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Table 14. Observed and calculated frequencies of space-group types in the cubic geometric class m3; the cohort 
is the geometric class 

Space group Arithmetic Frequency 
No. Symbol class [2] [ m ] Observed Calculated 

200 Pm3 62 3 3 0 0 
201 Pn3 62 3 0 0 0 
202 Fm3 63 2 2 1 1 
203 Fd3 63 2 0 0 1 
204 Im3 64 2 2 2 1 
205 Pa3 62 0 0 19 19 
206 Ia3 64 2 0 3 1 

Parameter value with program-estimated standard deviation 
Value E.s.d. 

Coefficient of [2] -1.82 0.37 

R 2 0-12 - -  
Scaled deviance 2.7 3.2 
Degrees of freedom 5 - -  

Rrm s = 0.22 

The coefficients of [m] and of arithmetic class are not significant. 

I am indebted to Professor Theo Hahn for help in 
the understanding of symmetry elements and of their 
representation in International Tables for Crystal- 
lography, and to my colleagues at the Cambridge 
Crystallographic Data Centre, particularly Drs Frank 
Allen and David Watson, for making available pro- 
grams and carrying out the searches necessary for 
this work. 
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Abstract 

Accurate synchrotron-radiation X-ray transmission 
measurements have been carried out on hexagonal 
LiNbO3 in the vicinity of the Nb K-absorption edge 
(E = 18.986 keV). The experiments were performed 
on the two-axis dittractometer at HASYLAB in dedi- 
cated mode of DORIS II (3.7 GeV). Single-crystal 
wafers cut perpendicular to [10.0] were rotated 

around the monochromatized beam using an experi- 
mental set up analogous to the optical polarizing- 
microscope. Both the horizontally and vertically 
polarized components of the transmitted radiation 
were recorded at the same time and analysed in terms 
of a classical optical model derived from the Jones 
calculus. Fits to the observations yielded agreement 
indices between 0.013 and 0.052 supporting the 
applicability of the model to X-ray energies. X-ray 
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dichroism and birefringence are proved to occur at 
resonance energies, and all findings show the possibil- 
ity of simultaneous assessment of anisotropies of the 
real and imaginary parts of the refractive index in a 
uniaxial crystal. They also indicate that the polari- 
zation of the transmitted radiation (of suitable 
energy) can be varied considerably in dependence of 
crystal thickness and orientation with respect to the 
polarization direction of the incident radiation. For 
special structures like LiNbO3, where the tensorial 
scattering factor of the edge atom (Nb) is invariant 
against the symmetry operations of the space group, 
the method yields also the energy-dependent 
anisotropy of the anomalous-dispersion corrections, 
f '  and f ' ,  in the same experiment. 

Introduction 

For X-ray energies the polarizability and the closely 
related refractive index of a crystal are usually 
approximated by scalars providing invariance of 
transmission and scattering against the crystal's 
orientation with respect to the polarization of the 
incident radiation. While this approximation is often 
justified, it may not suffice at frequencies near the 
absorption edge of a constituent element (hereafter 
referred to as 'edge atom'). In the early 1960's the 
polarization dependence of X-ray absorption in 
crystals was demonstrated by several authors using 
conventional radiation sources (Alexander, Feller, 
Fraenkel & Perel, 1965; Brfimmer & Drfiger, 1966). 
Such sources were also used in the studies of X-ray 
polarization phenomena by Hart (1978) and Hart & 
Rodriguez (1981). The availability of highly polarized 
synchrotron radiation which can be fine tuned over 
a wide range of energies has renewed the interest in 
absorption studies, especially in the XANES and 
EXAFS regions. Following the observation of 
anisotropy effects in the white line of Se in layered 
WSeE-2H by Heald & Stern (1977), Cox & Beaumont 
(1980) reported a significant polarization dependence 
in the X-ray absorption spectrum of rutile-type ZnF2, 
from which they concluded that the edge-atom poten- 
tial is heavily influenced by the local field created by 
the surrounding F atoms. 

Since then, both X-ray transmission through and 
diffraction of anisotropic materials have been 
assessed in the vicinities of K- and L-absorption 
edges in a number of synchrotron experiments. 
Important work in this field has been carried out by 
Templeton & Templeton (1980, 1982, 1985a, 1988, 
1989) who studied X-ray dichroism (and birefrin- 
gence), and accordingly the anisotropy of anomalous 
dispersion in X-ray diffraction. From the latter fol- 
lows, in agreement with the theoretical work by 
Dmitrienko (1983, 1984), the possibility of the viola- 
tion of systematic-absence rules due to screw axes 
and glide planes. This effect was proved experi- 

mentally by Templeton & Templeton (1985b, 1987), 
Kirfel, Petcov, Fischer & Eichhorn (1988, 1989), 
Kirfel & Eichhorn (1989), Kirfel & Petcov (1989) and 
Kirfel, Petcov, Jauch & Palmer (1989). 

