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The application of multiple scattering �MS� calculations is presented in order to describe the scattering
process of the primary electron beam in crystalline samples and obtain theoretical directional elastic peak
electron spectroscopy �DEPES� profiles. Succeeding scattering orders were considered in MS calculations. The
contribution of particular sample layers to the calculated intensities is discussed considering forward focusing,
attenuation, and defocusing of primary electrons in the crystalline sample. The calculations were performed for
a single �110� chain of Al, Cu, Ag, and Au atoms. The results show the importance of multiple scattering events
in DEPES profiles. A reduction of the calculated intensities for the �110� direction was observed when the
multiple scattering of primaries was considered. Convergence of the recursion method of MS evaluations for
the increasing scattering order was ensured by means of 1 /�N normalization factor, where N is the number of
cluster atoms taken into account. Above the fourth scattering order, no significant changes of the calculated
intensities were observed for all the considered kinds of atoms. Theoretical DEPES profiles obtained for the
Au�111� crystal show a similar reduction of intensities for the �110� atomic row as was observed for a single
Au�110� chain. The consideration of MS events in calculations improve the correspondence between experi-
mental and theoretical DEPES scans for Cu�111� at EP=1.2 keV.
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I. INTRODUCTION

Primary electrons striking a crystalline sample undergo
strong scattering processes. To describe the scattering of
electrons, different theoretical approaches were considered in
the literature. The so-called two-beam approximation1 was
used to interpret the scanning electron microscope patterns2,3

associated with channeling4 and/or the Kikuchi effect.5 The
incident beam diffraction effects were described also by the
many-wave dynamic approximation.6 Enhancements of the
measured signal observed when the collimated beam passed
through the closely packed rows of atoms, associated with
the forward focusing7 of primary electrons, were described
by the single scattering cluster �SSC� approximation.8,9

A more realistic approach than the SSC concerns multiple
scattering events which become dominant for large electron
energies. The importance of multiple scattering has been re-
ported for high-energy photoelectrons and Auger
electrons10,11 emitted from crystalline samples and observed
with the use of x-ray photoelectron diffraction �XPD� and
Auger electron diffraction �AED�. The defocusing of emitted
electrons leads to the suppression of forward scattering in-
tensities. Multiple scattering �MS� calculations performed for
a linear chain of atoms show that already a few atoms in the
line can suppress the calculated intensities.12 The experimen-
tal evidence of such defocusing was reported by Egelhoff.13

In the case of directional elastic peak electron spectros-
copy �DEPES�,14 the energy dependent inelastic mean free
path of the primary beam governs the penetration depth of
primaries in the sample, which can reach several atomic lay-
ers. In view of this fact the multiple scattering of primary
electrons is expected not to be negligible for energies of
several hundreds eV. Theoretical DEPES profiles obtained
with the use of SSC calculations reveal intensive �110�
maxima.9,15,16 Multiple scattering leads to the defocusing of
the primary beam along the close-packed rows of atoms.

Therefore, a reduction of the calculated intensities corre-
sponding to the close-packed directions in DEPES profiles is
expected, which can lead to better correspondence between
theoretical and experimental results.

In the literature, the MS approach for spherical electron
waves was reported in the context of XPD and AED.12,17–21

The goal of this work is to introduce the multiple scattering
formalism for an incident plane wave associated with pri-
mary electrons striking a crystalline sample and obtain theo-
retical DEPES profiles. Succeeding scattering orders of the
primary wave were taken into account. The MS calculations
were performed for a single �110� atomic chain composed of
Al, Cu, Ag, and Au atoms, as well as for a Au�111� crystal.
A comparison of experimental and theoretical results is pre-
sented for Cu�111�.

II. EXPERIMENT

Since the experimental details were presented in many
publications,9,14–16 only a short outline is given in this paper.
The measurements were performed with the use of a retard-
ing field analyzer �RFA�. In DEPES the primary electron
beam was directed onto the crystalline sample and the inten-
sity of elastically backscattered electrons was measured in
the normal mode as a function of the incidence angle of the
primaries. The incidence angle was changed by the rotation
of the sample around the axis parallel to the sample surface.
The required azimuth was chosen by rotating the sample
around the axis perpendicular to the surface. The experimen-
tal scan was recorded along the �112� azimuth of the
Cu�111� sample for the primary electron beam energy EP

=1.2 keV.

