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Abstract 

The applications of the external photoeffect excited 
by an X-ray standing wave to structure studies of 
crystal subsurface layers are discussed. In experi- 
ments conducted with an epitaxial Si film doped with 
B and Ge, with Ge concentrations ranging from 3.7 x 
1019 to 1.5 x 1070 a t o m s  cm -3, a change of phase of 
the scattering amplitude on the photoemission curve 
is found. This change is caused by the total surface 
displacement due to a change in the interplanar 
spacing in the disturbed layer. The experimental 
results are compared with accurate theoretical calcu- 
lations in a bicrystal model. Values for the phase q~ (0) 
and degree of amorphization exp [ W(0)] on the sur- 
face are obtained by least-squares fitting. Universal 
analytical formulae for the computation of functions 
describing electron transport and the escape depth 
of electrons in a crystal are suggested. The poten- 
tialities of the depth-selective analysis of X-ray stand- 
ing waves are analysed. The theoretical foundations 
of the secondary-radiation yield under the conditions 
of multiple diffraction are developed. A direct 
observation of an enhanced Borrmann effect in Laue 
multi-wave diffraction is predicted. 

I. Introduction 

One of P. P. Ewald's main contributions to the 
development of crystal physics was the formulation 
of the dynamical theory of X-ray diffraction, which 
predicted the formation of standing X-ray waves in 
a perfect crystal. For almost 50 years this wave existed 
only as a hypothesis. Batterman (1962) was the first 
to attempt to see the standing wave and its behaviour 
by observing the fluorescence radiation emitted by 
crystal atoms. Although the attempt was unsuccessful 
it stimulated the development of a new field in 
dynamical diffraction studies, dealing with the 
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investigation and practical application of standing 
X-ray waves. 

The first measurements were made in the Bragg 
diffraction scheme, which is best suited for crystal 
surface-layer studies. In the angular region of total 
diffraction reflection (TDR) of X-rays the incident 
wave is reflected by the surface layer with a thickness 
of the order of the extinction length Lex. The Lex 
values range from fractions of a micrometre to dozens 
of micrometres. The diffracted wave, interfering with 
the incident one, produces a peculiar radiation field 
structure with nodes and antinodes. The nodes and 
antinodes periodically repeat themselves in space. 
They form a standing wave with a period which is 
either exactly equal to the distance between the 
reflecting planes of the crystal or is less than this 
distance by a factor of an integer. 

It is known that the photoelectron emission yield 
(the secondary radiation) is proportional to the 
intensity of X-rays at the atoms. Naturally, the secon- 
dary-radiation yield will depend on the mutual 
arrangement of atomic planes and standing-wave 
nodes. It is also known, from changing the incidence 
angle of an X-ray beam in the TDR region, that the 
positions of the standing-wave nodes continuously 
change. For instance, in silicon crystals the field nodes 
related to the smaller-angle side of the TDR are 
between the atoms, whereas for the greater-angle side 
they coincide with the atoms. The standing-wave 
motion leads to an anomalous angular dependence 
of the secondary-radiation yield with a minimum and 
a maximum on the borders of the TDR region. 

It was just this dependence that Batterman ex- 
pected to observe. However, the Ge Ka fluorescence 
radiation yield curve turned out to be proportional 
to (1--PR), where PR is the X-ray reflection 
coefficient, and the standing-wave structure was 
hardly evident on the borders of the TDR region. 
This was because the depth of yield (Ly) of the 
fluorescence radiation exceeded by far the penetra- 
tion depth of X-rays in the crystal. As a result, all the 
radiation absorbed in the crystal, the amount of 
which, following the law of conservation of energy, 
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is  equal to (1 - PR), gives rise to a fluorescence signal. 
The secondary radiation yield is proportional to the 
wave-field intensity at the atoms only if the condition 
Ly ,~ Lex is fulfilled. It was this condition that was not 
fulfilled in the experiment of Batterman. 

The above-mentioned problem does not exist in 
measurements of the photoelectron emission since 
the electrons escape from a thin subsurface layer with 
a thickness of fractions of a micrometre. Already in 
the first works on the measurement of the photoelec- 
tron emission, carried out in the USSR in the early 
70's (Shchemelev, Kruglov & Pronin, 1970; 
Shchemelev & Kruglov, 1972; Sche,melev, Efimov & 
Kruglov, 1974), the anomalous angular dependence 
corresponding to the behaviour of an X-ray standing 
wave was observed. Later this field of research was 
developing intensively in the USSR, and at present 
dozens of papers on this subject have been published 
[for details see, for instance, a review by Koval'chuk 
& Kohn (1986)]. 

