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It has been shown by direct experiments that, for fast 
electrons inelastically scattered in a crystal by the inner 
shells of native and non-ordered impurity atoms, the 
dynamic diffraction effects typical of elastic scattering 
are retained. A theoretical approach for finding the wave 
function of an electron having inner-shell losses of en- 
ergy has been proposed. For small losses (when the 
characteristic scattering angle is much smaller than the 
Bragg angle), a formula for the intensity at the specimen 
exit surface explaining the experimental results has been 
derived. 

Investigation of inelastic interactions between a high- 
energy electron beam and a substance is of interest since 
scattering accompanied by characteristic losses of energy 
is widely used in analytical electron microscopy for 
determining the composition of specimens. In the study 
of crystals, an important role belongs to the dynamic 
diffraction of electrons by the periodic lattice potential, 
which occurs both before and after the interaction. The 
phenomenon, as a rule, is neglected in the conven- 
tional method of electron energy loss spectroscopy, EELS 
(Egerton, 1986). To improve the precision of quantitative 
microanalysis, Rossouw & Whelan (1980) recommend 
the specimen is orientated far from the Bragg condition, 
which reduces the effect of dynamic diffraction on the 
intensity to be measured. The diffraction contrast, how- 
ever, is weakened too, which makes it more difficult to 
observe the structure irregularities. At the same time, it is 
the connection between the local variations of chemical 
composition and the structure irregularities that is the 
aim of many investigations using methods of analytical 
electron microscopy. 

In the papers where experiments with electrons ex- 
citing inner atomic shells are described (e.g. Craven, 
Gibson, Howie & Spalding, 1978; Rossouw & Whelan, 
1980), the conclusion was reached that the diffraction 
contrast is retained for such electrons when the losses are 
small. Nevertheless, many problems remain open, e.g. the 
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effect of the crystal thickness on the relation between the 
intensities of elastically and inelastically scattered elec- 
trons is not yet determined. Another important question 
for microanalysis is the behaviour of electrons that have 
excited impurity atoms randomly located in the crystal 
matrix lattice. In the present work, direct experiments 
offering answers to the above questions are made. 

Experimental investigations were carried out using 
a Philips CM30 electron microscope, with accelerating 
voltage 300 kV, and a Gatan 607 EELS spectrometer. The 
image obtained with electrons that passed through the 
specimen was scanned by the deflection system over the 
entrance aperture of the spectrometer. The signal being 
registered was accumulated and then displayed on the 
screen of the computer of the analytical system LINK 
AN 10000/85 as an intensity profile. 

Our investigations used specimens of two types: single- 
crystal silicon and the alloy Fe0.72Cr0.z4Ni0.04, which is 
a disordered replacement solution of Cr and Ni atoms 
in the b.c.c, lattice of Fe. The specimen was oriented 
under strong two-beam conditions in such a way that 
non-systematic reflections should be weakly excited. In 
the bright- and dark-field images of the wedge-shaped 
specimen, one could observe thickness extinction fringes. 
The incident beam was practically parallel. 

Fig. 1 shows the energy-filtered intensity profiles for 
the Si specimen. Filtering was made in the region of 
zero loss and in the vicinity of the L edge of the 
spectrum, which for silicon is 100 eV. It can be seen 
that, for inelastically scattered electrons, the intensity 
oscillations on the thickness fringes persist (Figs. l b, c) 
and after transition through the L edge their amplitudes 
substantially increase. Secondly, the positions of maxima 
and minima at L losses (Fig. l c) coincide with those in 
the case of elastic scattering (Fig. la). Thirdly, when 
the specimen thickness is increased, the behaviour of 
inelastically scattered electrons depends on the scattering 
mechanism. In the case of the multiple plasmon scattering 

Acta Crystallographica Section A 
ISSN 0108-7673 © 1993 



~ ~  
0 

0. o ~ o ~  ~ • ~_~. 

: , ~  {.%0o_% 

n% 
~.~° 



900 FAST COMMUNICATIONS 

0 . 5  I X, lain 

(a) 

(b) 

0.5 I X, l.tm 

(c) 
Fig. 2. Intensity profiles for the alloy Feo.72Cr0.24Ni0.04. Reflection 110, 

the centre of the 'energy window', 10 eV wide, was positioned at 
points (a) 0 eV, (b) 564 eV, (c) 582 eV. Other details are the same 
as in Fig. 1. 

fast-electron wave function and the intensity distribution 
at the exit surface of the crystal. 

Generalizing the treatment of Yoshioka (1957), we 
write the Hamiltonian of a system consisting of a fast 
electron and a crystal that may contain impurity atoms 
in the following way: 

7:l = ( - h 2 / S r 2 m ) V  2 + S ( - r c l , . . . , r c N  ) 

+ S ' ( r , rc l , . . .  ,rcN) 
^ t  + E/t/i(ri) + E n i ( r ,  ri), (1) 

i i 

where (-h2/87r2rn)V 2 is the operator of the incident 
electron kinetic energy, S ( r d , . . .  ,rcN) is the crystal 
Hamiltonian that describes the behaviour of the lattice 
atoms and of the valence electrons with coordinates 
r c l , . . . ,  rcN,  S ' ( r , r d , . . . ,  r c N )  is the operator of the 
fast-electron-crystal interaction resulting in collective 
excitations such as plasmons and phonons, r is the 
coordinate of the fast electron,/:/i (ri) is the Hamiltonian 
of the inner-sheU electron to be excited, which belongs 
to the ith atom and has a coordinate ri, /:/ '(r,ri) de- 
scribes the interaction with an atom electron. The index 
i numbers the crystal atoms, while at i=sa, i=sB,... 
the corresponding values are related to the atom types 
A, B, . . . .  

