, maximum injected current 
100 mA. This mode of operation provides in general 
stable beam conditions and fills lasting up to 4 h. For 
the majority of the measurements on the large speci- 
mens we have used the two-axis diffractometer in- 
stalled at beam line G3 at HASYLAB (Bonse & 
Fischer, 1981). Supplementary measurements on the 
Cu20 crystal sphere were performed on the six-circle 
diffractometer installed at line C (Bondza, Hiimmer 
& Weckert, 1986; Hiimmer, Weckert & Bondza, 1989). 
This instrument allows true ~ rotations around the 
scattering vector (without mechanical limitations) 
and is operated as fast and almost as comfortably as 
a four-circle machine. 

At both diffractometers, the radiation was mono- 
chromatized by symmetric flat double-crystal 
arrangements [two-axis: Si(111), six-circle: Ge(111)] 
with fixed exits (AE/E =4x 10-4). Contaminations 
of the radiation by third- and fourth-order harmonics 
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were carefully checked and, if necessary, reduced to 
negligible importance by both slightly detuning the 
monochromator and adjusting the energy discrimina- 
tion of the counting chain. 

Two-axis dif fractometer 

The experimental set-up used for all measurements 
on this instrument is depicted in Fig. 3. Bragg 
intensities were obtained by reflection from extended 
crystal faces. Normally, the scattering plane was ver- 
tical, however, the instrument allows also any other 
orientation of the scattering plane between vertical 
and horizontal since the diffractometer set-up indi- 
cated in Fig. 3 is mounted on a swing which can be 
rotated around the beam axis. Optimal homogeneity 
of the primary radiation was achieved by selecting a 
suitable cross section, e.g. 2× 1 mm, from a 10x 
10 mm beam entering the monochromator.  

Each crystal was mounted with the illuminated face 
under consideration perpendicular to the ¢ axis of a 
K goniometer so that a ~ rotation around the scatter- 
ing vector h was accomplished by the q~ circle. In 
order to exclude errors due to crystal misalignments, 
which were difficult to correct for, each intensity 
I(h; up.) was determined from an to scan at fixed gt. 
For each to step, the ratio of the count rates provided 
by the NaI scintillation detectors measuring the 
diffracted radiation and monitoring the incident radi- 
ation (Petcov, Kirfel & Fischer, 1990) was fed into 
subsequent channels of a multichannel analyzer 
which provided both an on-line graphics display of 
the normalized peak profile and the total integrated 
intensity upon activating the integration mode. Thus, 
the aP'-scan results reported below are based on rela- 
tive and unreduced integrated intensities vs gt settings 
rather than count rates vs wi t rotation. 

The same to-scan technique was also applied in the 
initial investigations of the energy dependence of the 
'forbidden'  reflection intensities in order to detect the 
resonance effects at the absorption edge and to opti- 
mize the intensity yield. Thus, the experimental pro- 

\ \  
$ 

Fig. 3. Experimental set-up on the two-axis diffractometer (S = 
scattering foil; M, F, D =  Nal detectors for monitorization, 
fluorescence yield and diffracted beam). 

cedure carried out for each compound comprised 
generally the following steps: 

(1) Calibration of the monochromator by measure- 
ment of the respective K-absorption edges. This was 
achieved by either absorption measurements on 
powdered samples or by observing the energy depen- 
dence of an allowed reflection in combination with 
fluorescence measurements. The near-edge region 
was then fine scanned with energy increments of 
about 10 eV in order to establish the energy range to 
be covered in the ensuing search for ' forbidden'  reflec- 
tions. 

(2) After proper crystal alignment, based on at 
least two allowed reflections, crystal ~nd detector 
were positioned to the calculated settings for a 'for- 
bidden' reflection, and the energy was again varied 
over the absorption edge using increments d E  
between 1.5 and 5 eV. When possible, the correct 
settings for the Bragg condition were confirmed by 
tuning the monochromator  to maximum output of 
the fourth order and registering the intensity of the 
corresponding allowed reflection. Since the 'energy 
scans' were rather time consuming and sensitive on 
the beam stability, the choice of the energy increments 
depended on the developing picture. Mainly due to 
lack of time, these scans were therefore not intended 
to yield spectra of the highest possible resolution and 
reliability, but served rather to determine the reson- 
ance energy to be used for the subsequent polariz- 
ation-dependent intensity measurements. 

