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Focusing and defocusing in electron scattering along atomic chains
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We investigated the degree of forward focusing and of multiple-scattering-induced defocusing for elec-
trons in the keV range along regular chains of different atomic density in GaAs and GaP single crystals.
The intensity angular anisotropy of elastic and inelastic (losses) Auger electrons was measured in the
primary-beam diffraction-modulated electron-emission approach. In variance to the photoelectron-
diffraction (PD) case, the possible infiuence of the energy-loss mechanism on the observed anisotropy can
be disregarded and the in-depth distribution of the scattered intensity is independently determined. Both
the focusing and defocusing lengths were found to be significantly larger than in previously reported PD
results, and strongly dependent on the interatomic spacing. A comparative study of defocusing along
the Ga [110]chains in GaAs and GaP gives experimental evidence of the influence of nearest-neighbor
atomic rows (As and P, respectively) on the scattering processes.

The role and importance of multiple-scattering (MS}
processes in spectroscopies based on electron scattering
and interference has been widely recognized. ' Al-
though in the high-electron energy range ()500 eV)
diffraction maps can be described to a first approximation
by a single-scattering (SS) kinematical approach, MS has
been found to significantly affect the intensity anisotro-
py. ' ' In this energy region, the angular distribution
of the scattered intensity is mainly determined by the
high directionality of the elastic-scattering cross section
(forward focusing effect}, resulting in a strong angular
modulation with maxima along the interatomic axes.
The angular distribution of photoelectron and Auger
electron intensities thus directly reflects the local order at
the emitter site, and this ~akes the photoelectron-
diffraction (PD) and Auger electron-diffraction (AED)
techniques appealing for easy and direct determination of
local structures.

%hen the scattering-interference process is experi-
enced by the incoming electron beam, the incident-wave
amplitude is spatially modulated within the solid result-
ing in a marked dependence of the whole secondary elec-
tron emission (true secondary, elastic and inelastic Auger
electrons, elastically and inelastically backscattered elec-
trons) on the incidence angle [primary-beam diffraction-
modulated electron emission (PDMEE)]. ' A constant
takeofF angle, " or a sufficiently high degree of analyzer
angular integration' ' is necessary to avoid the superpo-
sition of outgoing electron-diffraction effects.

In both PD/AED and PDMEE, a significant defocus-
ing occurs as a result of MS along atomic chains. In
essence, in the presence of additional scatterers, the
scattering electron is further deflected to directions other
than forward, and this process may weaken and even des-
troy the anisotropy along atomic chains. The SS theory
disregards this effect because it is related to higher-order
scattering events. As a consequence, although SS theory
correctly describes the positions of maxima and minima
in the intensity angular distribution of PD/AED and
PDMEE experiments, a MS approach is required to ac-
count quantitatively for the observed anisotropies. A
randomization by MS would be very appealing, e.g., to

improve surface sensitivity for assessing surface recon-
struction. ' A narrowing of forward focusing peaks also
results from MS, thus improving angular resolution. '

The defocusing of scattering intensity along linear
chains of atoms has been studied theoretically by Tong,
Poon, and Snider. ' Later, SS and MS calculations were
comparatively carried out, to clarify the dependence on
the material and on the chain structure. ' ' ' It has
been shown that the addition of a second scatterer does
not necessarily lead to a decrease in the anisotropy. For
the Cu and Al (011) linear chains, ' the calculations pre-
dict an effective focusing up to three to five atoms in the
rom, and a steep defocusing when more atoms are added.
It has been reported that six to eight atoms in the line are
enough to completely suppress the forward-scattering in-
tensity from one emitter.

The direct experimental evaluation of the defocusing
length was first done using thin-film epitaxy. ' ' Howev-
er, a proper interpretation of these results depends on a
sharp and well-characterized interface, a condition that is
not always fulfilled. An alternative approach was recent-
ly suggested, based on the differences in the experimental
diffraction patterns of elastically and inelastically (losses)
scattered photoelectrons. ' ' These differences were as-
cribed to the diferent relative importance of MS, owing
to the different probing depths. Therefore, the compar-
ison between the angular anisotropy of core photoelec-
trons and that of the corresponding plasmon-loss satel-
lites became a very popular and widely used approach to
investigate the dependence of PD defocusing along atom-
ic chains on the material, the length and the internal
structure of the chain, and on the kinetic energy (KE) of
the scattering electrons. ' ' The results show that the
"intuitive" picture of focusing-defocusing does not de-
scribe the generality of the experimental findings. In par-
ticular, it has been shown that the internal structure of
the chains plays a decisive role' ' ' and that the defocus-
ing length is much larger than theoretically predict-
ed. ' ' With this respect a significant result has been re-
cently reported, based on surface-sensitive secondary-
electron-imaging (SEI) measurements, which does not in-
volve inelastic scattering. It was shown that even when
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the electrons scatter from up to 11 atoms in a regular
rom, they remain focused and it was suggested that in the
energy-loss-based PD experiments the energy-loss mecha-
nism acts as a distinct and independent source of anisot-
ropy reduction because the plasmon creation partially
destroys the coherence of the photoelectron wave.