This paper considers new potentialities for using 
the photoelectron emission induced by an X-ray 
standing wave in structure studies of subsurface crys- 
tal layers. The results pertaining to the photoelectron 
emission are presented in § 2. § 3 deals with determin- 
ing the probability function of photoelectron yield. 
The potentialities of depth-selective X-ray standing- 
wave analysis are considered in § 4. The formulation 
of the general theory of secondary-radiation yield 
under multiple diffraction conditions is presented 
in §5. 

2. Photoelectron emission in crystals with a disturbed 
surface layer 

The general theory of the angular dependence of the 
secondary-radiation yield in a crystal with a disturbed 
surface layer was developed in a paper by Afanas'ev 
& Kohn (1978). If an X-ray plane wave in polarization 
state s (s = w, tr) falls on a crystal at an angle differing 
from the Bragg angle 0n by a value AO, then the 
photoelectron yield from the v-atom shell is deter- 
mined by the formula 

io NT)(AO) = dzP,,(z) dN~)(z'  AO) (1) 
dz 

where t is the crystal thickness, P,,(z) is the function 
describing the electron transport (the probability of 
the electron penetrating from depth z to the crystal 
surface for electrons of the vth group), and the 
function 

.(s)(z dlv ,, ~ , AO) 
dz 

c (IEo I2+IEhA2 
8.n" hw 

+ 2 Re { E*osEh~[X~(v)lX,o( v)] 

x exp [i~o.(z)]} exp [ -  W(z)]) (2) 

determines the number of X-ray quanta absorbed 
with consequent generation of electrons of the vth 
group at depth z in the crystal. In formula (2) 
tZo,,C/W =Xio(V), gio(V) and X~(v)  are the contribu- 
tions of these processes to the Fourier transforms of 
the imaginary part of the crystal polarizability 
(together with the polarization factor), ~ ( z ) =  hu(z), 
h is the reciprocal-lattice vector, u(z) is the displace- 
ment of the atomic layer at depth z from its position 
in a non-disturbed crystal, and exp [ - W ( z ) ]  is the 
static Debye-Waller factor which takes into account 
the random displacements of the atoms from a mean 
position at depth z. 

The amplitudes of the incident Eos and diffracted 
Ehs waves depend both on the angular deviation AO 
and on the coordinate z. In the general case these 
dependences are described by the Takagi-Taupin set 
of equations [Afanas'ev & Kohn (1978); see also 
formula (11)] or by a non-linear equation for the ratio 
of amplitudes Eh~/Eo~ (Burgeat & Taupin, 1968; 
Kohn & Koval'chuk, 1981), if the plane spacing in 
the disturbed surface layer differs from that in the 
substrate by a value Ad(z). In the substrate, where 
Ad = 0, the dependence of the amplitudes on z is 
exponential, exp[-lz(AO)z],  where tz(AO) is the 
effective absorption coefficient. Its maximum value 
is /Zmax = 2/Lex. 

The most interesting physical situation takes place 
if the condition Ly < L,~ Lex is fulfilled, where L is 
the thickness of the disturbed layer. In this case the 
z dependence of field amplitudes can be neglected. 
In the symmetrical Bragg geometry of diffraction the 
normalized photoelectron yield is described by the 
formula (for simplicity s and v indices are omitted) 

(AO) 1 IEhl: 2 ]Eh] ,. 
K = iEol:CCOS[ (a0)+ A, (3) 

where 

Ix O( ,)l 
fc X,o(V) exp ( -  WA),  4)c=/3-Jl-~A, (4) 

WA)_~to dzP(z) exp [ i ¢ ( z ) -  W(z)] exp (iCPA-- 
~'o dzP(z) 

(5) 

In (3) and (4) a(AO) and 13 are the phases of the 
complex relations Eh/Eo and [Xihl/X,o (in a cen- 
trosymmetrical crystal fl = 0). 