(3) These were performed varying gt between 0 
and rr or 2rr, respectively, with 5<-Ag'<-15 ° and 
to-scan ranges adapted to the actual peak profiles 
which varied considerably with the crystal quality. 
The number of profile points was between 51 and 91, 
and each point was measured for at least 10 s. Includ- 
ing the time for the circle movements, each to scan 
required therefore between 12 and 22 min yielding 
about 10-20 l(h;  gt) values per run, for an optimal 
performance of DORIS II. 

Finally, in many experiments, e.g. for MnF2, we 
have also recorded the fluorescence yield using a third 
detector at 2 0 - - 9 0  ° looking down on the reflecting 
crystal face. 

Six-circle dif fractometer 

The additional measurements on the Cu20 sphere 
(CUC) were carried out in order to (i) check the 
results obtained on the above instrument, (ii) test the 
feasibility of a faster experiment on a much smaller 
scattering volume (i.e. conventional diffractometry) 
and (iii) be free in the choice of reflections to be 
investigated. In particular, the latter point was of 
interest in view of testing the scattering model on 
some allowed reflections. 

The measurements were conducted using the bath- 
ing method, with vertical scattering geometry, and 
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with primary-beam monitorization as described 
before. After establishment of the orientation matrix 
and optimization of the radiation energy, normalized 
l(h; ~ )  functions were again evaluated from sequen- 
ces of individual to scans at increasing azimuthal 
angles (3-< Aft, _< 15°). These scans consisted of 200 
profile points (Ato--0.003°), each measured for 1 s. 
The determination of a single value l(h; ~ )  took 
therefore less than 4 min, being at least three times 
faster than before, and a full g~ rotation comprising 
37 experimental points could be completed within 
about 150 min. 

Results and discussion 

In this section, the scattering model is applied to the 
cuprite- and rutile-type structures. Intensity functions 
are explicitly formulated for selected reflections and 
are then compared on a relative scale with experi- 
mental results. Fits of the model curves to the observa- 
tions were carded out using the program M I N U I T  
(James & Roos, 1987). A list of the experiments is 
given in Table 2. 

Cuprite, Cu20 

Owing to the Cu atom's site symmetry 3m, the 
allowed scattering-factor tensor f possesses only one 
unique complex off-diagonal element f~2. 

Model predictions 

(a) "Forbidden' reflections hkO, h + k = 2n + 1. For 
systematically extinct zonal reflections hkO with odd 
h and even k, and including the temperature factor 
in fl2, F(h)ca of (15a) takes the form 

F(hkO)c, = 4f t2  0 

0 

and in the diffractometer system allowing also for a 
rotation around h: 

F(hk0; ~F)Do 

0 --sin (p sin ~F - s in  ~ cos ~F 

=4f~2 - s i n ~ s i n  ~F 2cos tps in2~F  cos~cos2. / 
\ - s i n ~ c o s ~ F  c o s ~ c o s 2 ~ F  - c o s ~ s i n 2 ~ F /  

(33) 

where ~ =tan-~(k/h) .  According to (28), 

• a~,~,(hkO; aF) = -4f~2 cos (p sin 2~F 

• ,,,~,~,(hk0; 1/') = -4fl2(COS O sin ~ cos aF 

+sin O cos ~ cos 2aF) 
(34) 

(/)~,,,(hk0; ~ )  = -4f~2(cos O sin ~ cos g" 

- s i n  O cos ~ cos 2 g')  

~a~,,~(hkO; g') = -4ft2 sin 20 cos ~ sin 2~. 

Table 2. List of  the near-edge diffraction experiments 

The investigated dependencies of the reflection intensities are 
indicated (for details see text). 

Instrument Sample Reflection Fig. 