III. MS THEORY

The multiple scattering of the primary beam was intro-
duced for a more realistic description of the diffraction ef-
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fects of primary electrons in the crystalline sample. Similarly
to the SSC approach, the small atom approximation22 was
used and the incident wave was considered to be a plane
wave with the propagation vector k. The wave function of
the elastically scattered electrons at the emitter site rn in the
crystal written in MS approximation is given by

��k,rn,s� = �0�k,rn� + �1�k,rn� + �2�k,rn� + ¯ + �s�k,rn� ,

�1�

where the upper index describes the MS order and s denotes
the highest scattering order taken into account. In this equa-
tion �0�k ,rn� is the wave function of primary electrons;
�1�k ,rn� , . . . ,�s�k ,rn� represent the wave functions associ-
ated with the single scattering and higher scattering orders,
respectively. The explicit form of the s-fold scattered wave
function at the emitter site rn can be written in the MS ap-
proach as

�s�k,rn� = � 1
�N

�s

eikrn � �
aj1

�
aj2

¯ �
ajs

e−ik�aj1+aj2+¯+ajs�

� � eikaj1

aj1

eikaj2

aj2
¯

eikajs

ajs
��fkaj1

faj1aj2
¯ faj�s−1�as

� .

�2�

The wave vector k and bond vectors a j1 , . . . ,a js used in Eq.
�2� are shown in Fig. 1. The term eikrn multiplied by
e−ik�aj1+aj2+¯+ajs� represents the incident plane wave at the
beginning of the chain of bond vectors a j1 , . . . ,a js, and
eikaj /aj is the spherical wave with origin at the beginning of
the bond vector a j. The term 1/�N is the normalization fac-
tor for the number of cluster atoms N. Let us consider one
atom �first scatterer� and a certain site r where the total wave
function was calculated. At this site r the wave function can
be expressed as the sum of the unscattered incident plane
wave and the wave scattered by the first scatterer.23 How-
ever, the latter does not represent any additional charge in
our system because the solution of the Schrödinger equation
includes both unscattered and scattered parts. Now, let us
extend our system by adding the second scatterer and con-
sidering the scattering of the previously scattered wave. Ac-
cording to the well-known treatment of scattering on two
centers of potential as two separate succeeding events, we

can solve the Schrödinger equation for the second scattering
with the incident wave as the scattered wave originating
from the first scatterer. However, such an approach “gener-
ates” an additional charge in this system. When we consider
all second-order scatterers, the additional charge becomes
equal to the number of these scatterers. Considering the next-
order scattering up to s we conclude that the additional
charge is proportional to the number of scatterers to power s.
Hence, we introduce the factor �1/�N�s in Eq. �2�, where the
exponent arises from the s-fold sum.

In Eq. �2� the sums extend over all scattering atoms in the
cluster. Only these scattering events are taken into account
for which successive scatterers are different. It that assures
a j�0. The terms24 fkaj1

and fkaj�s−1�ajs
are the scattering fac-

tors associated with the first and higher scattering orders,
respectively. These factors involve the scattering amplitude,
the temperature-dependent phase shifts calculated in a
muffin-tin approximation,23,25,26 and the curved wave fronts
at the site a j1.27 For the first scattering event of the incident
plane wave, the scattering factor can be expressed as
follows:17

fkaj1
=

1

ik
�

l

�2l + 1�Tl,aj1
�k�dl�kaj1�Pl�cos �kaj1

� . �3�

For further scattering events, the scattering factor can be
written as

faj�s−1�ajs
=

1

ik
�

l

�2l + 1�Tl,ajs
�k�dl�kajs�

� dl�kaj�s−1��Pl�cos �aj�s−1�ajs
� , �4�

which includes approximations of spherical harmonics of
both incoming and outcoming waves.24