According to (3), from the shape of the photo- 
emission angular dependence curve in the TDR 
region one can readily determine two parameters 
characterizing different aspects of structure perfection 
of a subsurface layer with a thickness Ly. These are 
the so-called coherent position ~bc =/3 +hUa, charac- 
terizing an average displacement of the atoms due to 
crystal lattice relaxation in the disturbed layer, 
and the coherent fraction fc, which determines, in 
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particular, the number of atoms retaining regular 
positions in the diffracting plane. 

Such a possibility was clearly demonstrated in the 
studies of germanium and gallium arsenide 
autoepitaxial films (Sozontov, Kruglov & Zakharov, 
1979, 1981). However, analogous results for Si crys- 
tals have not been obtained so far. The reason is the 
small thickness of such films in Si and their small 
deformation. According to (5), to strengthen the 
influence of the film deformation on the curve shape, 
i.e. to make the standing-wave analysis more sensitive, 
higher reflection orders should be used. In such a 
case, on the one hand the phase ~0A becomes greater; 
on the other hand, the value Lex increases, which is 
required for the condition L < L~x to be fulfilled. 

In our experiments we used Si single crystals, 
doped with Sb up to a concentration of 3.7 x 1019 
atoms cm -3 covered with a grown autoepitaxial Si 
film doped with B up to a concentration of 1016 atoms 
cm -3 and with Ge. The concentration of Ge varies 
from sample to sample from 3.7 x 1019 to 1.5 x 1020 
atoms cm -3. The doping process was carried out so 
that the concentration of impurities was independent 
of z. The doping with Ge was made during the growth 
process by Ge reduction from germanium tetra- 
chloride GeC14. The film thickness L =  1.5 ixm. 
Cu Ka radiation ( h = 0 . 1 5 4 n m )  and a (444) non- 
dispersional double-crystal diffraction arrangement 
with an asymmetric reflection in the monochromator 
(the angle between the incidence beam and the sur- 
face is 1 °) were used. In this case Ly = 0.45, Lex = 
10-5 ixm. Consequently, the condition Ly ~ L ~  L~x is 
fulfilled. 

2 *  
I 

/ (e) 

~_ (d) 

(c) 

(b) 
I 
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-~0" ' ro ' 2~" .-J0 

Fig. 1. Photoemission angular dependence for Si single crystals 
with autoepitaxial Si film, doped with B and Ge with Ge con- 
centrations: (a) 0, (b) 3.7 x 10 tg, (c) 7 x 10 tg, (d) 1020, (e) 1.5 × 
1020 atoms cm -3. 

Table 1. Values of ~0(0) and W(0) and the relative 
change of reflection-plane distance in a film ( Ad / d) 

for the experimental curves shown in Fig. 1 

The values of  A d / d  are obtained from the bicrystal model, A d / d  = 
~o(O)d/2rrL. 

Concentration of  Ge 
(1019 atoms cm -3) W(0) ¢(0)/7r ( A d / d ) x  105 

0 0.51 (20) -0.84 (20) -2.2 (5) 
3.7 0-25 (20) -0.55 (20) -1.4 (5) 
7 0.8 (2) -0-09 (20) -0.2 (5) 

10 0.8 (2) 0.37 (20) 0.9 (5) 
15 0.79 (20) 1-36 (20) 3-6 (5) 

The experimental results are presented in Fig. 1. 
The doping with Ge changes the plane spacing uni- 
formly in the disturbed layer, which leads to a change 
of the surface displacement. Hence, the value of the 
phase ~0A, which in this case almost coincides with 
its value on the surface ¢(0), also changes. This factor, 
along with the change of parameter W(0), is respon- 
sible for the variation of the shape of the curve. Table 
1 presents the values of ~o(0) and W(0) obtained by 
least-squares fitting of the experimental curves to the 
theoretical ones computed by using (3). 

In conclusion, it should be noted that quite often 
the values of Ad in epitaxial films are independent 
of z throughout the entire film thickness. In this case 
the samples may be described theoretically as bicrys- 
tals. An analytical solution of the Tagaki-Taupin 
equations and an analytical expression for integral 
(1) with the exponential function P(z) for the case 
of a bicrystal was obtained in Koval'chuk, Kohn & 
Lobanovich (1985). This solution allows one to com- 
pute the experimental results even in the case where 
the condition Ly ~ L ~ Lex is not fulfilled. 