The experimental results obtained so far indicate 
that the polarization phenomena can be related to 
the chemical bonding of the edge atom in an 
anisotropic chemical environment. This leads to pre- 
ferred orientations of unoccupied electronic levels 
which can manifest themselves in polarization depen- 
dence of the real and imaginary parts of the refractive 
index. In that case the X-ray optical properties are 
to be described by second-rank tensors within the 
dipole approximation (Kolpakov, Bushuyev & 
Kuz'min, 1978) 

For ferroelectric lithium niobate, LiNbO3, space 
group R3c, a first investigation of the Nb K-edge 
anisotropy of the anomalous-dispersion-correction 
terms, f '  and f ' ,  which are directly related to the real 
and imaginary parts of the refractive index, was 
undertaken by Bonse & Henning (1986). With the 
hexagonal Co axis perpendicular to the beam, but 
parallel or normal to the synchrotron plane, they 
performed absorption and interferometric measure- 
ments yielding a significant dependence of the trans- 
mission on the crystals orientation. 

In the present work we have studied the Nb K-edge 
absorption of LiNbO3 in more detail aiming to prove 
simultaneously the occurrence of dichroism and bire- 
fringence. Experimental data were collected on the 
two-axis diffractometer (Bonse & Fischer, 1981), 
installed at HASYLAB/DESY, for a variety of ener- 
gies using a sample-rotation technique (X scan). In 
order to assess the validity of a classical optical model, 
the description of the transmission through a plate 
of a dichroic and birefringent uniaxial crystal was 
derived from the Jones calculus (Jones, 1941, 1942, 
1947, 1948, 1956; Hurwitz & Jones 1941). This cal- 
culus provides a very concise method to describe 
interactions of polarized light with optical com- 
ponents. A recent application to light reflection from 
minerals is given by Gunter (1989). In the present 
study, the correlation of the observed and calculated 
intensities of both the horizontally and vertically 
polarized components of the transmitted radiation as 
function of the angle X (between the Co axis and the 
synchrotron plane) is analysed, and the physical rel- 
evance of the derived model parameters is discussed. 

The optical model 

An electromagnetic plane wave of elliptical polari- 
zation propagating parallel to Y in the laboratory 
system (Fig. 1) 

D= Doexp{i[wt-(w/c)~y]} (1) 

can be represented by the column vector of dielectric 
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displacement 
( A o ~  

Do) = \ Aoj . (2) 

A0x and Aoz are complex numbers, and r~= 
n -  il.~c/2w is the complex refractive index of the 
medium. With the formalism introduced by Jones 
(1941) along with the notation of Blume & Kistner 
(1968), the global effect of a plane-parallel optical 
element on IDo) is described by a 2 x 2 matrix (with 
complex elements) 

M~ M~ " (3) 

The transmitted wave is then 

D)=/Qr Do). (4) 

In order to specify A?'/ for a particular optical 
device, a differential operator 

ff  = (dAqr/dy) 3%~/-1 (5) 

is formed which models the intensive properties of 
the medium by a linear combination of up to eight 
elementary 0 matrices (Jones, 1948). The first two 
matrices introduce changes in the phase and intensity 
of the beam (corresponding to the action of the mean 
refractive index and the absorption coefficient, 
respectively). The remaining six matrices denote 
changes in its polarization. 

For a linear dichroic and linear birefringent crystal 
only four of these matrices contribute, namely 

(101) c ~(nz+nx) 0 ' 

1 
= (m + 

( ~ 5 = - i t O l ( n z _ n x ) (  - 1 -  01) 
c 2  0 ' 

1 

(6) 

nx, nz are the real parts of the ordinary and extraor- 

~ ~ ×  jlAozl ¥. / i o c ~  

Fig. 1. The crystal plate in the laboratory system. The X rotation 
is indicated. 

dinary refractive index, respectively. The correspond- 
ing absorption coefficients are/zx,/x~. 