Two-axis diiiractometer Cu20 (CUC) 1(005; E; K) 4(a) 
Crystal cube 

Cu20 (CUA) I(100; ~)  5(a) 
(100) wafer 1(300; ~)  5(b) 

I(500; W) 5(c) 
1(200; ~/') 7(a) 

(110) wafer 1(330; ~F) 7(b) 

Six-circle ditiractometer Cu20 (CUC) I(100; W) 5(d) 
Crystal sphere 1(300; W) 5(e) 

1(120; g') 6(a) 
I(140; g') 6(b) 
I(320; ~/') 6(c) 
1(330; ~g) 7(c), (d) 

Two-axis diffractometer TiO2 I(100; E) 8(a) 
Natural prism I(100; ~F) 8(b) 

1(001; ~,) 8(c) 
MnF 2 I(100; E) 9(a) 

Synthetic plate I(100; g') 9(b) 

(Note that qba,,,~, # ~. , ,~.)  Inserting these results into 
(16) one obtains, for elliptically polarized incident 
radiation, 

I (hkO; rF ) 

oc 16[ft212[([Ao~[ 2 + sin4O[Ao,~[2) c o s 2  sin22 

+ (IAo,[ 2 + [Ao,~] 2) (cos20 sin 2~0 cos2W 

+ sin 20 cos 2 ~o cos22 W ) + (]Ao~[ 2 -IAo,,[ 2) 

x0.25 sin 2 0  sin2~o c o s ~  cos2~].  (35) 

Note that for or- or ,r-polarized radiation and reflec- 
tions h00, (35) is consistent with (24) of Dmitrienko 
(1983). 

As pointed out in the discussion of (21), the mixed 
term of (17), I~,~, vanishes since r, ,~-¢. J12 " ' J 1 2 .  Equation 
(35) was developed in detail in order to show the 
geometrical depencencies and, in particular, to 
emphasize that, even for intensity measurements on 
an absolute scale, the 'forbidden' reflections can only 
yield [f12} 2--J12r'2 "a---Jl2¢"2, but not the individual contribu- 
tions, f~ and f~'2. These can be assessed only from an 
allowed reflection. 

Taking SR with a reasonable estimate o f  [Ao~r[ 2= 
p[Aoo,[ 2, p "" 0.05 corresponding to 91% linear polariz- 
ation in the horizontal plane, (35) allows the following 
predictions for axial reflections h00 with tp = 0: 

(i) l(h00; ~F) will peak at gr _-+,r /4  and +3. r /4  
with maxima proportional to [flE]2(l+psin40) - 
If~2[ 2 for practical scattering angles. 

(ii) l(h00; W) shows minima at a/, =0,  + , r /2 ,  ,r 
proportional to [f~212(1 +p)  sinE0. ThUS, each 'forbid- 
den' reflection intensity possesses a W-invariant com- 
ponent which increases with increasing scattering 
angle and approaches [f~2[ 2 for the backscattering 
case. 
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(iii) The degree of or polarization can be calculated 
from (10) and takes a complicated form. For the 
maxima and minima, however, Po~ reduces to Po~ = 
1 / ( l + p  sin#O) and Po,~=p/(l+p), respectively. 
Thus, for small scattering angles the polarization 
remains almost unchanged at maximum scattering, 
whereas the diffracted beam is almost totally rr polar- 
ized at the minima. 

(iv) The intensity modulation is characterized by 
Imin/Imax-~Sin219 for small p. 

(b) Allowed reflections hkO. In order to show how 
AAD can affect allowed reflections and that, in par- 
ticular, the anisotropy of the real and imaginary parts 
of the anomalous dispersion are accessible from 
allowed reflections, the weak 'oxygen' reflections hkO 
with both h and k odd will be considered. From (15) 
and (30)-(32) follows 

F(hk0; ~)Oa 

--sin 2~ cOS 2~ cOS 

= 4fzz / cos 2~ sin W sin 2~ cos 2 q/ 

\ - c o s E c s i n  q/ _0 .5s inE~s inEq/  

- cos  2¢ sin qt X 
-0.5 sin 2¢ sin 2q/~ 

s in2¢s in  2 g' ] 

(36) 

and 

• ~,~(hkO; ~ )  = 4f~E sin 2¢ sin E ~F 

• Q=,o,(hk0; ~F) = 4fiE(0"5 sin 19 sin 2~ sin 2 ~  

- c o s  O cos 2~ sin ~ ) .  (37) 

For or-polarized radiation, with Fo=Ao+iBo, (16) 
yields: 

l(hkO; ~ )  oz IFol E + 8(A0fe2 + Bof]"2) sin 2~ sin E 

+ 161flEiE[sin E 2¢ sin 4 

+(0.5 sin 19 sin 2¢ sin 2q  t 

- c o s  0 cos 2¢ sin ~)2],  (38) 

showing for all ~ # 0 or rr an addition of intensity 
t o  IFol 2 which depends only little on the scattering 
angle O. When the real and imaginary components 
of the structure factor are known, not only the magni- 
tude of the effect but also both f'lE and f~"2 can be 
determined from relative intensity measurements and 
a fit of (38) to the observations. This applies, of 
course, also to elliptically polarized SR. The 
expression for l(hkO; ~)  is considerably more com- 
plicated, however. 

