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We study the mechanism underlying the formation of the Kikuchi patterns observed when the
complete spatial distributions of medium-energy electrons quasielastically reflected from

a thin near-surface layer of a crystal are recorded. Measurements are made for Mo(110) in the
energy range 0.8-2 keV. Model calculations performed on the basis of the focusing of
electrons in a crystal faithfully describe the experiment. It is shown that higher-order diffraction
maxima scarcely play a role at an energy of 2 keV; therefore, the corresponding Kikuchi
patterns, reflecting interatomic directions, make it possible to visualize the relative positions of
the atoms in several monatomic layers of the solid. © 1996 American Institute of Physics.

[S1063-7761(96)02307-4]

1. INTRODUCTION

In recent years there has been a notable revival of re-
search on the Kikuchi patterns'~” observed when the com-
plete spatial distributions of electrons reflected inelastically
by the near-surface layers of a crystal are recorded. The
heightened interest in this problem is due, on the one hand,
to the appearance of a new theory of these patterns and, on
the other hand, to the bright prospects for their utilization in
the structural analysis of the surfaces of solids.

One characteristic feature of the diffraction patterns un-
der consideration is the enhancement of the reflection of
electrons along densely packed crystal planes (Kikuchi
bands).®"'* The traditional explanation of these bands treats
the formation of the patterns as a two-stage process. In the
first, diffuse inelastic scattering of the primary electrons
takes place (‘‘internal’’ sources of reflected electrons ap-
pear), and in the second, they undergo diffraction on the
planes of the semi-infinite crystal. A detailed investigation of
the spatial distributions'? of quasielastically scattered elec-
trons appearing only as a result of interactions with phonons
demonstrated the key role of densely packed rows of atoms
in the crystal in the formation of the patterns.

A new mechanism,"'> which relates the predominant re-
flection of electrons along rows of atoms to forward focusing
of the electrons as they move in the crystal, was proposed to
describe the second stage of the process under consideration.
This effect also has a diffraction mechanism. It is attributable
to interference between the primary wave propagating from a
point source in the crystal and the waves that emerge when it
is scattered by the atoms surrounding that source. Focusing
is observed at electron energies exceeding several hundred
electron-volts, at which there is already strong forward peak-
ing of the electron—atom scattering diagram. The effect is
especially pronounced in the spatial distributions of fast pho-
toelectrons and Auger electrons, which are now widely used
to investigate the local atomic structure of the surfaces of
solids.">'7 The extent to which the theories on the focusing
of electrons in a crystal are sufficient for faithfully describing
Kikuchi patterns and using them in structural analysis has
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not yet been determined. The present work was undertaken
to clarify this question.

For this purpose Kikuchi patterns created only by
quasielastically scattered electrons were thoroughly investi-
gated. This enables us to study the phenomenon in its sim-
plest form without including the reflected continuum elec-
trons, with energy losses up to tens of electron-volts, which
are usually recorded together with the quasielastically scat-
tered electrons. The investigation is carried out on a Mo(110)
single crystal whose surface was not reconstructed and
whose atomic structure was reliably established. The experi-
mental results are compared with calculations performed in
the plane-wave approximation of the single-scattering cluster
model. It is shown that despite the roughness of the approxi-
mation used, the calculations performed without fitting pa-
rameters faithfully describe the Kikuchi pattern. Moreover, it
is demonstrated that a highly simplified model that phenom-
enologically takes into account the focusing of electrons only
on isolated scattering atoms is also consistent with experi-
ment, and can be used in practical applications of Kikuchi
patterns for the structural analysis of surfaces. The main re-
sult of this work is confirmation that all of the basic features
are determined by the focusing of quasielastically scattered
electrons along interatomic directions of the crystal, which
enables us to use Kikuchi patterns to visualize the relative
positions of atoms in the near-surface layers of a solid.

2. EXPERIMENTAL METHOD

To investigate the Kikuchi patterns, the intensity / of the
elastic reflection peak of the electrons was measured in this
work as a function of the polar (#) and azimuthal (¢) emis-
sion angles of the electrons. Due to the inadequate energy
resolution of existing spectrometers at energies exceeding
hundreds of electron-volts, this procedure leads to the com-
bined detection of electrons that have undergone both elastic
scattering from the periodic potential of the lattice of the
solid and quasielastic scattering. The relative contributions
of these groups to the measured signal depend on the energy.
The fraction of purely elastic scattering decreases with in-
creasing energy and becomes small when E>1 eV, making
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FIG. 1. Experimental setup: / — sample, 2 — beam of primary electrons, 3
— beam of electrons being detected.

it possible to obtain the desired diffraction patterns. One ad-
vantage of recording the elastic reflection peak instead of
other portions of the spectrum of reflected electrons (for ex-
ample, electrons that have lost energy to excite plasmons) is
the higher sensitivity of the pattern to the state of the surface
of the sample, due to the shorter escape length of the elec-
trons under consideration. We also note that the high inten-
sity of the signal of the quasielastically scattered electrons is
sufficient for recording Kikuchi patterns under real-time con-
ditions, making it possible to investigate various atomic pro-
cesses occurring on the surface.