Thus, 

] Q  : {~1 q" O2 + 195 q" 196  (7) 

and since/Q and /V are related by 

h4 = exp (Ny) (,8) 

a crystal plate of thickness d is characterized by a 
Jones matrix 

--" 

e i tO 1 ) /  
x p ( -  c nxd-~lzxd)  0 

( 1 
0 exp - i tOe nzd --~ I~zd 

(9) 

Rotation of the optical device around the incoming 
beam by an angle X transforms the Mo matrix into 

A A ^ A 
M(X) = S(X)MoS(-x),  (10) 

where S0t') is the rotation matrix 

^ (cosx  -s inx~ (11) 
S(X)=xsin x c o s x / "  

Thus, for the transmitted plane wave 

ID(x) )  = M(x) IDo),  (12) 

the corresponding total intensity I,(x) is 
^ A "i" ^ ^ 

I,(X)=(D*(x) D(X))=(D*[S(X)MoMoS(-x) Do) 

= exp (-/.txd)[ Aox 2 

x {cos2x + exp [-(/zz -/.~x)d] sin2x} 

+ Ao~ 2{sin2x + exp [-(/Zz -/zx)d] cos2x} 

+ Re (AoxA*o~){ 1 - e x p  [-(/Zz-/.tx)d] sin 2X}] 
(13) 

(* and t denote complex and Hermitian conjugates 
respectively). 

I,(X) is periodic in 7r exhibiting one maximum per 
period. The modulation of It(x) depends solely on 
the anisotropy in tz, i.e. the dichroism A/z =/z~-/xx. 

Analysers transmitting waves linearly polarized 
along X and Z, respectively, are described by the 
matrices 

Px = and = . (14) 

I 
Then, orthogonally polarized waves transmitted by 
the combinations of the optical element (i.e. the crys- 
tal) with each analyser are 

Dx(X)) = Px D(X))  = Px~l(x) Do) 
and (15) 

Dz(x)) = @,ID(x)> = PzM(X) Do). 
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From /3*xL = fix and /3:/3 =/3z, the resulting 
intensities are given by 

Ix(X)=<D*(x) Dx(g)) 
A A A ,,~ A A A 

=(Do* S(x)M~S(-X)PxS(X)MoS(-x)IDo)  

Iz(x) = (D*(x)  Dz(X)) (16) 

=(Do* #(X)f/I*oS(-X)Pzg(X)f/Io,~(-X) Do), 

whose sum equals /t(X) of (13) as can be easily 
verified. /x(X) and Iz(X) are also 7r-periodic exhibit- 
ing, however, in general two maxima of different 
heights: 

Ix(X) = exp (-Ixxd) 

x A o x - ( 1 - e x p { - [ i ( w / c ) A n - ½ A t z ] d } )  

x (Aox sin 2 X - Aoz sin X cos X)[ 2 
(17) 

Iz(g) = exp (-tzxd) 

× Aoz+(1 -exp{ - [ i (w /c )An-½A/z ]d} )  

× (Aox sin X cos X - Aoz cos 2 X)] 2. 

Contrary to the total transmitted intensity, which must 
be invariant against birefringence, the g patterns of 
these intensity functions depend explicitly on both 
the dichroism, A/z, and the anisotropy of the real part 
of the refractive index, i.e. the birefringence An = 
r / z  - -  ? l x .  

Thus, observing the transmitted intensities, Ix and 
Iz, corresponds to studying the crystal plate under 
the polarizing microscope with parallel and crossed 
polarizers, respectively. 

Equations (17) can be simplified assuming the 
incident radiation to be linearly polarized in the 
horizontal plane, i.e. Aoz=0.  Then, one obtains 
explicitly: 

Ix(x) = e x p  ( -~xd) lAoxl2[cos  2 X +exp  ( -  Ap.d) sin 2 X 

- T sin 2 g cos2 X] (18) 

Iz(g)=exp (-gxd)lAoxl2Y sin 2 X cos 2 X 

with T =  1 - 2  cos [(w/c)And] exp (-½A/xd). Some 
more or less trivial consequences of (18) can be 
derived in agreement with expectations: 

(i) L ( x ) = e x p  (-/zd)lAox[ 2 and Iz(X)=Ofor Atz= 
An =0;  

(ii) Iz(X) vanishes for X = 0, ±½7r, 7r and d = 0; 
(iii) an optical device consisting of two identical 

crystal plates rotated against each other by 90 ° is 
characterized by the Jones matrix 

A A A o A 

M~,2(X) = S ( X - 9 0 ° ) M o S ( - x - 9 0  )Mo 

= e x p  - i - ( n z + n x )  (l~z+l~x) d 
c - 2  

°  19, 

which is X independent. Thus, no transmission 
anisotropy can be exhibited by such a combination. 