(c) Rotation of scattering plane. Another point of 
consideration concerns the rotation (x) of the scatter- 
ing plane around the incident beam, which is 
equivalent to a rotation of the polarization directions. 
If one assumes, for simplicity, that the radiation is or 
polarized, then 

IA0,~lEocsinE K a n d  IA0~rl2 oc cos2 K 

and (35) yields for gt = rr/4 (intensity maximum): 

l (h00;  ~r/4; K)oC sin 2 K + sin 4 19 cos 2 K. (39) 

The relative intensity should thus decrease from 1 to 
s in40  upon changing the scattering plane from 
vertical to horizontal. 

Experimental results 

(a) Energy scans and rotation of the scattering 
plane. Fig. 4(a) shows the energy dependence of the 
'forbidden'  reflection 500 below and at the Cu K- 
absorption edge (O = 54°). These measurements were 
performed on the two-axis diffractometer by observ- 
in~ the equivalent intensity I(005) reflected from the 
(011) face of the crystal cube (CUC) at ~ = 45 °. They 
were basically intended to provide an initial proof of 
the occurrence of FRED in CUEO. Recording these 
spectra for five orientations of the scattering plane 
was very time consuming, since each observation 
required an energy change and realignment of crystal 
and detector. Though care was taken to illuminate 
the same area for all K settings, this could not be 
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Fig. 4. Cuprite. (a) K dependence of the observed maximum 
intensities of I(500) compared to the model curve. (b) Rotation 
of the scattering plane. Sequence of relative intensities I(500) 
at ~ = 45 ° as functions of energy. The largest peak corresponds 
to the vertical scattering plane (K =90°), the smallest to the 
horizontal (x = 0°). The Cu K-absorption edge is at 1.3806/~. 
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checked rigorously. In the course of the experiments 
it turned out that the special construction of the 
instrument caused a further problem. Since the mono- 
chromator box is attached to the frame carrying the 
swings, rotations of the swings lead to shifts in the 
energy calibration (which would be avoided by a 
stand-alone monochromator unit). This behavior 
results in uncertainties in the energy scales associated 
with each spectrum. In Fig. 4(a) we have plotted the 
spectra with the main peaks occurring at the same 
energy which may, however, be incorrect. 

In spite of these experimental difficulties connected 
with the rotation of the scattering plane, the observa- 
tions yield a consistent picture. For x =90 °, i.e. a 
vertical scattering plane, the spectrum shows two 
distinct resonance peaks separated by about 30 eV. 
The smaller peak is well below the absorption edge 
and may be associated with a bound excited state. 
Upon rotation towards horizontally scattering this 
peak decreases to zero accompanied by a shift to 
higher energies. The main peak also decreases with 
decreasing K and reproduces clearly the trend 
predicted by (39) for E =constant. Fig. 4(b) com- 
pares (39) to the observed maximum intensities as a 
function of r, after a_p,plying a linear correction Ic = 
lobs(0"1335--517X 10- X). Though the origin of this 
correction is not fully understood, we consider the 
agreement in Fig. 4(b) as a satisfactory confirmation 
of (39). 

( b) ~ rotations for  'forbidden' hkO reflections. In 
order to exclude systematic errors in a rigorous check 

of the scattering model, these measurements were 
camed out on two samples and on two different 
instruments. On the two-axis diffractometer 
l(h00; g')  was determined by reflection from a (100) 
wafer (CUA). On the six-circle diffractometer, we 
have used the small crystal sphere (CUC). The 
observed relative intensities of the reflections 100, 300 
and 500 are shown in Figs. 5(a)-(e).  (Reflection 700 
is already outside the Ewald sphere, A = 1.38 ~.)  
Least-squares fits of (35) yielded agreement indices 
between 4 and 12% for p = 0 .  The discrepancies 
between the model curves and the observations are 
mainly due to small energy variations occurring pre- 
dominantly at the end of a SR run. Occasionally, 
multiple scattering (Umweganregung) was observed 
which is readily recognized from dramatically 
increased intensities. Corresponding data were omit- 
ted from the fits. 