3. E lec tron  transport  

It follows from (1) that the quantitative analysis of 
photoelectrons emitted from the crystal does not only 
require a knowledge of the number of generated 
electrons excited by an X-ray standing wave at a 
crystal depth z. The function P(z) describing the 
probability of experimental detection of these elec- 
trons should also be known. This function can be 
found provided the electron transport mechanism in 
a crystal with initial electron kinetic energy of several 
keV is known. 

The problem of finding P(z) is rather complicated 
owing to the statistical character of changes in the 
direction of electron motion and energy losses as a 
result of elastic and inelastic collisions. Until now, a 
linear approximation P(z) -- 0.5(1 - z/Ly) was used 
for finding the function P(z) in integral photo- 
emission measurements (i.e. where all the electrons 
escaping from the crystal are detected regardless of 
their energies). Here the maximum escape depth of 
the electrons was determined from experiments on 
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the penetration of electrons with certain energies 
through thin films (Shchemelev & Kruglov, 1975). 
Apparently this approximation is rather rough, and 
the value of Ly is found from an experiment which 
is inadequate for the case considered. 

In recent years a similar problem of the transport 
of electrons with energies of the order of several keV 
has been intensively developed in conversion electron 
M6ssbauer spectroscopy (CEMS) [see Liljequist 
(1979) and references therein]. To determine the func- 
tion P(z) a Monte Carlo simulation method (MCSM) 
of elastic and inelastic collisions of electrons in a 
crystal was developed with an account of all the 
processes contributing to the result. This method was 
used for the computation of P(z) in Fe, AI and Fe203 
crystals. 

In the same paper Liljequist (1979) also suggested 
a simple universal formula, approximating the com- 
putation results, which can be written as: 

P(z)=O.74[1-2.01(z/Ly)+ l.O2(z/Ly)2], z< Ly. 
(6) 

The parameter Ly describing the maximum escape 
depth of the electrons can be written in fractions of 
the Bethe radius rn which determines the distance at 
which an electron loses all its energy without taking 
account of curvature of its trajectories. It was shown 
that for iron Ly =0.55 rB. However, until now the 
problem of a possible generalization of this 
expression for other substances has remained 
unsolved. 

The analysis carried out by the authors of this paper 
together with Liljequist showed that a formula, true 
for a wide range of substances and initial electron 
energies, can also be proposed for Ly; 

Ly=780EE/pln(E/Eo)(A), (7) 

where E is the initial electron energy in keV, p is the 
density of the substance in gcm -3 ,  E o = 0.39 keV. 

By means of a direct calculation using MCSM we 
have checked (6) and (7) for semiconductor crystals 
(Si, Ge, GaAs, InSb). Fig. 2 presents the results of 

1-0 [ P(z) 

0'5 

,. 
1000 2000 3000 4000 5000 

=- z (A) 

Fig. 2. Function P(z) calculated from equations (6) and (7) (solid 
line) and Monte Carlo simulations of this function (crosses) for 
E =6.18 keV in Si. 

calculations for the probability of electron emission 
with energies E = 6-18 keV in Si for different values 
of z and also a curve corresponding to (6) and (7). 
It is seen from this figure that equation (6) for P(z) 
agrees well with the results of the computations. An 
insignificant difference (less than 10%) is observed 
only in the case of low Z and high E and of high Z 
and low E, where Z is the atomic number. 

The function P(z) corresponds to the case where 
all the electrons emitted from the crystal are detected 
regardless of their energies (the so-called integral 
photoemission). The problem of finding the function 
P(z) becomes more acute in connection with the 
development of a new method - depth-selective 
X-ray standing-wave analysis (Koval'chuk & 
Mukhamedzhanov, 1983, 1984; Bedzyk, Materlik & 
Koval'chuk, 1984) based on the detection of photo- 
electrons with a certain energy range AE. In a more 
general case, electrons emitted at a definite angle ¢ 
to the surface can be selected. Then another function, 
P(z, AE, .4tp), should be found instead of P(z). This 
weight function essentially depends on what energy 
and angular intervals AE, A¢ are selected and what 
the resolution is (i.e. on the parameters of the electron 
spectrometer). 

It should be noted that the function P(z, AE, /tO) 
can be readily found by the MCSM as an integral of 
the function P(z, E, ¢) over the definite intervals "4E, 
"4~, in contrast to integral functions, for finding which 
the integration is carded out over the entire variation 
range of the parameters. The function P(z,'4E), 
which is integral over the energy E for three values 
of the energy and the angle, respectively, are shown 
schematically in Fig. 3. 