The structure of stoichiometric LiNbOs 

Lithium niobate, LiNbO3, is one of the strongest 
known ferroelectrics and has been the object of 
numerous experimental studies and applications 
owing to its outstanding electro-optical properties 
(K~inzig, 1957). 

Under normal conditions, LiNbO3 crystallizes in 
space group R3c, with Z = 6, Nb and Li in 6(a) (3), 
and O in 18(b) (1) for the hexagonal setting (a = 
5.14739, c = 13.8649 ~) .  The structure is described in 
detail by Abrahams & Marsh (1986). 

Here it suffices to emphasize the NbO6 octahedra 
in which all Nb atoms are displaced along Co by 
0.27 A from the centre of gravity of the O atoms. This 
shift leads to a considerably anisotropic environment 
for Nb with greatly differing Nb-O distances of 
1.8762 (7) and 2.1296 (9)A.  The Li atom is also 
displaced from the centre of a trigonal oxygen 
arrangement resulting in an LiO3 pyramid of 0.45 
height. Both cation displacements point in the same 
direction giving rise to permanent 'molecular'  electric 
dipole moments parallel to ¢o, and the collective effect 
of the polar structure accounts for the ferroelectricity. 

Similarly, the parallel orientations of all Nb 
environments favour a macroscopic manifestation of 
polarization phenomena,  since any anisotropy of the 
Nb potential is multiplied by the number of NbO6 
octahedra in the crystal. 

Sample preparation 

6 x 8 mm single-crystal slices of about 500 lxm thick- 
ness cut perpendicular to [10.0] were provided by the 
Fraunhofer Institut fiir Physikalische Messtechnik, 
Freiburg, Federal Republic of Germany. They were 
lapped with SiC and polished with Syton down 
to 55-701xm. Plane parallelity was checked by 
micrometer measurements yielding maximum devi- 
ations of 3 ° . In order to ensure mechanical stability 
and easy manipulation, the wafers were then glued 
onto 150 ~m thick glass plates. A final check of each 
sample under an optical polarizing microscope gave 
no evidence of domains, scratches or other macro- 
scopic defects. 

Experimental 

All experiments were carried out during dedicated 
beam time (DORIS II operated at 3.7 GeV, critical 
energy 9 keV) on the two-axis diffractometer installed 
at beam line G3 in HASYLAB (Bonse & Fischer, 
1981). 

The radiation was monochromatized by a 
water-cooled symmetric Ge(511) double-crystal 
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arrangement with fixed exit. Taking into account both 
the natural divergence of the synchrotron radiation 
and the divergence of the electron beam at G3 
(Brefeld, 1989), the total divergence of the 19 keV 
component is about 0.15 mrad, yielding a theoretical 
resolution of the monochromator of 9 eV. The 
intensity of higher harmonics was well below the 1% 
level. 

In the four-bunch mode the maximal injected 
current was close to 100 mA with the frequency of 
synchrotron flashes 4 MHz. 

The experimental set up is shown schematically in 
Fig. 2. A hollow turntable (X circle) was mounted on 
the diffractometer, and the X axis was aligned to 
coincide with the direction of the monochromatic 
X-ray beam. Optimal homogeneity of the primary 
radiation was achieved by selecting a 2 x 2 mm cross 
section from a 10 x 10 mm beam entering the mono- 
chromator. 

The samples consisted of one to four wafers which 
could be mounted on two sample holders allowing 
for parallel or perpendicular orientations. The optical 
fine adjustment of the wafers (perpendicular to the 
X axis) was performed using a laser beam. 

The horizontally and vertically polarized com- 
ponents of the incident radiation were monitored 
by a polarimeter (Smend, Schaupp, Czerwinski, 
Millhouse & Schenk-Strauss, 1984) equipped with an 
Si-powder-coated Kapton foil as scatterer. The same 
material was used behind the rotating sample for 
registering the dominant horizontally polarized com- 
ponent of the transmitted radiation, Ix. The much 
weaker vertically polarized component Iz was 
observed by measuring, in the horizontal plane, the 
intensity maximum of a single-crystal Ge(777) Bragg 
reflection whose 20 equalled 88.8 ° for the Nb K edge 
(E = 18.986 keV). 

Owing to this fortuitous circumstance, Itz could be 
investigated almost independently of I~ and with a 
calculated energy resolution of 2.9 eV ( A E / E  = 1.5 × 
10-4). Provided Bragg reflection in the crystal can be 
excluded or assumed negligible, the experiment is an 
analogue to the optical polarizing microscope. The X 
rotation around the beam corresponds to a rotation 
of the microscope's turntable, and with the syn- 

D1 ~2 i-, ~3 D4~ 
....... .... 

