
absorption function must be added in the calculation of intensities
for elastically scattered electrons.

The inelastic scattering processes in themselves give information
about the specimen in that they provide a measure of the excitations
of both the valence-shell and the inner-shell electrons of the solid.
The inner-shell electron excitations are characteristic of the type of
atom, so that microanalysis of small volumes of specimen material
(a few hundreds or thousands of atoms) may be achieved by
detecting either the energy losses of the transmitted electrons or the
emission of the characteristic X-ray [see IT C (1999), Section 4.3.4].

An adverse effect of the inelastic scattering processes, however,
is that the transfer of energy to the specimen material results in
radiation damage; this is a serious limitation of the application of
electron-scattering methods to radiation-sensitive materials such as
organic, biological and many inorganic compounds. The amount of
radiation damage increases rapidly as the amount of information per
unit volume, derived from the elastic scattering, is increased, i.e. as
the microscope resolution is improved or as the specimen volume
irradiated during a diffraction experiment is decreased. At the
current limits of microscopic resolution, radiation damage is a
significant factor even for the radiation-resistant materials such as
semiconductors and alloys.

In the historical development of electron-diffraction techniques
the progress has depended to an important extent on the level of
understanding of the dynamical diffraction processes and this
understanding has followed, to a considerable degree, from the
availability of electron microscopes. For the first 20 years of the
development, with few exceptions, the lack of a precise knowledge
of the specimen morphology meant that diffraction intensities were
influenced to an unpredictable degree by dynamical scattering and
the impression grew that electron-diffraction intensities could not
meaningfully be interpreted.

It was the group in the Soviet Union, led initially by Dr Z. G.
Pinsker and later by Dr B. K. Vainshtein and others, which showed
that patterns from thin layers of a powder of microcrystals could be
interpreted reliably by use of the kinematical approximation. The
averaging over crystal orientation reduced the dynamical diffraction
effects to the extent that practical structure analysis was feasible.
The development of the techniques of using films of crystallites
having strongly preferred orientations, to give patterns somewhat
analogous to the X-ray rotation patterns, provided the basis for the
collection of three-dimensional diffraction data on which many
structure analyses have been based [see Section 2.5.4 and IT C
(1999), Section 4.3.5].

In recent years improvements in the techniques of specimen
preparation and in the knowledge of the conditions under which
dynamical diffraction effects become significant have allowed
progress to be made with the use of high-energy electron diffraction
patterns from thin single crystals for crystal structure analysis.
Particularly for crystals of light-atom materials, including biologi-
cal and organic compounds, the methods of structure analysis
developed for X-ray diffraction, including the direct methods (see
Section 2.5.7), have been successfully applied in an increasing
number of cases. Often it is possible to deduce some structural
information from high-resolution electron-microscope images and
this information may be combined with that from the diffraction
intensities to assist the structure analysis process [see IT C (1999),
Section 4.3.8.8].

The determination of crystal symmetry by use of CBED (Section
2.5.3) and the accurate determination of structure amplitudes by use
of methods depending on the observation of dynamical diffraction
effects [IT C (1999), Section 4.3.7] came later, after the information
on morphologies of crystals, and the precision electron optics
associated with electron microscopes, became available.

In spite of the problem of radiation damage, a great deal of
progress has been made in the study of organic and biological

materials by electron-scattering methods. In some respects these
materials are very favourable because, with only light atoms
present, the scattering from thin films can be treated using the
kinematical approximation without serious error. Because of the
problem of radiation damage, however, special techniques have
been evolved to maximize the information on the required structural
aspects with minimum irradiation of the specimen. Image-
processing techniques have been evolved to take advantage of the
redundancy of information from a periodic structure and the means
have been devised for combining information from multiple images
and diffraction data to reconstruct specimen structure in three
dimensions. These techniques are outlined in Sections 2.5.5 and
2.5.6. They are based essentially on the application of the
kinematical approximation and have been used very effectively
within that limitation.

For most inorganic materials the complications of many-beam
dynamical diffraction processes prevent the direct application of
these techniques of image analysis, which depend on having a linear
relationship between the image intensity and the value of the
projected potential distribution of the sample. The smaller
sensitivities to radiation damage can, to some extent, remove the
need for the application of such methods by allowing direct
visualization of structure with ultra-high-resolution images and the
use of microdiffraction techniques.