Fig. 5( f )  shows the dependence of the intensity 
modulations, i.e. lmin/ Imax,  o n  sin 20.  The calculated 
curves correspond to (r-polarized (p = O) and ellipti- 
cally polarized radiation (p = 0.05), respectively, the 
latter showing excellent agreement with the observa- 
tions for I(500). 

The scattering model is also in agreement with the 
observed intensity variations of the 'forbidden' zonal 
reflections 120, 140 and 320 which were measured on 
the six-circle diffractometer. The results are plotted 
in Fig. 6 together with the model curves obtained 
from fits of (35) for (r-polarized radiation (p =0).  
The agreement indices were R =0.079, 0.09 and 
0.069, respectively. 
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Fig. 5. Cuprite: Intensity variations upon 1/" rotation around the scattering vector and fits of model functions for 'forbidden'°h00 
reflections. (a), (b), (c) Two-axis diffractometer, sample CUA. (d), (e) Six-circle diffractometer, sample CUC. ( f )  1,,,i,/lmax VS 
sin 2 0  compared to model curves. 
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An encouraging outcome of these experiments is 
the data quality obtained on the six-circle diffrac- 
tometer for a sample volume of only 0-0027 mm 3. In 
agreement with Templeton & Templeton (1985a, 
1986, 1987), Figs. 5(de, (el and 6(a) - (c)  demonstrate 
clearly that a 'normal '  size crystal can exhibit effects 
that can be well measured (and exploited) on any 
single-crystal diffractometer installed at an intense 
X-ray radiation source. 

(c) 11, rotations for allowed reflections. For the 
allowed reflections h00 with even h, one finds from 
(15) that F(h00),, equals zero. Thus, I(200; gt) must 
be invariant to rotation around the scattering vector. 
This was checked in the course of the experiments 
with the (100) CUA wafer. The result is shown in 
Fig. 7(a) which proves also that the intensity modula- 
tions of the 'forbidden'  reflections are not caused by 
a systematic error in the experimental procedure. Fig. 

7(a) contains the original observations on a relative 
scale, the mean value and the e.s.d, calculated from 
the scatter. The observed drift in I(200; 1/") may be 
partly due to neglecting the dead-time correction in 
the intensity normalization and /or  an energy shift 
(beam displacement) in the course of the SR run. It 
should also be noted that multiple scattering occurred 
at ~ = 40 ° and the storage ring was refilled at ~ = 
140 ° . 

The intensity variations of the 'oxygen' reflection 
330 are given in Figs. 7 (b) - (d) .  The results from the 
(110) wafer (sample CUA) in Fig. 7(be as well as 
from the crystal sphere (CUC) in Figs. 7(c), (de show 
a considerable zr-periodic ~ dependence of the 330 
intensity. For isotropic anomalous dispersion of Cu, 
1(330) depends exclusively on the oxygen scattering 
factor. Again, Fig. 7(c) contains the original data 
displaying the influence of energy drifts and /or  
imperfect normalization. These effects can, however, 
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be eliminated by linear corrections as shown in Fig. 
7(d). 

The almost-equal isotropic thermal-vibration 
amplitudes of Cu and O (B = 1-5/~2; Kirfel & Eich- 
horn, 1990) allow estimates o f f ] 2  and f~'2 from fits 
of (35) to the observations. With Ao(330)= 
- 2 [ f ( O )  +0-04] and Bo(330) = 0.054 for T = 0 K, 
these resulted in R = 0.038 (CUA; Fig. 7b) and 0.026 
(CUC; Figs. 7c, d), respectively. The corresponding 
parameters were determined as f~2=-0"35(4) ,  
-0 .56 (6) andf~'2 = -0.23 (54), 0.0(5). The differences 
can be attributed to different photon energies. Since 
the experiments on the CUA wafers were at the same 
energy, the results obtained for 330 (CUA), If,21 =-- 
0.0824 [e 2] for room temperature, could be cross 
checked against I(100)max/I (200). After Lorentz and 

gt)l~x = 1.30 filter corrections for I(200), IF(100, 2 
yielding If1212 =0-081 [e 2] from (35). In view of the 
large e.s.d, off~'2 (due to the small Bo) this agreement 
may be fortuitous. However, the magnitude and sign 
off~2 are determined in fair agreement from the two 
different experiments on different samples. These 
quantitative results indicate that the AAD in cuprite 
can amount to 10-20% of the isotropic anomalous- 
dispersion correction terms, an effect that cannot be 
neglected in the evaluation of near-edge diffraction 
data. 