Sample 

Fig. 2. Experimental set up. D1,..., D4: NaI detectors (D1 
registering count rates C1 and C5); S1, $2: scattering foils; 
A: Ge(777) analyser. 

chrotron acting as polarizer and the Ge crystal as 
analyser, the observation of Itz is equivalent to light- 
transmission studies under crossed polarizers. 

X scans 

The measuring system, based on the CAMAC-bus, 
was controlled by a PDP 11/73 and included on-line 
normalization and graphical representation of the 
X-scan results. Thus, a valuable check of the intensity 
curve and of the stability of the experimental condi- 
tions was provided. 

The most interesting energy range for the investiga- 
tion of polarization phenomena in LiNbO3 is in the 
near-edge region encompassing the Nb absorption 
pre-peak (Fig. 3). At this energy a salient transition 
between orthogonal resonances had been observed 
in previous measurements (Petcov, Kirfel & Fischer, 
1988). On the energy scale chosen in Fig. 3, the 
absorption pre-peak corresponds to the Nb K-edge 
energy (18.986 keV). 

The experimental procedure at a given energy con- 
sisted of: 

(i) optimization of primary-beam intensity by tilt- 
ing the second monochromator crystal using a piezo- 
electric drive; 

(ii) fine adjustment of the Ge(777) reflection by 
means of a high-resolution rotation stage (Bonse & 
Teworte, 1982) carrying the analyser crystal; 

(iii) the X scan: full rotation of the sample around 
the beam with angular increments AX=5 or 10 °, 
respectively. At each X position: 

5 to 15 s determination of the count rates of the 
horizontally and vertically polarized photons before 
[ C 3 ( x )  , C a ( X )  ] and after the sample [C1(x), C2(X), 
see Fig. 2], as well as of the higher harmonic contribu- 
tions, Cs(X); 

on-line calculation and display of the normalized 
transmitted intensities 

I°bS(x) = C2(x)/ C3(x) 

I°bS(x) = C , (x ) /  C3(x) 
(20) 

3.5- 

3.0- 

2.5- 

~*t 2.0- 

1.5- 

i.O- 

o~ -2~ ~ '~ '~o ' ,~0 ' 125 75 
PHOTON ENERGY - E~ [eV] 

Fig. 3. Near-edge absorption spectrum of LiNbO3 wafer with Co 
in the horizontal plane. 
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which are thus corrected for the temporal decrease 
and instabilities of the primary-beam intensity; 

(iv) repetition of (iii) if counting statistics were 
unsatisfactory. 

The experiments comprised: 
(1) 33 X scans of equidistantly distributed energies 

between 18.971 and 19-005 keV using a sample of 

z-.-i  

70 

o 90 

-90 % ~degreeS] 

(a) 

~ I N I I / W / R ~ / V ; (  ,VL~IIII/'/ClA/L.~IX ~'~LL'~N.. o % 
-50 :~ 

7(I 

0 90 

-90 % tdegreeS) 

(b) 

Fig. 4. Modulation of the vertically polarized transmitted radi- 
ation, Alz(x, E)/(Iz(E)): (a) observed, (b) calculated. 

20 

~7-  o 
z-. . l  
< ~  0 ~'~, t r ~  

4- 

-50 ~ 

-15 

270 

0 90 180 

-90 . f  t~egree s~ 

Fig. 5. Observed modulation of the horizontally polarized trans- 
mitted radiation, AIx(X, E)/(Ix( E)}. 

three wafers with parallel Co axes (data sets: IH1- 
IH33 and IVl-IV33). 

(2) At the energy ofmaximum anisotropy effects 
(E = 18.992 keV) X scans using samples with varying 
numbers and relative orientations of wafers in order 
to elucidate the origin of the x-dependent trans- 
mission effects. 

(3) X scans at different heights of the two-axis 
diffractometer relative to the electron orbit, i.e. with 
assumedly different elliptical polarization of the 
incident radiation. 

Qualitative results 

The 33 observed transmission patterns, l°bS(x) , are 
summarized in Fig. 4(a) in the form of  Alz / ( l z ) ,  where 
(lz) is the mean value and Alz = Iz - (I~} the variation 
of the intensity of the vertically polarized component. 
Fig. 4(a) gives further evidence of X-ray optical 
polarization phenomena in the vicinity of an absorp- 
tion edge. In the 3D representation of l°bs(x), a 
smooth transition between orthogonal resonances, 
each associated with a pair of maxima, can be recog- 
nized around E Nb. Evidence of birefringence is given 
in the patterns exhibiting four maxima. 