2.5.2. Electron diffraction and electron microscopy
(J. M. COWLEY)

2.5.2.1. Introduction

The contributions of electron scattering to the study of the
structures of crystalline solids are many and diverse. This section
will deal only with the scattering of high-energy electrons (in the
energy range of 104 to 106 eV) in transmission through thin samples
of crystalline solids and the derivation of information on crystal
structures from diffraction patterns and high-resolution images. The
range of wavelengths considered is from about 0.122 Å (12.2 pm)
for 10 kV electrons to 0.0087 Å (0.87 pm) for 1 MeV electrons.
Given that the scattering amplitudes of atoms for electrons have
much the same form and variation with �sin ���� as for X-rays, it is
apparent that the angular range for strong scattering of electrons
will be of the order of 10�2 rad. Only under special circumstances,
usually involving multiple elastic and inelastic scattering from very
thick specimens, are scattering angles of more than 10�1 rad of
importance.

The strength of the interaction of electrons with matter is greater
than that of X-rays by two or three orders of magnitude. The single-
scattering, first Born approximation fails significantly for scattering
from single heavy atoms. Diffracted beams from single crystals may
attain intensities comparable with that of the incident beam for
crystal thicknesses of 102 Å, rather than 104 Å or more. It follows
that electrons may be used for the study of very thin samples, and
that dynamical scattering effects, or the coherent interaction of
multiply scattered electron waves, will modify the diffracted
amplitudes in a significant way for all but very thin specimens
containing only light atoms.

The experimental techniques for electron scattering are largely
determined by the possibility of focusing electron beams by use of
strong axial magnetic fields, which act as electron lenses having
focal lengths as short as 1 mm or less. Electron microscopes
employing such lenses have been produced with resolutions
approaching 1 Å. With such instruments, images showing indivi-
dual isolated atoms of moderately high atomic number may be
obtained. The resolution available is sufficient to distinguish
neighbouring rows of adjacent atoms in the projected structures
of thin crystals viewed in favourable orientations. It is therefore
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possible in many cases to obtain information on the structure of
crystals and of crystal defects by direct inspection of electron
micrographs.

The electromagnetic electron lenses may also be used to form
electron beams of very small diameter and very high intensity. In
particular, by the use of cold field-emission electron guns, it is
possible to obtain a current of 10�10 A in an electron beam of
diameter 10 Å or less with a beam divergence of less than 10�2 rad,
i.e. a current density of 104 A cm�2 or more. The magnitudes of
the electron scattering amplitudes then imply that detectable
signals may be obtained in diffraction from assemblies of fewer
than 102 atoms. On the other hand, electron beams may readily
be collimated to better than 10�6 rad.

The cross sections for inelastic scattering processes are, in
general, less than for the elastic scattering of electrons, but signals
may be obtained by the observation of electron energy losses, or the
production of secondary radiations, which allow the analysis of
chemical compositions or electronic excited states for regions of the
crystal 100 Å or less in diameter.

On the other hand, the transfer to the sample of large amounts of
energy through inelastic scattering processes produces radiation
damage which may severely limit the applicability of the imaging
and diffraction techniques, especially for biological and organic
materials, unless the information is gathered from large specimen
volumes with low incident electron beam densities.

Structure analysis of crystals can be performed using electron
diffraction in the same way as with X-ray or neutron diffraction.
The mathematical expressions and the procedures are much the
same. However, there are peculiarities of the electron-diffraction
case which should be noted.

(1) Structure analysis based on electron diffraction is possible for
thin specimens for which the conditions for kinematical scattering
are approached, e.g. for thin mosaic single-crystal specimens, for
thin polycrystalline films having a preferred orientation of very
small crystallites or for very extensive, very thin single crystals of
biological molecules such as membranes one or a few molecules
thick.

(2) Dynamical diffraction effects are used explicitly in the
determination of crystal symmetry (with no Friedel’s law
limitations) and for the measurement of structure amplitudes with
high accuracy.