Rutile-type TiO2 and MnF2 

The experiments on TiO2 and MnF2 were intended 
to provide additional checks of the scattering model. 
They were performed exclusively on the two-axis 
diffractometer. 

As for cuprite, the scattering-factor tensor f of the 
metal atom in (0,0,0; mmm) is symmetric and 
possesses one unique off-diagonal element f~2, 
however, f13 = f23 = 0. 

Model predictions for "forbidden" reflections hOl 

Following the same procedure as before, one 
obtains for the systematically extinct zonal reflections 

hOl with h + l = 2 n +  l: 

F(hOl)c, = 2fl2 0 
0 

and 

Oo~,,,,(h01; W) = 2f12 sin X sin 2 ~  

Oa,,,,(h0l; ~ )  = -2fiE(COS O cos X sin g' 

- s i n  O sin X cos 2 ~ )  
(40) 

Oa~,.,~(h0l; gr) = -2f~2(cos O cos X sin 1/, 

+sin O sin X cos 2g  r) 

O,.,~,,~(h0l; ~ )  =2fl2 sin 2 0  sin X sin 2aF. 

These equations resemble (34) expressing once more 
the geometric aspect. Since X = 7r/2 for 001 and X = 0 
for h00, Oa,,~,(h00)= O,,,,,~(h00)= 0, i.e. the diffrac- 
ted beam of an h00 reflection is polarized 
orthogonally to the incoming one [see (22)]. 

Using again only o'-polarized radiation, one gets 

l(hOl; qt) 

oc 41f~212[sin 2 X sin2 21/' + (cos O cos X sin gr 

- s i n  (9 sin X cos 2~)2].  (41) 

For the axial reflections, (41) simplifies to 

I(hO0; g')oc41f,2l 2 cos 2 (9 sin 2 air (42) 

I(00l; g')oc41ft212(sin 2 (9+cos 2 (9 sin22~F). (43) 

Again, the 'forbidden' reflections can only give infor- 
matibn about If~=l. Equation (43) is in agreement with 
Dmitrienko (1983) and equals l(00l; ~ )  for cuprite, 
both reflecting the fourfold symmetries of the struc- 
tures (Fig. 2) projected along [001]. 

Experimental results 

Figs. 8(a) and 9(a) show the energy dependencies 
of the reflections 100 at ~" = 90 °, giving us the optimal 
energy settings for the subsequent qt rotations. It is 
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Fig. 8. Rutile TiO2, two-axis diffractometer. (a) Energy dependence of 'forbidden' reflection 100 at qt = 90°; (b) and (c) qs dependencies 
of intensities and fits of model functions for reflections 100 and 001, respectively. 
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interesting to note that in case of MnF2 a logarithmic 
plot of the more-extended measurements reveals at 
least three resolved resonance peaks of which the two 
smaller ones are already in the EXAFS region. Esti- 
mates of the FWHM of the main peaks in Figs. 8(a) 
and 9(a) yield a common result, about 7 eV compared 
to 10 eV for cuprite (Fig. 4a). 

The intensity distributions I(100; ~ )  are shown in 
Figs. 8(b) and 9(b) together with fits of (42) giving 
agreement indices of R =0.066 and 0.078, respec- 
tively. An example of I(001; gt) and a fit of (43), 
R = 0.077, is given in Fig. 8(c) for TiO2. Similar to 
cuprite the ratio Im in / lma  x is predicted to vary with 
sin 2 (9. The ratio from the fit curve, 0.19, compares 
satisfactorily with the calculated value of 0.178. 