Though present, these are unobservable in the 
corresponding plot of l°bs(x ) (Fig. 5), which is 
dominated by the energy-dependent anisotropy of 
absorption in agreement with the earlier observed 
transmission patterns (Petcov, Kirfel & Fischer, 
1988). For E = 18.992 keV and a sample consisting 
of two wafers of about equal thickness and orthogonal 
Co orientation, the l°bs(x) and l°bS(x ) modulations 
turned out to be insignificant [in agreement with (19)], 
but were essentially reproduced upon changing the 
mutual orientation of the wafers to anti-parallel. 
Increasing the sample thickness by combining up to 
four parallel oriented wafers resulted in increasing 
modulations of l°bS(x ) from 40 to 90%, accompanied 
by the unavoidable severe decrease of the mean trans- 
mission. Since any manipulation of the sample 
required closing and reopening the beam shutter (thus 
switching the heat load on the monochromator on 
and off), minor changes of the radiation energy could 
not be excluded so that more detailed quantitative 
results of the thickness effect cannot be given. 
Nevertheless, all findings indicated the presence of a 
true polarization effect varying with sample orienta- 
tion and/or  thickness. Finally, significant changes of 
the l°bS(X) pattern upon varying the instrument height 
within a few mm were not detected. 

Data analysis 

The observed l°bS(X ) and l°bS(x ) of the data sets IV 
and IH were analysed according to the optical model 
outlined above. 
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The/~/ (X)  matrix was parametrized as (a) 

^ ( cos 2 X + exp ( -  a - ib) sin E X 
M(X) = c ~[1 - e x p  ( - a - i b ) ]  s i n x  c o s x  E 

[ 1 - e x p  ( - a - i b ) ]  sin g cos g~ o~ 
s inEx+exp(_a_ib)cos2 X ] ,  (21) 

a=½A/zd, b=(to/c)And and c = e x p ( - ½ / z x d )  are ~ 
adjustable constants for fixed energy. 

The elliptically polarized synchrotron beam has 2 
a sectional pattern with horizontal major axis 
(Shurcliff, 1966) and is described by the column 
vector 

(b) 

]Do)- Ao ip '  

g 
wh~re Pl -< 1 is related to the degree of  the linear 
horizontal polarization Lx, 

Lx=(Ix--Iz)/(Ix+Iz)=(1--pE)/(l+pE).  (23) 
Z 

r r  

The calculated components  of  the transmitted wave 
[see (17)] are 

H 

ICx~l(x) = c21[1-exp ( - a -  ib)] 

x (ip sin x cos x - s in2  X) + 112 
(24) (c) IT~(X) = c 2 [ 1 - e x p  ( - a  - ib) ] 

x (sin X cos X -  ip cos 2 X)+  ipl 2. 

For each of  the 33 investigated energies these two 
model intensity functions were adjusted simul- g 
taneously to the normalized observed transmission 
data l °bS(x  ) and I°b~(X ) (20). The non-linear optimi- 
zation procedure of Davidon, Fletcher & Powell ~'~ 
(James & Roos, 1987) was applied to the/~,2 function: 

N 

s = ~ I/°bS(x)-/ca'(x) 2 

ICxal(x ) ~o 
Z 

+ ~  rI°b~(X)- I;~'(X) 2 
i c a l ( x  ) , (25) (d) 

where r is an adjustable scaling factor taking into 
account the different efficiencies of  the two detection 
systems. 

Convergence was rapid and all elements of  the 
t--i 
=E correlation matrix were typically below 0.4. Since p ~_ 

enters (24) as p2, a certain ambiguity exists with .-'~ 
t - .  

respect to its sign which defines the handedness of  
the synchrotron radiation. This difficulty was over- 
come by choosing that sign which complies with 
smooth variations of the other parameters as func- 

Z 

tions of  the photon energy. 
As examples for the obtained fit results, Fig. 6 

depicts experimental points together with the corre- 
sponding model  curves at four different energies. 
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Fig. 6. Intensity of the vertically polarized transmitted radiation, 
I.(X). Experimental points and model curves at: (a) 18.990, 
(b) 18.992, (c) 18.994 and (d) 18.997 keV. 
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The agreement between the observations and the 
model is expressed by the index 

R = ~  [ ° b S ( x ) -  I~'al(x) 2 

y,[ I~al(x)]2 
+ ~, riObS(x ) _ iezal(x ) 2 (26) 

cai 2 , Y,[Iz (X)] 

which varied between 0.013 and 0.052. The overall 
agreement can also be judged by comparing the trans- 
mission surfaces of the observations (Fig. 4a) and of 
the adjusted model (Fig. 4b). Discrepancies between 
model and observations are most probably due to 
instabilities of the beam, i.e. small energy variations 
occurring mainly at the end of a synchrotron-radi- 
ation run. 