In Eqs. �3� and �4�, Tl,ajs
�k�= i sin �le

i�l describes the scat-
tering amplitude and the vibrational properties of the scatter-
ing atoms by means of the partial-wave phase shifts �l

23 for
an atom assigned by the bond vector a js, Pl�cos �kaj1

� and
Pl�cos �aj�s−1�ajs

� are the lth Legendre polynomials of the co-

sine of the scattering angles for the first and higher scattering
orders, respectively, and dj�kaj� is the polynomial part of the
Henkel function written as a recursion formula17

dl�kaj� = dl−2�kaj� −
2l + 1

ikaj
dl−1�kaj� ,

d0 = 1, d1 = 1 +
i

kaj
. �5�

	f 	2 is the elastic scattering cross section for kaj→�,
which is the largest at small scattering angles. With the
choice of the parameter s in Eqs. �1� and �2� the maximum
scattering order is defined.

The MS iterative procedure of computation was per-
formed with the use of the recursion method; therefore, the
final wave function at the emitter site rn can be expressed as
follows:

FIG. 1. Scattering model used in MS calculations for an incident
plane wave with wave vector k. The vectors a j1 , . . . ,a j�s−1� define
the relative position of scattering atoms, the vector a js indicates the
position of the emitter with respect to the sth scatterer, and s is the
highest scattering order taken into account.
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where the plus sign in each bracket commences the contri-
bution of the next scattering order. The calculated intensity
of elastically backscattered electrons integrated over the
large acceptance angle of the analyzer is proportional to the
sum of the primary beam intensities over all emitters in the
crystalline sample weighted with the escape probability of
the outcoming electrons B:8,28

I�k,s� = �
n=1

N

	��k,rn,s�	2B� �rn

�out
,�k� . �7�

In calculations, a real experimental geometry was consid-
ered, concerning the acceptance angle of the collector and
the sample polar rotation with respect to the fixed RFA
analyzer.14,15 The escape probability of the outcoming elec-
trons, B, which takes into account their damping along the
way toward the surface, is governed by the emitter distance
from the surface �rn

, the inelastic mean free path of the out-
coming electrons �out, and the incidence angle �k of the pri-
mary electron beam:

B� �rn

�out
,�k� = 2	�

−�RFA

�RFA

d� exp� �rn

�out

1

cos��k + ��
� , �8�

where 2�RFA is the acceptance angle of the retarding field
analyzer, here equal to 110°. The probability B was numeri-
cally calculated for the ratio �rn

/�out in the range of 0–5. In
view of the fact that in experiments the electron gun axis
overlaps the RFA axis, the incidence angles �k considered

were in the range of 0° –80° with respect to the surface
normal.

The inelastic scattering of the incident electrons within
the solid was taken into account by multiplying both the
incident plane and the spherical wave functions in Eq. �2� by
e−�/�. The attenuation length � of the electrons is a sum of the
distance from the surface along the direction of the incident
beam to the first scatterer and the distances between succes-
sive scatterers, where � is the inelastic mean free path.

The MS calculations were based on Eqs. �1�–�8� by taking
appropriate phase shifts of given atoms, including vibrations
at 300 K, and the values of the inelastic mean free paths
�IMFPs� at 1 keV. For example, � for Cu was chosen to be
16.3 Å.29 Other parameters used in the calculations are
shown in Table I.

IV. RESULTS AND DISCUSSION

In MS calculations we considered single �110� chains of
Al, Cu, Ag, and Au atoms �Fig. 2� and calculated the contri-
bution of particular emitters to the total intensity of elasti-
cally backscattered electrons for the zeroth, first, second, up
to ninth maximum scattering order �parameter s in Eq. �6��.
The calculations were performed for the fixed incident direc-

TABLE I. Set of geometric and physical parameters taken in MS
calculations. The last row presents mean defocusing values calcu-
lated with the use of the formula 100% � �ISS− IMS� / ISS �see text�.