Measurements in the energy range £=0.8-2 keV were
performed on an original ultrahigh-vacuum secondary-ion
spectrometer, which was described in detail in Ref. 18. The
quasielastically scattered electrons were detected by a chan-
nel electron multiplier, which was positioned at the output of
an electrostatic energy analyzer of the modified flat mirror
type. The energy resolution of the analyzer was 0.4%, and its
angular resolution was 1°. The amplitude of the peak in the
spectrum was measured by modulating the current of pri-
mary electrons, which was usually 20 nA. The polar emis-
sion angle of the detected electrons was varied by rotating
the energy analyzer about the sample, and the azimuthal
angle was varied by rotating the crystal about an axis per-
pendicular to its surface (Fig. 1). Thus, under normal inci-
dence of the primary beam, the spectrometer permitted auto-
matic recording of the spatial distributions of the electrons
over a broad range of emission angles: 6= 18°-85°, ¢=0°-
360°. The most detailed data of this kind (with spacing of
1° in both angles) were obtained in the present work for the
highest energy allowed for the instrument, which is 2 keV,
and at which the Kikuchi pattern of the Mo(110) surface
shows up most strongly.

The Mo(110) sample had a diameter of 12 mm. It was
cut from a single crystal obtained by zone melting, bur-
nished, and electrolytically polished to mirror brightness.
The accuracy of exposing the face on the surface was better
than 1°. The sample surface was cleaned to remove any
carbonaceous contaminants, sulfur, and oxygen using a stan-
dard method by alternately heating the crystal in an oxygen
atmosphere at a pressure p = 1076 Torr and in a vacuum with
a residual pressure p<<10~° Torr at 2300 K. The elemental
composition of the surface was monitored by Auger electron
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FIG. 2. Azimuthal angular distributions of electrons with an energy of 2
keV quasielastically reflected from Mo(110) for polar emission angles of the
electrons equal to 35° (1), 45° (2), and 65° (3).

spectroscopy, and after cleaning, the content of the impuri-
ties (carbon) did not exceed 10% of a monolayer. The atomic
structure of the sample surface was monitored by low-energy
electron diffraction (LEED). A clear p(1X1) pattern was
observed, attesting to the structural ordering of the upper
layers of the crystal and the correspondence of their structure
to the bulk. The measurements were performed at room tem-
perature in a 5X 1079 Torr vacuum.

3. KIKUCHI PATTERN OF Mo(110)

The diffraction of reflected electrons is manifested most
vividly by the anisotropy of their distributions I(¢) in azi-
muthal emission angle. The nonmonotonic character of these
dependences also unequivocally attests to the structural or-
dering of the near-surface layers of the sample. Typical plots
of I(¢) for Mo(110), which illustrate the primary experi-
mental data for an energy of 2 keV, are shown in Fig. 2.
Their maximum anisotropy reaches 57% at a polar angle of
35°. The anisotropy was evaluated using the parameter
X=[Umax—Imin)Imax)- 100%, where I, and I, are the
maximum and minimum values of the intensity /(¢). Due to
the symmetry of the Mo(110) face, the distributions have a
period of 180° and exhibit mirror symmetry relative to the
¢=90° (270°) plane. The deviations from symmetry are
negligible.

A complete Kikuchi pattern of Mo(110), which sums all
the data obtained at E=2 keV, is shown in Fig. 3a. It is
represented in the form of a two-dimensional map of the
distribution of the intensity 1( 8,¢) of the quasielastic scat-
tering with respect to the polar and azimuthal emission
angles and is presented in a stereographic projection. The
center of the circle corresponds to a normal to the surface,
and the outer circle corresponds to the emission of electrons
along the surface. The pattern is depicted in a linear scale of
gray tones, in which white corresponds to maximum reflec-
tion and black corresponds to minimum reflection. In con-
structing the Kikuchi pattern each azimuthal scan of I(¢)
was normalized to the mean value of its intensity, making it
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possible to eliminate the distorting influence of the instru-
mental function of the spectrometer, which underestimates
the intensity of the electrons detected at large 6.