Finally, Fig. 9(c) shows an example of the fluores- 
cence yield obtained during a 1/, rotation. For cubic 
cuprite and the 001 reflection of tetragonal MnF2, 
these measurements displayed no significant gt 
dependence in agreement with expectation, since 
absorption must be isotropic. The rotation around 
[ 100], however, gives a clear anisotropy of the fluores- 
cence and consequently of the photoelectric absorp- 
tion in accordance with the crystal symmetry. From 
the intensity pattern of Fig. 9(c) one can infer that 
la.llc = 0 " 8 5  P'lla at 5 eV above the K-absorption edge 
of Mn. As a matter of fact, this anisotropy of absorp- 
tion affects the intensity of the incoming beam, but 
hardly affects the diffracted outgoing beam because 
• a~,~(h00) = 0 and cos O(1oo)= 0.958. In a quantita- 
tive analysis, this absorption effect would have to be 
corrected for. In the present qualitative study, 
however, the ~ dependence of I(100) and of an 
absorption correction are the same so that the 
observed pattern remains unaffected on the relative 
scale. 

Concluding remarks 

A general model of kinematic Bragg diffraction in 
crystals exhibiting AAD of an absorbing element was 
developed on the basis of: 

(i) atomic scattering-factor tensors which are com- 
patible with the 'edge' atom's site symmetry; and 

(ii) the Jones formalism which provides a con- 
venient description of the radiation properties of both 
incident and diffracted beams. 

Though the theoretical part of this study is closely 
related to the work by Templeton & Templeton and 
Dmitrienko, it offers for the first time a concise and 
general treatment of the dependence of the diffraction 
effects on both intensity and polarization. The model 
is valid for both polarized and unpolarized incident 
radiation. The algorithm uses conventional crystallo- 
graphic nomenclature and refers to conventional 
four-circle single-crystal diffractometry. | t  is therefore 
a straightforward task to program an intensity calcula- 
tion routine. The more involved incorporation of the 
model into a least-squares program which allows for 
the refinement of the f' and f" tensor elements from 
diffraction data l (h;  gt) is under progress. 

It is also noteworthy that the model allows for an 
antisymmetric component of the f tensor. Such a 
component is required, for example, for the under- 
standing of space-group-extinct hh.l reflections ( / =  
2 n + l )  which have been observed in ferroelectric 
LiNbO3 (Petcov, 1989). Predictions of diffraction 
from powder samples are readily obtained by 
integrating the intensity and polarization functions 
over all gt. The first evidence of the observability of 
FRED from CUE0 powder was obtained by Kirfel, 
Eichhorn & Wroblewski (1988). 

The energy dependence of ' forbidden'  reflections 
in samples of cubic cuprite and tetragonal rutile type 
at the K-absorption edges of Cu, Ti and Mn give in 
each case clear evidence of excitation of unoccupied 
p states. Apart from proving that AAD occurs in both 
structure types, the calculated model predictions for 
I(h; gt) were verified for both ' forbidden'  and 
allowed reflections. In all tests, the geometric depen- 
dencies were found to be strictly obeyed. Fits of 
explicit derived intensity functions to the observations 
yielded agreement indices between 0.04 to 0.10, 
giving credit to the model and indicating that data of 
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sufficient quality can be obtained within reasonable 
time. 

Though the 'forbidden' reflections were the main 
object of our experiments, it should be noted that the 
effect of AAD on allowed reflections can be appreci- 
able, especially for weak reflections. The relative 
change of intensity that can occur upon rotation 
around the scattering vector can be estimated from 
the hkO reflections in Cu20. For these, Fo is almost 
real and A I / I  "- + 8 f ~ E / F o +  161flEI 2 which may easily 
exceed 100%. Since, in addition, the 'forbidden' 
reflections can only yield the modulus of the unique 
off-diagonal element of the complex f tensor [pro- 
vided l(h),,,~ of (20) vanishes], l (ff ' )  measurements 
of allowed reflections are the only way to assess its 
real and imaginary components separately. Thus, the 
weak reflections provide a rich source of information 
when the AAD is to be studied in detail and quantita- 
tively. 

The occurrence of significant AAD and FRED in 
the rutile structure compounds is an important and 
welcome result. Contrary to intuition, the effect does 
not require a considerably anisotropic environment 
for the 'edge' atom, as present in Cu20. This finding 
is encouraging with respect to studies on minerals, 
particularly rock-forming silicates, with small distor- 
tions of the coordination polyhedra of the cations. 
For these as for other substances FRED may be of 
interest, because it is highly selective: the signal stems 
exclusively from atoms of the absorbing element in 
the structure. Of these atoms only those contribute 
whose chemical bonding and site symmetry allow 
AAD. Thus, the signal is: 

(i) undisturbed by the non-resonant scattering of 
the rest of the structure, regardless of its size and 
complexity; 

(ii) proportional to the square of the number of 
contributing atoms; 

(iii) periodic in ~/' with an intensity modulation 
that is determined by the geometrical factors Gjk in 
(13), i.e. it carries partial structure information. 