P(z, JE) 1 

0.5 ~ ,  

0 0.5 1 
(a) , P(z, J cos ~) 

0.7z 

0'5 

i 0 0-5 1 (b) 

%L 

Fig. 3. Schematic profile of the probability distribution of electron 
yield as a function of depth: (a) P(z, zlE) for three energy 
ranges (integral over angle t/,); (b) P(z, zlcos ¢) for three angular 
intervals (integral over energy E). 
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4. Depth-selective X-ray standing-wave analysis 

Let us consider in more detail the idea of depth- 
selective standing-wave analysis. When an X-ray 
quantum has been absorbed, all the photoelectrons 
escaping from an atomic shell into the crystal bulk 
have the same energies. However, during their motion 
towards the surface, they lose some of their initial 
energy as a result of inelastic collisions. The total 
energy loss of the emitted electrons increases with 
the path within the crystal, and consequently with 
the depth at which an electron was generated. That 
is why analysing the angular dependence of the elec- 
tron yield with a certain energy loss near the Bragg 
angle gives structural information on the layer at a 
certain depth. 

However, the realization of this idea encounters 
some difficulties, primarily experimental. For 
instance, for the selection of electrons with certain 
energies a high-resolution energy analyser is needed. 
The higher the resolution, the fewer electrons will be 
detected, which in turn requires a system of storing 
weak signals. 

At the first stage, to solve the problem of energy 
analysis of electrons excited by an X-ray standing 
wave, a low-resolution gas proportional counter was 
used (Koval'chuk & Mukhamedzhanov, 1983, 1984; 
Bedzyk, Materlik & Koval'chuk, 1984; Hertel, 
Koval'chuk, Afanas'ev & Imamov, 1981). For the first 
time photoemission curves were measured for elec- 
trons with different energy losses in Ge and Si crystals 
with a disturbed (or amorphous) surface layer, and 
a conclusion was made about the possibility of vary- 
ing the effective depth of the surface layer studied 
(Koval'chuk & Mukhamedzhanov, 1983, 1984). To 
increase the sensitivity of the energy analysis by 
several times we have developed in our laboratory 
a magnetic (solenoidal) analyser (Koval'chuk & 
Semiletov, 1986). The selection of electrons with 
energies ranging between the values in question was 
made by choosing an appropriate value of the mag- 
netic field in the solenoid. It should be noted that in 
1975 a high-vacuum X-ray spectrometer was sug- 
gested (Kikuta, Takahashi & Tuzi, 1975). This spec- 
trometer allowed one to select photo- and Auger 
electrons with different energies, based on a 127 ° 
cylindrical high-resolution electrostatical analyser. 
However, this device was not used for structure 
studies of disturbed surface layers. 

The potentialities of depth-selective X-ray stand- 
ing-wave analysis are clearly demonstrated in the 
experiment carded out using synchrotron radiation 
by Bedzyk, Materlik & Koval'chuk (1984). In this 
experiment (111) diffraction was studied from two Si 
single crystals, the first being a perfect crystal, the 
second a crystal with a disturbed (amorphous) SiO2 
film on the surface. The energy analysis of electrons 
was made with a gas-flow proportional counter. 

Photoemission curves from an Si single crystal 
differ slightly only at the central part of the angular 
region (owing to the extinction effect). This effect 
allows one to calculate the average escape depth of 
the electrons with different energy losses (as expected, 
escape depth increases monotonically as electron 
energy losses increase). On the other hand, photo- 
emission curves from the Si crystal with an amorphous 
film differ qualitatively in their shape, which clearly 
points to a different escape depth of the electrons 
with different energy losses. 

5. Secondary-radiation yield under the conditions of 
multiple diffraction 

So far, all the studies on the secondary-radiation yield 
under the conditions of dynamical diffraction were 
made in the two-wave case, where X-rays were 
reflected on one set of crystal planes. However, one 
can easily realize the case where several points of the 
reciprocal lattice reach the Ewald sphere simul- 
taneously. In this case an X-ray beam is reflected 
from several sets of planes simultaneously, and the 
radiation wave field within the crystal is the sum of 
N plane waves (the multiple diffraction case): 

N - 1  

E(r,t)=exp(-itot) ~ ~, Ems(z)exp(ikmr)e,,s. 
m = 0  $ = 'n' ,tlr 

(8) 

Here e,,,s are polarization vectors, k,,, = k0+hm, h,,, is 
the reciprocal-lattice vector for the ruth reflection, ko 
is the wave vector of the incident plane wave. 