Element

Property Al Cu Ag Au

Atomic number 13 29 47 79

Atomic mass 27 64 108 197

Lattice constant �Å� 4.05 3.62 4.09 4.08

Bond distance �Å� 2.86 2.56 2.89 2.88

IMFP at 1 keV �Å� 19.6 16.3 14.2 13.0

No. of atoms in chain 49 44 35 31

Mean defocusing �%� 3 14 32 41

FIG. 2. �110� chain of atoms considered in MS calculations.

FIG. 3. Contribution of particular emitters of the �110� Au chain
�Fig. 2� to the calculated intensity of elastically backscattered elec-
trons �Eq. �6�� for the zeroth, first, second, third, and fourth maxi-
mum scattering orders. EP=1.0 keV, �=13.0 Å, T=300 K, bond
distance 2.88 Å.
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tion ��k=0° � parallel to the �110� close-packed row of atoms
�Fig. 2�. In Fig. 3 the calculated intensities of elastically
backscattered electrons are presented as a function of the
emitter number for given maximum scattering orders s along
the �110� chain of Au atoms. When no scattering takes place
�s=0�, an exponential decrease of the calculated intensities
with the emitter number �Fig. 2� is observed as a result of the
damping of primary and emitted electrons. Single scattering
of the primary electron wave �s=1� leads to the increase of
signal contributions of the first few atoms in the chain. Then
a decrease of the calculated signal is observed for further
emitters along the chain. Multiple scattering events �s
1�
give the same result for the second atom in the chain as in
the case of single scattering �s=1�, due to the presence of
only one scatterer above the second layer. The consideration
of multiple scattering leads to the reduction of calculated
intensities for further emitters in the chain. No significant
differences in calculated intensities were found above the
fourth scattering order. The calculations performed for Al,
Cu, and Ag confirm the above considerations.

For fixed incidence direction ��k=0° in Fig. 2� no signifi-
cant changes of calculated intensities from one �110� chain

were found when the presence of the neighboring �110�
atomic rows was taken into account in calculations. An
analysis of the theoretical data obtained for the �110� atomic
chain for the �111� face �fixed �k�35°� leads to similar con-
clusions. The above effect results from the anisotropic scat-
tering amplitude, which is the highest along the forward di-
rection. For higher scattering angles a rapid decrease of the
scattering amplitude is noted, which leads to the minor con-
tribution of the neighboring �110� chains to the calculated
intensity from one �110� row.

In Fig. 4 the effect of MS defocusing associated with
emitters along the �110� chain �Fig. 2� is presented. The de-
focusing factor is defined as 100% � �ISS− IMS� / ISS, where
ISS and IMS are the intensities calculated for parameter s=1
and s=9, respectively. A clear dependence of the defocusing
factor on the considered Al, Cu, Ag, and Au elements is
observed, which was previously reported in the case of x-ray
photoelectron and Auger electron diffraction.30 A strong de-
pression of the calculated intensities was found for Ag and
Au atoms due to the large elastic scattering cross section of
these atoms. Therefore, the MS events are expected to play
an important role in the measured DEPES profiles for these
elements. A similar analysis performed for Al and Cu reveals

FIG. 4. Defocusing factor 100% � �ISS− IMS� / ISS �see text� ver-
sus particular emitters in the chain obtained for elements Al, Cu,
Ag, and Au.

FIG. 5. Calculated intensity of elastically backscattered elec-
trons �Eq. �7�� for the �110� chain of Au atoms �Fig. 2� and maxi-
mum scattering orders from s=0 to 4 as a function of the incident
angle �k of the primary electron beam.

FIG. 6. Theoretical DEPES polar profiles at EP=1.0 keV for
Au�111� and the �112� azimuth calculated with the use of the MS
approach for maximum scattering orders from s=0 to 3.