These properties make FRED a potentially valu- 
able tool in partial structure determination, in the 
study of order-disorder phenomena, and potentially 
in phase-transition and surface work. While for such 
applications the absolute magnitude of the effect and 
the energy resolution of the monochromator is of less 
importance, it is the energy stability of the incident 
radiation that counts most. Given, for example, a 
FWHM of the 'white line' of 10 eV as found for Cu20, 
and provided the energy is set to maximum resonance, 
an energy stability of +1 eV is required in order to 
operate with an intrinsic signal stability of +1.5%. 
Under favorable conditions these figures can be met 
during the dedicated mode of DORIS II; however, 
this rarely occurs over hours or during the parasitic 
mode. The problem can, however, be alleviated by 
further improvements of beam steering as well as by 

higher primary-beam intensity speeding up the 
measurements. 

Finally, the interested reader is reminded that the 
manifestation of AAD is not at all bound to the use 
of SR. Unpolarized radiation from a rotating-anode 
tube may be adequate for certain applications, pro- 
vided sufficient intensity and/or  magnitude of AAD. 
Thus, it may be well worth considering laboratory 
equipment for studies or applications of polarization- 
dependent resonant scattering. 
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Abstract 
The structures of a Fab fragment of a monoclonal 
murine antidigoxin antibody (26-10) complexed with 
digoxin and of a mutant of the Fab itself have been 
solved by molecular replacement. The solution 
strategy employed a generalization of molecular 
replacement. Prior to translation searches, a large 
number of the highest rotation-function peaks were 
subjected to a rigid-body refinement against the linear 
correlation coefficient between intensities of observed 
and calculated structure factors in which first the 
overall orientation of the model and then the orienta- 
tions and translations of the individual domains (VH, 
VL, CH1 and CL) were refined. This procedure clearly 
identified the correct orientation of the search model. 
Furthermore, it produced a significant and unam- 
biguous solution for the translation search. After 
rigid-body refinement, the R factor was in the low 
forties at 8-2.5 and 8-2.7 A resolution for the Fab 
mutant and the Fab/digoxin complex, respectively. 
One round of simulated annealing refinement of all 
atomic positions reduced the R factor to the low 
twenties in both cases. 

Introduction* 
Molecular replacement, which is sometimes also 
referred to as Patterson search, involves the placement 

* Abbreviations: CDR, complementarity determining region; 
CPU, central processing unit; Fab, antigen binding fragment of 
an antibody; PC, standard linear correlation coefficient between 
IEobsl 2 and IEmodell2; r.m.s., root-mean-square; SA, simulated 
annealing; tr, standard deviation. 

(i.e. rotation and translation) of the known structure 
of a search model in the unit cell of the target crystal 
in order to obtain the best agreement between calcu- 
lated model diffraction data and the observed diffrac- 
tion data (Hoppe, 1957; Rossmann & Blow, 1962; 
Huber, 1965). Unfortunately, molecular replacement 
often fails if the search model is too inaccurate. It 
does not require large structural changes to make the 
search model too inaccurate for molecular replace- 
ment. A case in point has been reported by Briinger, 
Campbell, Clore, Gronenborn,  Karplus, Petsko & 
Teeter (1987) where molecular replacement had failed 
with a r.m.s, difference in backbone positions between 
the search model and the crystal structure of around 
1.4 A; variation of the parameters of the molecular 
replacement (number of reflections, resolution range, 
temperature factors and occupancy of atoms of the 
search model) made little difference. 

Recently, we have generalized molecular replace- 
ment by introducing additional parameters p in order 
to make the search model more accurate (Briinger, 
1990a). First, a conventional rotation search is carried 
out. The highest peaks of the rotation search are 
selected. Here we make the ad hoc assumption that 
the correct orientation is among the highest peaks of 
the rotation function. Then the rotation search is 
'filtered' by employing refinements of the parameters 
p against the negative correlation coefficient PC for 
each selected orientation of the search model. 
Refinement is carded out against the negative correla- 
tion coefficient since minimization algorithms nor- 
mally locate minima as opposed to maxima; a 
minimum of - P C  corresponds to a maximum of PC 
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