If all the reciprocal-lattice vectors lie in the same 
plane (only this case turns out to be stable to a change 
of the X-ray wavelength) then the wave-field intensity 
is modulated not only along some direction but also 
in the entire plane. Under certain conditions the nodes 
and antinodes of the radiation field appear and form 
a two-dimensional lattice with periodicity copying 
the crystal periodicity. Consequently, additional 
possibilities exist for localizing the position of an 
impurity and determining the degree of disorder and 
deformation of the crystal lattice. The experimental 
study of the secondary-radiation yield in the multiple- 
diffraction case should be made using radiation 
monochromated and collimated in two directions. If 
the conventional monochromatization and collima- 
tion schemes are used, this requirement leads to great 
intensity losses. Thus advances in experimental 
studies will be connected mainly with the use of 
high-intensity sychrotron radiation. In such a situ- 
ation greater emphasis should be laid on theory, as 
it should not only explain the experimental results 
but also determine the optimal conditions for the 
realization of the experiment. The basic aspects of 
such a theory are given below. 

Let us consider a crystal with a disturbed surface 
layer, as before. It is convenient to introduce an 
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average matrix of Fourier components of crystal 
polarizability, depending on z: 

; ( m d ) m ' ( Z ) - " ; m m ' f m m , ( Z ) .  (9) 

This matrix differs from a conventional matrix ;mm' 
by the presence of an additional multiplier which 
characterizes the distortions 

fmm,(z)=exp[-ihmm,U(Z)- Wmm,(Z)] , (10) 

where hmm' = k m - k m ,  are the reciprocal-lattice vec- 
tors, corresponding to an X-ray beam scattering from 
the direction km to the direction km', Wmm ,= 
1 2 2 ~h,,,m,(U ). 

Amplitudes Eros(z) satisfy the generalized Takagi- 
Taupin set of equations, which can be written in the 
form 

dEms/dz=(ior/Aym) E [xSS'mmfmm'-amSmm']Em's"SS' 
rues t 

(11) 

Here ss, X,,,,,' = emsX.mm'era's', A is the X-ray wavelength, 
Ym = kmno/K, K = ~ / c  = 20r/A, n0 is the normal to the 
crystal surface, 8 ~ , ,  is the Kronecker symbol, which 
is equal to unity at m = m' and s = s' and to zero 
otherwise. As usual, X =Xr + ixi and Xi describes the 
influence of inelastic scattering processes, leading to 
beam weakening. The parameters am determine the 
deviation from the Bragg condition for the mth 
reflection, 

'~,,,=(k~m-kg)/,,2=Cm~aOl+Cm2a02, (12) 

where AOI, A02 describe the difference between the 
direction of the incident beam and the correct 
multiple-diffraction direction. 

The general formula (1) is true, naturally, in the 
case of multiple diffraction too, but now 

$, s .  dN~)(z)  c /Zo~ X,,,.(v) } dz 8or h~o , X~o(V) 
sis ~ 

× fmm,(7.)E(~,(z)E(~!s,,(z). (13) 

Here and below we omit the parameters AOI, A0: to 
simplify the formulae. Equations (1), (10)-(13) solve 
completely the problem of the theoretical calculation 
of the angular dependence of secondary-radiation 
yield from a crystal with a disturbed surface layer. 
These equations can also be used for the analysis of 
the fluorescence yield from impurity atoms localized 
either on the surface or in the crystal bulk. In this 
case Xi of an impurity must be inserted into formula 
(13), instead of g~ of the crystal bulk. Accordingly, 
the displacement u(z) and factor W(z) must corre- 
spond to the impurity atoms. 

These formulae are true both in the Bragg geometry 
and in the Laue geometry, i.e. for all signs of the 
parameters Ym of the diffracted beams, which charac- 
terize their direction with respect to the crystal sur- 
face. As an example, let us consider below the prob- 

• lem of a direct observation of the enhanced Borrmann 
effect in multiple Laue diffraction in a single crystal. 
As shown previously by Joko & Fukuhara (1967) [see 
also the paper by Afanas'ev and Kohn (1977)], in 
symmetrical four-wave and six-wave cases the 
minimum absorption coefficient of X-rays is lower 
than in the two-beam case. This effect occurs in the 
narrow-angle region near the direction of accurate 
multiple diffraction. For this observation the photo- 
electron yield from the exit surface of a crystal must 
be registered. 