The energy-dependent birefringence, An, and 
dichroism, A/x, calculated from the refined parameters 
a(E) and b(E) are shown in Figs. 7(a), (b). Accord- 
ing to Fig. 7, maximum values of An = -0.11 x 10 -7 
and A/z = 53.6 cm -~ were calculated. The An value 
corresponds (mod 27r) to a phase lag of about 
60 ° mm -~ between the components of the transmitted 
radiation. 
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Fig. 7. Energy dependence of dichroism, A~, and birefringence, 
An, in the vicinity ofthe Nb K-absorption edge (E = 18.986 keV). 

For LiNbO3 (Z = 6), a and b are related to the real 
and imaginary parts of the complex scattering factors 
for IDx) and IDz) by 

a =6,~ro(d/V) Im (fzNb--fx Nb) 
(27) 

b =6Aro(d/V) Re (fNb__fNb) 

( V-- unit-cell volume, ro = classical electron radius). 
Thus, a and b describe also the anisotropy of the 
anomalous-dispersion corrections,f' and f", and from 
(27) result the maximum observed values Af '= 
Re (fNb f N b ) =  -0.30(8) and Aft= l m  0 c N b - - f  Nb) = 

0"70(1). These figures may be compared with f ' =  
-6.1 e and f '  = 1.6 e of metallic niobium taken from 
the interferometric measurements of Hart & Siddons 
(1981). 

The x-dependent degree of horizontal linear 
polarization of the transmitted radiation, Lx (X), (23), 
can be calculated either from the experimental data 
or from the refined parameters. Examples are given 
in Fig. 8, where Lx(X) is depicted for two samples 
investigated at the same energy. These curves show 
that - without substantial loss of transmitted intensity 
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\ 

X, 

1 . 0  

L x 

-90  - 4 5  0 45 90 135 t80  225 270 

(a )  

E = 1 8 9 9 6  e V ,  d = 2 4 0  ~ m  

100 

95 

[ ~ ]  90 

85 

80 

75 

70 

65 

Z 
60 

-90  - 4 5  0 45 go t 3 5  180 225 270 

(b) 

Fig. 8. Degree of linear polarization, Lx(X), of the radiation trans- 
mitted through samples of: (a) 55 and (b) 240 I~m thickness. 
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- Lx can be varied over a wide range by an appropriate 
choice of crystal orientation and thickness. 

Discussion 

The observed dependence of the transmitted 
intensities, I~(X) and I'~(X), on both radiation energy 
and crystal orientation is a direct proof of the occur- 
rence of X-ray dichroism and birefringence in a 
uniaxial crystal. Both effects arise in the XANES 
region, when the energy of the incident radiation 
matches the resonance energy required for the excite- 
ment of a 'core' electron into an unoccupied (but 
allowed) state of preferred orientation. Thus, we 
discuss resonance phenomena which are to be 
distinguished from (energy-independent) diffraction- 
induced dichroism and birefringence in perfect 
crystals [being observable even for cubic symmetry 
- Belyakov & Dmitrienko (1989)]. Studying reson- 
ance-induced polarized absorption spectra and bire- 
fringence under proper experimental conditions, one 
can elucidate the symmetry and orientation of above- 
Fermi-edge levels and contribute to investigations on 
the electronic structures in a crystal. 

In the case of LiNbO3, two such states of 
apparently orthogonal orientations were resolved. 
Their excitements provide X-ray optical uniaxiality 
in each case, but change the crystal from being opti- 
cally positive to negative within a few electronvolts. 
This finding is of interest in terms of comparison with 
electronic-band-structure calculations. In the present 
context, however, emphasis was put on the analytical 
description of the effects on the basis of a classical 
optical model. The model is formulated in concise 
form by application of the Jones calculus. Given the 
anisotropic complex refractive index along with the 
polarization of the radiation, the model predicts both 
intensity and polarization of the transmitted radiation 
as a function of thickness and orientation of the 
crystal plate. This approach is justified by the agree- 
ment between the experimental results and the calcu- 
lations giving credit to the applicability of the optical 
model to X-ray energies. It appears therefore feasible 
to handle the transmission of polarized X-rays 
through an X-ray optically anisotropic medium by a 
concise matrix algorithm. Such an algorithm should 
be useful, for example, in calculations of intensities 
of space-group extinct ('forbidden') Bragg reflections 
caused by polarization-dependent resonance scatter- 
ing (anisotropic anomalous dispersion) which are 
simultaneously affected by anisotropy of absorption. 