The pattern clearly displays regions of enhanced emis-
sion intensity, which form Kikuchi bands oriented obliquely
and perpendicularly to the surface of the sample. The stron-
gest reflection maxima are observed where these bands inter-
sect. The identification of these features of the diffraction
pattern with specific crystallographic directions and planes is
given in Fig. 3b, which also depicts the most densely packed
directions and planes for a bee (110) face in the same stereo-
graphic projection. A comparison of Figs. 3a and 3b reveals
agreement between the principal maxima of 1(6,¢) and the
lowest-index directions of the crystal. In particular, strong
maxima are clearly seen in the (111), (100), and (110) di-
rections. Similarly, the bands of enhanced reflection intensity
are oriented in the projections of the {110}, {100}, and
{111} planes.

4. SIMULATION OF A KIKUCHI PATTERN IN THE SINGLE-
SCATTERING CLUSTER APPROXIMATION

Relying on the well-known commonality of Kikuchi pat-
terns and the diffraction patterns of fast Auger and
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FIG. 3. a— Kikuchi pattern of Mo(110)
created by quasielastically scattered
electrons with an energy of 2 keV repre-
sented in a stereographic projection. b —
Principal planes and densely packed di-
rections in the crystal. ¢ — Calculated
Mo(110) Kikuchi pattern obtained in the
plane-wave approximation of the single-
scattering cluster model. d — Calculated
Kikuchi pattern obtained in a cluster
model that phenomenologically takes
into account the focusing of electrons.

photoelectrons,'! which are described well in many cases by
the single-scattering cluster approximation, we used this ap-
proach to numerically simulate the complete Kikuchi pattern
of Mo(110). The model was modified with consideration of
the details of quasielastic scattering of electrons by a crystal.

The starting point was the assumption that isotropic
sources of scattered electronic waves localized on crystal-
lattice sites appear in the near-surface layer of the crystal in
the first stage of the process. The probability of the excitation
of these sources was assumed to decay z; with depth as
exp(—z;/\), where N\ is the mean free path of the primary
electrons before inelastic scattering. The value of A was cal-
culated using the generally accepted Seah equation'® and was
equal to 23 A.

The second stage of the process, i.e., the focusing of the
electrons emitted by these sources and their interaction with
the atoms surrounding the emitter as they leave the crystal,
was treated in the plane-wave approximation. The required
data on the scattering amplitudes f;( 6;—) and the phase shifts
v;(8;) were taken from Fink’s tables. 0 Since the latter were
restricted to an energy of 1.5 keV, they were extrapolated to
2 keV. The contributions 7;{ 6, ¢) from the individual sources
to the total intensity of the Kikuchi pattern in the recording
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FIG. 4. Diagram explaining the single-scattering cluster model.

direction were calculated in the standard manner:'’

1;(0,p)x exp( - -2—)\) +; ij exp( - '2'—;:)
j
2
Xexp{i[krj(1— cos 6;)+v;(6,)1}
o . 2 i
+§ |—fLrof)—l—(l—Wﬁ)exp(—%). (1)

J

In this expression the first term in the coherent sum is
the amplitude of the electronic wave emitted by the ith
source in the direction defined by the angles 6 and ¢, and the
second term sums the amplitudes of the waves scattered in
the same direction by the other atoms j of the cluster, which
are at the distances r; from the source (Fig. 4). The last term
takes into account diffuse scattering associated with thermal
vibrations of the crystal lattice. W; is the Debye—Waller fac-
tor, which was determined for a Debye temperature of 380
K. The total intensity of the simulated Kikuchi pattern was
determined by incoherent summation of the partial contribu-
tions of the individual sources:

106,p)x > 1,-(0,<P)CXP( - %) (2

The intensity I(6,9) was calculated at angles spaced 1°
apart.

To begin the calculations we must specify a cluster that
models the crystal. We selected the structural parameters de-
scribing the relative positions of the atoms in the near-
surface layer under consideration on the basis of the assump-
tion that the surface of the sample corresponds to the bulk
structure of a molybdenum single crystal, whose lattice con-
stant is 3.15 A. The number of atoms in the cluster was
varied from a few dozen to approximately 2000 in order to
find the optimum range, in which the results obtained with a
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minimum number of atoms already depend weakly on the
cluster size. It turned out to be necessary to use a cluster
consisting of eight atomic layers, each of which contained
120 atoms and measured 31.5X26.7 A2 (10 lattice constants
in the (100) direction and 6 interatomic distances in the
(110) direction, respectively). These values seem reasonable,
as they are comparable to \. Finally, we note that since all
the Mo atoms are found in equivalent positions in the lattice,
only the central atoms of each layer were considered as emit-
ters.