The solution of the set of equations (11) in a perfect 
crystal can be written as a sum of exponents 
Bins exp [(iej - Izj)z/2]/" ~/2 rm , where ej + i/zj is a com- 
plex eigenvalue of the multiple diffraction matrix 

E GS~'m'Bm','(j)=(ej+il, zj)Bms(j). (14) 
rnIs t 

It follows from (11) that the matrix G has the form 

ss' K ss" _ _ O l m ~ m m , ~ _ i X i m m , ) .  (15) Gmm'- . 1 / 2 . 1 / 2  (Xrmm,  ss" • ss' 
) ' m  Y m '  

In the case of photoelectron yield/Xy >>/zj,/Zo/3'0 and 
the form of the function P(z)  is not essential. For 
simplicity, it is convenient to use the exponential form 
P(z) = exp [--/.l,y(t- Z)]. Then the integral (1) can be 
calculated analytically. The results of calculation have 
two terms. The first term contributes to the photoelec- 
tron yield from different sheets of the dispersion 
surface independently, and the second term corre- 
sponds to the interference between different sheets. 
If the crystal thickness t is large enough so that 
t >> Lex, then the second term is strongly oscillating 
as the angles AO~, A02 change. If we average the 
results over the oscillation period we find that the 
second term equals zero and the first one does not 
change. Normalizing the photoelectron yield by its 
value in the non-diffraction regime from the entrance 
surface, we obtain the following formula: 

tc(s)---- T°Etz jexp( - - t z j t )  Bos(j)[ 2. (16) 
IZo j 

From (16) the photoelectron yield in the Laue 
anomalous transmission case is determined by the 
sum of the contributions from all sheets of the disper- 
sion surface. The explicit value of the contribution 
from each sheet is proportional to the degree of 
excitation of the sheet on the crystal entrance surface, 
its absorption in the crystal bulk and the degree of 
interaction of the corresponding standing wave with 
the crystal atom. The parameter/zy in this case does 
not influence the result. 

We have computed the curves K(S)(A01) for 
different values of A02 according to (12)-(16) in the 
case of four-wave (220/400/220) diffraction of Cu K= 
radiation in Si crystals. The curves are shown in Fig. 
4. The surface of a crystal is perpendicular to (001), 
t = 0.8 mm. The angular deviations are chosen so that 
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,401 is the deviation from the Bragg angle in the 
diffraction plane for the 400 reflection, while /102 is 
the azimuth angle for the reflection. The choice of 
polarizations (rr and o') also corresponds to the two- 
beam (400) case. 

It is clearly seen in Fig. 4 that the curve with/102 = 0 
has a dip in the region of/101 values near zero, which 
is due to the enhanced Borrmann effect. The'absenc~ 
of the peak corresponding to 400 diffraction in the 
case of 7r-polarized radiation at greater values of 
azimuth is because the Borrmann effect for zr-polar- 
ized radiation is weakly manifested and the radiation 
is absorbed to a large extent. The reason lies in the 
small value of the polarization factor. For both 220 
and 220 reflections the polarization is mixed (neither 
7r nor o'). Equation (16) is also true, naturally, for 
the two-wave diffraction; besides, the two-wave peaks 
are also shown in Fig. 4 for greater values of the 
azimuth /102. In this case the dip on the curves is 
hardly seen, which is caused by the fact that the 
dependence of /z  on the angle /101 in the two-wave 
case is more even. 

The analysis of the angular dependence of the 
photoemission and fluorescence yield in multiple 
diffraction can provide, in our opinion, interesting 
information on the crystal structure and the character 
of interaction of X-rays with the substance. In fact, 
this is a new and promising direction of investigation 
which is awaiting development. The potentialities of 
this method exceed by far the example given in this 
section. 
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Fig. 4. Theoretical curves of photoemission angular dependence 
KCs)(d01) at different values of A02 for the case of four-wave 
(200/400/Z20) diffraction of Cu Ka radiation in Si. Angles A0~, 
A02 measured in 10 -s rad. A02 values are denoted on the curves, 
the maximum yield -0.02. 