(3) For many radiation-resistant materials, the structures of
crystals and of some molecules may be determined directly by
imaging atom positions in projections of the crystal with a reso-
lution of 2 Å or better. The information on atom positions is not
dependent on the periodicity of the crystal and so it is equally
possible to determine the structures of individual crystal defects in
favourable cases.

(4) Techniques of microanalysis may be applied to the
determination of the chemical composition of regions of diameter
100 Å or less using the same instrument as for diffraction, so that
the chemical information may be correlated directly with
morphological and structural information.

(5) Crystal-structure information may be derived from regions
containing as few as 102 or 103 atoms, including very small crystals
and single or multiple layers of atoms on surfaces.

2.5.2.2. The interactions of electrons with matter

(1) The elastic scattering of electrons results from the interaction
of the charged electrons with the electrostatic potential distribution,
��r�, of the atoms or crystals. An incident electron of kinetic energy
eW gains energy e��r� in the potential field. Alternatively it may be
stated that an incident electron wave of wavelength � � h�mv is
diffracted by a region of variable refractive index

n�r� � k�K0 � ��W � ��r���W	1�2 
 1� ��r��2W �

(2) The most important inelastic scattering processes are:
(a) thermal diffuse scattering, with energy losses of the order of

2� 10�2 eV, separable from the elastic scattering only with
specially devised equipment; the angular distribution of thermal
diffuse scattering shows variations with �sin ���� which are much
the same as for the X-ray case in the kinematical limit;

(b) bulk plasmon excitation, or the excitation of collective energy
states of the conduction electrons, giving energy losses of 3 to 30 eV
and an angular range of scattering of 10�4 to 10�3 rad;

(c) surface plasmons, or the excitation of collective energy states
of the conduction electrons at discontinuities of the structure, with
energy losses less than those for bulk plasmons and a similar
angular range of scattering;

(d) interband or intraband excitation of valence-shell electrons
giving energy losses in the range of 1 to 102 eV and an angular
range of scattering of 10�4 to 10�2 rad;

(e) inner-shell excitations, with energy losses of 102 eV or more
and an angular range of scattering of 10�3 to 10�2 rad, depending on
the energy losses involved.

(3) In the original treatment by Bethe (1928) of the elastic
scattering of electrons by crystals, the Schrödinger equation is
written for electrons in the periodic potential of the crystal; i.e.

�2��r� � K2
0 �1� ��r��W ���r� � 0, �2�5�2�1�

where

��r� � �
V �u� exp��2�iu  r	 du

��

h
Vh exp��2�ih  r	, �2�5�2�2�

K0 is the wavevector in zero potential (outside the crystal)
(magnitude 2���) and W is the accelerating voltage. The solutions
of the equation are Bloch waves of the form

��r� ��

h
Ch�k� exp��i�k0 � 2�h�  r	, �2�5�2�3�

where k0 is the incident wavevector in the crystal and h is a
reciprocal-lattice vector. Substitution of (2.5.2.2) and (2.5.2.3) in
(2.5.2.1) gives the dispersion equations

��2 � k2
h�Ch �

�

g

� Vh�gCg � 0� �2�5�2�4�

Here � is the magnitude of the wavevector in a medium of constant
potential V0 (the ‘inner potential’ of the crystal). The refractive
index of the electron in the average crystal potential is then

n � ��K � �1� V0�W�1�2 
 1� V0�2W � �2�5�2�5�
Since V0 is positive and of the order of 10 V and W is 104 to 106 V,
n� 1 is positive and of the order of 10�4.

Solution of equation (2.5.2.4) gives the Fourier coefficients C�i�
h

of the Bloch waves ��i��r� and application of the boundary
conditions gives the amplitudes of individual Bloch waves (see
Chapter 5.2).

(4) The experimentally important case of transmission of high-
energy electrons through thin specimens is treated on the
assumption of a plane wave incident in a direction almost
perpendicular to an infinitely extended plane-parallel lamellar
crystal, making use of the small-angle scattering approximation
in which the forward-scattered wave is represented in the
paraboloidal approximation to the sphere. The incident-beam
direction, assumed to be almost parallel to the z axis, is unique
and the z component of k is factored out to give
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