The simulation results are shown in Fig. 3c. For conve-
nience in comparing them with experiment, they have been
brought into the same form as the data in Fig. 3a. It is note-
worthy that despite the simplicity of the physical model,
which utilizes only isotropic sources of waves and does not
take into account multiple scattering of the electrons or cor-
rections for the sphericity of the waves, it generally describes
the observed Kikuchi pattern fairly well and does not rely on
any fitting parameters. The calculations reproduce essentially
all the observed features of the pattern, and the disparities
pertain mainly to the width and intensity of the strongest
maxima (in the [111] and [010] directions), which are more
intense and broader in the simulated pattern. This is probably
due to the roughness of the description of an elastic scatter-
ing event between an electron and an atom of the solid in the
plane-wave approximation. In fact, variation of the scattering
amplitudes and the phase shift has the most appreciable in-
fluence on just these maxima and scarcely alters the overall
appearance of the pattern. Another important reason for these
disparities between theory and experiment is the multiple-
scattering effects that lead to the defocusing process dis-
cussed in papers on the diffraction of Auger and photoelec-
trons, in which their departure from a crystal along the most
densely packed rows of atoms was analyzed.

5. FOCUSING AND DEFOCUSING OF QUASIELASTICALLY
SCATTERED ELECTRONS

Calculations performed in the multiple-scattering
approximation2l~23 for chains consisting of several closely
spaced atoms show that the maximum degree of focusing of
the emitted electrons is achieved for chains consisting of no
more than three atoms. A further increase in the number of
scatterers should result in weakening, and in the complete
disappearance of the anisotropy of the spatial distributions of
the Auger and photoelectrons, which has been termed defo-
cusing. This conclusion was confirmed by experiments, and
was not questioned until recently. However, workers have
recently observed strong focusing of electrons for anoma-
lously long chains (consisting of 10 or more atoms).>*?* To
clear up this question, which is not only of fundamental sig-
nificance, but is also important for correctly interpreting
Kikuchi patterns, we measured the dependence of the degree
of focusing of electrons moving along chains with different
interatomic distances on the energy of the electrons. Such
data enable us to analyze the role of focusing and defocusing
effects, since, first, the mean free path of the electrons and,
therefore, the mean escape length of quasielastically scat-
tered electrons increase with increasing energy and, second,
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FIG. 5. Energy dependence of the degree of focusing of electrons for dif-
ferent directions: 1 — [111], 2 — [011], 3 — [133].

as is generally assumed, the main laws governing the focus-
ing of electrons no longer depend strongly on their energy in
the range considered (>0.8 keV).

Plots of y(E) that illustrate the variation of the anisot-
ropy of the spatial distributions of quasielastically scattered
electrons with energy are shown in Fig. 5. The curves were
obtained for three maxima in the Kikuchi pattern whose an-
gular positions do not vary with energy, and which corre-
spond to the densely packed [111], [011], and [133] direc-
tions of the crystal with interatomic distances d of 2.73 A,
441 1°\, and 6.87 A. It must be stressed that the experimental
values of x actually characterize the magnitude of the focus-
ing effect for these rows of atoms.

The results in Fig. 5 graphically demonstrate that focus-
ing occurs differently in different directions. Although the
degree of focusing increases with increasing energy E in all
cases, the greater the interatomic spacing of the chain, the
lower the initial value of yx (the value corresponding to
E=0.8 keV) and the more pronounced the energy depen-
dence. The latter result can be explained on a qualitative
level when the mean length L of the path traversed by an
electron in the solid after a quasielastic scattering event is
compared with d. In fact, for focusing to occur, besides the
source of the electronic wave there must be at least one scat-
tering atom, i.e., L must be no smaller than the interatomic
distance. In the [133] direction, in which the packing density
of the atoms is relatively low, this condition begins to be
satisfied only at an energy of ~0.8 keV, which accounts for
the very low value of y for this energy and the subsequent
rapid ascent of curve 3. In the more densely packed direc-
tions, the analogous ‘‘thresholds’’ are at lower energies, if
they exist at all, and therefore the sharp increase in y that
occurs when focusing comes into play is not observed in the
range investigated.

A comparison of y in different directions reveals that the
effectiveness of the electron focusing decreases with increas-
ing interatomic distance at all energies.