6. Concluding remarks 

The new direction in dynamical diffraction studies 
which has recently appeared in connection with the 
detection of the photoelectron yield excited by an 
X-ray standing wave provides immensely important 
information on the structure of subsurface crystal 
layers. In contrast to fluorescence, which determines 
the position of an impurity atom or absorbed atoms 
in the crystal lattice, the photoelectron yield allows 
one to determine the distortions of the crystal bulk 
itself, under different external influences. 

It should be noted here that, besides the photoelec- 
tron yield considered in this paper, we are developing 
another direction in the studies carried out in our 
laboratory, which is concerned with the investigation 
of the photoelectron voltage excited by an X-ray 
standing wave [see Zheludeva, Koval'chuk & Kohn 
(1985) and references therein]. During the detection 
of this secondary process the angular dependence of 
the photoelectric voltage in a perfect semiconductor 
crystal with p - n  transition is measured. A striking 
characteristic of this secondary process is the fact that 
in this case the behaviour of the angular dependence 
is accounted for not only by an X-ray wave field but 
also by some electrophysical parameters (diffusion 
lengths of minority carriers in p and n regions). 

It should also be noted that the use of synchrotron 
radiation (SR) opens up wide prospects for the 
investigation of secondary processes under dynamical 
diffraction conditions. The high intensity of SR per- 
mits the realization of unique experiments under the 
conditions of both conventional two-wave diffraction 
and multiple diffraction. 

Thus, the recent 20 years have meant a new life for 
the theory of X-ray dynamical diffraction developed 
by P. P. Ewald. The registration of secondary radi- 
ation has become the basis for the development of a 
new method of structure studies of subsurface layers 
in single crystals. 
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Abstract 

A method is described for the analysis of symmetry- 
less or low-symmetric coordination polyhedra with 
respect to their pseudosymmetry, regardless of 
coordination number. With lattice sums of spherical 
harmonics, symmetry-adapted orientations of the real 
polyhedra in the various point groups are ascertained 
by fitting procedures. The idealized polyhedra can 
then be constructed by averaging and optimizing the 
positional parameters of those atoms which are sym- 
metry equivalent in the idealized arrangements. The 
degree of distortion of the real polyhedra with regard 
to the idealized polyhedra is specified by the mean 
value of relative atom displacements. The method can 
assist in the investigation of factors affecting crystal 
structure and in the interpretation of spectroscopic 
and magnetic properties of compounds with d and f 
elements. The analysis is applied to LiCeO2 where a 
symmetryless arrangement of the O atoms around the 
Ce atom occurs with coordination number seven. 

1. Introduction 

In the discussion of crystal structures the description 
of the existing coordination polyhedra (CP) and their 

* Present address: Institut fiir Anorganische Chemic der Tech- 
nischen Hochschule Aachen, D-5100 Aachen, Federal Republic 
of Germany. 

comparison with known ideal arrangements are of 
great importance (Wells, 1984). The investigation of 
the relationship between real, i.e. normally distorted, 
polyhedra and ideal polyhedra can be useful in 
various ways such as the ascertainment of factors 
affecting crystal structure. In the case of complexes 
the shape of the CP will depend on the chemical 
bonding between the central atom and the ligands, 
on mutual repulsions of the ligands, and on the pack- 
ing relations in the crystal structure (Hoard & Silver- 
ton, 1963). The consequences of these influences are 
in most cases distortions relative to those polyhedron 
models that are predicted, for example, from the pure 
electrostatic point of view (point charges) or from 
the packing of rigid spheres. In intermetallic com- 
pounds deviations from Laves principles (Laves, 
1956) can occur if covalent bonds, i.e. bonds with 
directional character, exist (Pearson, 1972). Idealiz- 
ations of low-symmetric arrangements with a special 
pseudosymmetry also facilitate the investigation of 
spectroscopic and magnetic properties of transition- 
metal and rare-earth compounds. Raising the sym- 
metry normally leads to a drastic decrease of the 
number of crystal-field parameters and therefore 
reduces the problem. 

The description and idealization of low-symmetric 
CP can be complicated by a high degree of distortion, 
by an unsuitable orientation of the CP to the cell 
edges and/or  by high coordination numbers (CN). 
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