FIG. 7. Experimental DEPES profile for Cu�111� at EP

=1.2 keV in the �112� azimuth and theoretical scans obtained with
the use of the MS approach for scattering orders s=1, 2, and 3.
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a significantly weaker defocusing effect. For Al even an in-
crease of MS intensities for deeper layers is observed com-
pared with single scattering calculations. In experiment we
do not expect any influence of deeper layers on the measured
signal due to the strong attenuation of primary and emitted
electrons in a solid. The total intensity of elastically back-
scattered electrons as a function of the incidence angle of the
primaries for the single Au�110� chain is presented in Fig. 5.
When no scattering is taken into account �s=0� a continuous
decrease of calculated intensities is observed due to the at-
tenuation of primary and emitted electrons. For s=1 en-
hancement of intensities is noted for the incidence angle par-
allel to the �110� direction, which is associated with the
forward scattering of the primaries. Higher scattering orders
�s=2, 3, and 4� lead to the depression of the �110� intensity
maximum, which is associated with the defocusing of prima-
ries. Above s
3, no significant changes of calculated inten-
sities were observed. This analysis shows the importance of
multiple scattering events for calculated intensities of elasti-
cally backscattered electrons. The calculations performed for
the family of �110� atomic rows prove that the calculated
intensities are mainly affected by the forward scattering of
the primary wave. The presence of other scattering atoms
belonging to the neighboring �110� chains does not affect
significantly the calculated intensities for one chain, which
results from the small scattering amplitude associated with
large scattering angles.

The MS approach was used to obtain DEPES profiles for
Au�111� and the �112� azimuth at EP=1.0 keV �Fig. 6�. Dif-
ferent scattering orders from s=0 to 3 were taken into ac-
count in calculations. When no scattering of the primary
wave is considered �s=0� the isotropic profile is observed.
The decrease of the calculated intensities with the incidence
angle is associated with the attenuation of the primary and
emitted electrons along their way in the sample. For s=1 the
�001� and �110� intensity maxima are very well visible in the
calculated DEPES profile. Depression of the �110� maximum
is observed for the second and third scattering order, as was
observed previously for the single Au�110� chain of atoms
�Fig. 5�. The MS events do not influence significantly the
calculated intensities for the �001�, �112�, and �111� rows of
atoms.

Experimental DEPES profile for Cu�111� at EP=1.2 keV
and theoretical scans obtained for scattering orders s=1, 2,
and 3 are presented in Fig. 7. Better correspondence between
experimental and theoretical data was found when higher
scattering orders were considered in the MS calculations.

The reduction of calculated intensities for the close-packed
�110� direction with the scattering order is observed, as was
previously noted for Au�111�. The data presented in Fig. 6
and 7 show also that the MS events do not influence signifi-
cantly the intensities for other incidence angles. The pre-
sented results show the importance of multiple scattering
events of primary electrons in the crystalline sample for the
creation of the elastically backscattered electron intensities
observed in DEPES profiles.

V. CONCLUSIONS

The above presented data show the significance of mul-
tiple scattering effects in calculated DEPES profiles. In cal-
culations the scattering of the primary plane wave is consid-
ered, which is associated with the diffraction effects of the
primary electron beam in the crystalline sample. The mul-
tiple scattering and the attenuation of primary and emitted
electrons in the sample cause the information depth about the
crystalline structure of the sample to reach a few atomic
layers. The MS events of primary electrons cause the depres-
sion of the intensity maxima in the DEPES profiles corre-
sponding to the �110� close-packed row of atoms. This de-
pression leads to a better correspondence between
experimental and theoretical data, which can be used in the
quantitative analysis of the results. The data obtained for the
Au�111� crystal confirm the results for the single Au�110�
chain of atoms, where no significant changes of the calcu-
lated intensities in DEPES were found above the third scat-
tering order. The results obtained for the Au�110� chain of
atoms suggest that the calculated intensities are mainly af-
fected by the forward scattering along the close-packed rows.
The scattering atoms of the neighboring �110� rows do not
affect significantly the calculated intensities. A better corre-
spondence between theoretical and experimental data was
found for higher scattering orders. To our best knowledge,
the MS approach for the primary plane wave used for DE-
PES has been presented in this paper for the first time.
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