Another consequence of the results involves the 
interpretation of polarized absorption spectra 
obtained from a single crystal with orientation X. It 
is obvious that in the case of elliptically polarized 
radiation the total transmitted intensity, I,(X), 
recorded by an ionization chamber or by direct-beam 
measurement with a detector, can differ from the 

intensity component of the, say, horizontally polar- 
ized radiation, /~(g). This intensity should be 
measured in front and after the sample for the correct 
determination of the corresponding absorption 
coefficient /zx (Petcov, Kirfel & Fischer, 1988). 
Employing I,(g) instead of Ix(x) in the calculation 
of/Zx introduces an error A~x = lz(g)/[dlx(x)] that 
cannot be generally neglected (d = sample thickness). 
The relative error 

a~x(x)l~x(X) = Iz(x)/[Ix(x)dtzx(X)] (28) 

can amount to a few percent, as estimated for LiNbO3 
with, for example, Iz/I~ = 0.2,/zxd = 3. 

Such errors are less important in a XANES study 
of the projected density of states which is approxi- 
mately proportional to /z,,(E). In an EXAFS study, 
however, which is based on the relative change of 
lxx(E) with respect to the unperturbed absorption by 
the edge atoms,/z0(E), the amplitude of the EXAFS 
oscillation is typically smaller than 0.1. Since the 
absolute error introduced into the function is 
Atzx(E)/l~x(E), it should be noted that polarization- 
dependent EXAFS results may be significantly biased 
by neglect of the proper experimental conditions. 

The observed X-ray dichroism and birefringence 
result from a projection of the atomic scattering fac- 
tors (or X-ray susceptibilities) along the propagation 
direction of the radiation. They reflect averages over 
all atoms in the unit cell so that detailed information 
about the individual atom is generally lost. In cubic 
crystals, for example, the symmetry precludes 
anisotropy of absorption. In uniaxial crystals of 
special structures, however, where a scattering-factor 
tensor of the edge atom is invariant against the sym- 
metry operations of the space group, the anisotropy 
of the macroscopic refractive index is proportional 
to the anisotropy of the edge atom's anomalous dis- 
persion. This applies to LiNbO3 in which all Nb atoms 
are located on threefold axes parallel to Co. For such 
a structure it is possible to assess not only f" (E)  and 
Af '(E),  but also Af'(E) directly and simultaneously 
in the same experiment via the observation of dichro- 
ism and birefringence. 

As to the relation between the derived Af'(E) and 
Af"(E), they can be expected to obey the Kramers- 
Kronig dispersion relation. Under the limiting condi- 
tion that zlf' vanishes outside the investigated energy 
range, the real part calculated by the Kramers-Kronig 
transformation disagreed with the observed zaf'(E). 
The latter as well as Af"(E) are, however, in qualita- 
tive agreement with the interferometer and trans- 
mission results of Bonse & Henning (1986). We 
assume therefore that the data included in the 
Kramers-Kronig integration were insufficient. 

Finally, we wish to emphasize the dependence of 
the data quality on stable radiation properties. Similar 
measurements carried out during high-energy 
operation of Doris II (5.3 GeV, no beam stabilization) 
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yielded unsatisfactory results owing to considerable 
beam instabilities. Hence, the present work profited 
from a period of excellent ring operation with stable 
beam and electron current life times of up to 4h. 

Applications of the method to other non-cubic 
structures with comparable properties are most likely 
to corroborate the optical model, and further experi- 
ments with new substances are planned. 

Financial support, granted by the Bundesminister 
fiJr Forschung und Technologie, is gratefully 
acknowledged. 
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Abstract 

High-energy transmission electron diffraction from 
thin crystals under conditions of multiple scattering 
is considered. An expression is derived for the 
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Jacobian of the scattering-matrix mapping, contain- 
ing all partial derivatives of the scattering-matrix ele- 
ments with respect to structure-matrix elements. (This 
structure matrix describes the scattering crystal and 
incident-beam direction). These results may be used 
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