Now, expand the system wave function ~/i in terms of 
the eigenfunctions am and u m of operators S and [ti 

~(r ,  r c l , . . . , r c N , r l , . . . , r M )  

= ~ ~mn~...nM(r)am(rcl,... ,rcN) 
m n l  ...~Z M 

× u~, (r l ) . . .u~M(rM),  (2) 

where k~,,~,...,~ M (r) is the fast-electron wave function 
corresponding to the transition of the crystal from the 
zero state to the m state and to the transitions of M core 
e l e c t r o n s  to the  nl~ n2,  . . . ~  n M  states .  

Substituting (1) and (2) into ShrSdinger's equation and 
using the orthogonality properties of eigenfunctions, after 
transformations, we get a system consisting of equations 
of the type 

[(h2/87r2m)V 2 -  Y ( r ) +  Efl~...~M]~f~,...tM (r) 

= E 
m # f  

+ E  E Hz,,~,(r)#f~,...n,...z,(r), (3) 
i ni#li 

where Efh...t . is the energy of an electron incident on 
the crystal minus losses produced by the corresponding 
excitations and V(r) is the average potential energy of 
the electron in the crystal; Sfm(r)  and Ht~n, (r) are the 
matrix elements of operators S' and H' i ( r , r i ) .  

The intensity of fast electrons at the exit surface of 
the crystal has the form 

I ( r )  = f#O* drcl . . .  d r c g d r l . . ,  drM 

= E (4) 
m n l  ...r~ M 
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The intensity within some interval of energy losses is 
defined by the sum of the terms that correspond to the 
system excitations resulting in those losses. 

To calculate the inelastic intensity with an energy loss 
A E v  and the transition of an electron of the inner shell 
to the state li=v, let us select from (3) an equation 
describing such an interaction at the ith centre. Taking 
into account the other processes of inelastic scattering of 
a fast electron during its movement in the crystal at a 
distance from the ith centre can be done by introducing a 
complex increment to the potential energy V(r). To solve 
the chosen equation, we present the wave function of a 
fast electron as a superposition of Bloch-wave packages 
(Borgardt, 1991, 1993) 

~o...~,...o(r) = EEf¢~{!, ,  0( z, P)C(J)(P) 
J g 

× exp [27rik~ j>" r] exp (27rig. r ) d p ,  (5) 

-/,(J) (z p) is the excitation amplitude of the where ~0...l(...0~ , 
jth Bloch wave with scattering by the ith centre; C (j) (p) 
and k~ j) are the Fourier coefficient of the jth Bloch- 
wave expansion and the wave vector with components 
[px,pu, k~)(p)] for an electron with the energy of 
E0...l~=v...0; P is the vector on the kxOky plane parallel 
to the crystal entrance surface. 

Substituting (5) into the corresponding equation of the 
system (3) assuming that all the vectors g do not possess 
z components and using Born's first approximation, if 
z > zi, we get for the amplitude of the Bloch wave 

¢ .. . .  0(z, p l ) - - - 2 7 r i m / h 2 k  )(Pl)  

x E E E f c ~ J ) ( p ) C !  j')* (Pl) 
j g h  

~/,(J) r 0 - x vo...o~ ,p)H~,o(q) 
x exp ( -27r iQ.  ri) dp, (6) 

where -f/~0(Q) is the Fourier transform of the matrix 
element Hz~0(r), which is calculated in the coordinate 
system centred at the scattering atom with a coordi- 
nate ri, and Q is the vector with components [pl + 

h - p -  g, k~ ') ( p ) -  k~)(p)]. The branches of a dis- 
persion surface corresponding to the electron inelastically 
scattered by the ith centre are indicated with a prime. 

Substitution of (6) into (5) permits one to obtain an 
analytical equation for the wave function ~P0...l~...0(r). To 
determine the intensities I0,g(r, A E v )  of electrons with 
the energy loss AEv, it is necessary to use (4) to obtain a 
summation with respect to all the atoms where interaction 
o c c u r s .  

In the present experiments, the characteristic angle 
of inelastic scattering 0E (0E = A E v / 2 E o . . . o )  is much 

smaller than the Bragg angle. It is easy to show that in 
such cases the intensity of electrons inelastically scattered 
by both native and uniformly distributed impurity atoms, 
the Bragg conditions being satisfied for some reflection, 
is given by the formula 

Io,g(r,  A E v )  

~ I ~ l , g ( r ) N t  

(7) 

where I~Ig(r) is the intensity of elastic scattering in the 
direct or diffracted beam, N is the number of atoms in 
the unit volume, t is the specimen thickness, k0z is the 
z component of a fast incident electron, p~ is the vector 
(Akx, Aky) and Akx, Aky, Akz are the changes of the 
wave-vector components as a result of scattering. 

Expression (7) accounts for the character of the in- 
tensity distribution in Figs. 1(c) and 2(c). If the effect 
of the crystal on the movement of an ejected electron is 
neglected, the factor in braces in (7) can be expressed in 
terms of the scattering cross section of an isolated atom. 

The experimental and theoretical results obtained show 
that the intensity of electrons with small inner-shell 
energy losses at the exit surface of the crystal is propor- 
tional to that of elastically scattered electrons. This effect 
arises both by inelastic scattering at the atoms forming 
the regular crystal lattice and by inelastic scattering at 
impurity atoms occupying random positions. 

The authors express their gratitude to Professor S. K. 
Maksimov for stimulation of this work and to Dr 
J .O.  Mejermy for giving us specimens of the alloy 

Feo.72Cro.24Nio.o4. 
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