The defocusing process should show up most strongly in
the most densely packed rows of atoms.?> For Mo(110) this
would be the [111] direction, for which the variation of E in
the range examined causes an increase in L from 8 A to 13
A. The monotonic course of x(E) for this direction (the
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absence of a descending branch in curve I of Fig. 5) graphi-
cally demonstrates that in our case defocusing is not the
dominant effect, even for chains consisting of an average of
5-6 atoms. At least it does not ‘‘outweigh’’ the probable
enhancement of focusing due to the forward peaking of the
electron—atom scattering diagram resulting from the increase
in energy.

6. VISUALIZATION OF THE ATOMIC STRUCTURE OF THE
NEAR-SURFACE LAYERS OF A SOLID ON THE BASIS
OF KIKUCHI PATTERNS

The dominant role of focusing in the formation of a
Kikuchi pattern does not mean that the latter is the result of
the simple superposition of the reflection maxima of elec-
trons directed only along chains of atoms in the object under
investigation. The results of the interference of the primary
and scattered electronic waves clearly include not only the
zero-order diffraction maxima oriented in these directions,
but also maxima of higher orders, whose angular orientation
depends on the energy of the electrons. Of course, they
should be less intense, but can still make an appreciable con-
tribution to the pattern and make its interpretation difficult. It
is important to take this into account, if we intend to utilize
Kikuchi patterns in the structural analysis of the near-surface
layers of solids. In fact, when we are dealing with an object
whose structure is not known a priori, a natural question
arises: does a specific maximum in the pattern reflect a real
chain of atoms or an apparent chain appearing as a result of
higher-order interference features? To answer it, we can at-
tempt to perform additional measurements to obtain data at
other energies or we can carry out model calculations with
variation of the structural parameters. However, both proce-
dures are fairly tedious, and the prospects of utilizing Kiku-
chi patterns in surface analysis, therefore, depend decisively
on how great the contribution of the higher-order diffraction
maxima to the pattern actually is.

To evaluate this contribution we compared the results
already considered from simulating the Mo(110) Kikuchi
pattern in the single-scattering cluster approximation, which
takes into account this factor, with calculations performed in
a simpler model that phenomenologically describes the fo-
cusing of electrons only in the interatomic directions. In the
latter case the Kikuchi pattern is regarded as an incoherent
sum of the maxima in the directions joining the emitting
atom to all the other scattering atoms in the cluster. In addi-
tion, the intensity of these maxima was assumed to decrease
(for simplicity, according to a linear law) as the interatomic
distance between the emitter and the scatterer increases. The
angular distribution of the intensity within each maximum
followed a normal distribution with a standard deviation of
3°, which corresponds approximately to the value of
|£(6,)|>. The absorption of both the primary electrons pen-
etrating the solid and the emitted quasielastically scattered
electrons was also taken into account by the usual exponen-
tial factors exp(—L/\). Model calculations were performed
using the same clusters that were described during the dis-
cussion of the single-scattering approximation.

The main advantage or the proposed model is its sim-
plicity, which makes it possible to perform a calculation of
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the complete spatial distribution of the electrons within less
than a minute (when a personal computer with an 80486
processor is used) even for fairly large clusters. This fact
may be very significant in simulating the Kikuchi patterns of
complex objects with variation of the structural parameters.

The Mo(110) Kikuchi pattern calculated using the model
described is shown in Fig. 3d, in which it is represented in
the same form as the other data in the figure for convenience
in making comparisons. The unexpectedly good agreement
between the results of the simple model calculations and
experiment should, first of all, be noted. The reproduction of
the main features of the Mo(110) Kikuchi pattern by both
models considered, as well as the similarity between the re-
sults obtained using them (Figs. 3¢ and d) convincingly dem-
onstrate the major role of the zero-order diffraction maxima
in its formation. The higher-order maxima can be neglected
in our case in a first approximation. Therefore, essentially all
the features of the pattern correspond to interatomic direc-
tions.

Thus, the present work shows that Kikuchi patterns cre-
ated by quasielastically scattered electrons directly reflect the
relative orientation of the principal interatomic directions
and the packing density of the atoms in them in real space
(rather than in reciprocal space, as in most diffraction meth-
ods), thereby revealing the atomic structure of the near-
surface region of a crystal with a thickness of several mono-
layers. This makes the use of Kikuchi patterns at medium
electron energies very promising for structural surface analy-
sis.

This work was performed as part of the ‘‘Surface
Atomic Structures’’ Russian Scientific Program (Project 95-
1-21).
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