The PDMEE technique enabled us to bypass this
bottleneck. In fact, in this approach, all the features in
the energy-distribution spectrum are simply used as
fingerprints of the occurrence and strength of the
focusing-defocusing processes, which are actually experi-
enced by the primary, exciting wave. Therefore, the an-
gular anisotropy of the primary wave amplitude at the
emitting sites is totally refiected in the intensity anisotro-

py of both elastically and inelastically emitted electrons. '

The order of plasmon loss an Auger electron has under-
gone can be associated with its mean depth of origin.
Therefore, we measured a selected set of elastic and in-
elastic Auger features to probe focusing-defocusing over
a considerable chain length. DiFerent energies of the pri-
mary beam were used. In fact an additiona1 advantage of
PDMEE is the possibility to vary independently the KE
of the scattering electrons, while, in PD, changes in the
photoelectron KE also result in diFerent sampled depths
via the energy dependence of the inelastic mean free path.
With respect to the SEI approach, PDMEE oFers the ad-
vantage of chemical selectivity providing that chemically
identified features (Auger peaks and losses} in the energy
distribution are monitored. We were, therefore, able to
investigate specific atomic chains in diFerent environ-
ments. Finally, we also modeled the processes in a rather
simple way to get insight on the in-depth eKciency of the
focusing-defocusing process.

Measurements were performed on the GaAs and GaP
(110) surface exposed by cleavage in UHV ( (2 X 10
torr}. The electron energy distributions were recorded by
a cylindrical mirror analyzer (CMA) operating at 0.3%%uo

resolution in the first derivative mode. The coaxial elec-
tron gun was used as exciting source, at a beam energy

Ez of 2 and 3 keV and a beam current of 500 nAmp. The
Ga MMM and I.MM Auger peaks were recorded, at 55
and 1070 eV, respectively. The first bulk plasmon-loss
feature associated to the MMM peak was also monitored,
while for the LMM peak both first and second bulk
plasmon peaks were recorded. The escape depth was
evaluated, on the basis of the Seah and Dench formula,
to be 7 and 26 A for the 55 and 1070 eV "elastic" elec-
trons, respectively, in GaAs. To a first approximation,
the plasmon creation can be regarded as an independent
process governed by the Poisson distribution and the
electron inelastic mean free path substantially coincides
with the plasmon-creation length. ' In this assumption,
the electrons in the first and second bulk plasmon come
from a mean depth two and three times larger than the
escape depth of the corresponding elastic Auger emis-
sion. Therefore, the anisotropy can be checked up to a
depth of about 80 A. The peaks and losses intensity was
evaluated as the peak-to-peak height of the derivative
spectrum. On GaAs, the MNN (31 eV) and LMM (1228
eV) As Auger peaks were also measured, together with
the first bulk plasmon feature associated to the As LMM

peak.
The incident beam was scanned in the plane containing

the [110] and [110]directions by rotating the sample in
front of the CMA, over an angular range of 90', which
contains the [110],[100],and [310]axes. We will refer in
the following to this plot as [110]plot. The incidence an-
gles are measured with respect to the surface normal:
positive and negative values refer to the [110]and [110]
azimuths, respectively. The transmission of the analyzer
is independent on the sample orientation in the angular
range we explored, as checked by a separate experiment
on an amorphous surface. The CMA was found to pro-
vide a degree of integration over the takeoF angle
suScient to smear out the diffraction eFects of the outgo-
ing electrons.

The low- and high-energy region of the GaAs Auger
spectrum are shown in Fig. 1(a), for 3-keV electrons at
normal incidence. The relevant peaks and losses are la-
beled. In Fig. 1(b), the Ga MMM, Ga, and As LMM,
and Ga LMM-related bulk plasmon intensity is shown, as
a function of the incidence angle. The number and angu-
lar position of the relevant features are strictly similar.
Intensity enhancements occur in correspondence of low-
index directions encompassed in the [110] scan. Other
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FIG. 1. (a) First derivative of the energy distribution of Ga
and As Auger electrons from the GaAs(110) surface. (b) Angu-

lar intensity distribution of Ga and As LMM peaks, of Ga
LMM-related first bulk plasmon, and of Ga MMM peak. Main
crystal axes encompassed in the [110]plot are also sketched.
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relevant features are related to higher-order interferences.
The similar angular behavior of signals of very different
KE unambiguously indicates that we are only dealing
with a primary electron-scattering-interference process,
with a negligible, if any, contribution from diffraction of
escaping electrons. The intensity angular-distribution
curves of Fig. 1(b) only differ in the absolute value of
the anisotropy. The anisotropy is defined as
2(I I—, )I(I +I ), where I and I are. the
maximum and minimum intensity of a selected feature in
the plot. Differences in the anisotropy between Auger
peaks of different KE, and between elastic and inelastic
Auger electrons, stem from two distinct and independent
effects, both related to the different sampled depth: (i) the
relative importance of the isotropic contribution from the
outermost layer to the overall intensity, and (ii) the in-
depth anisotropy profile due to the interplay between the
focusing and defocusing effects. The first contribution
can be separately determined within a simple attenuation
model, enabling an appropriate correction to be applied
to the measured anisotropy to isolate the second contri-
bution.

The anisotropy values for the 0' feature in the angular
intensity distribution of Ga peaks and plasmon losses are
shown in Fig. 2 for E~ =3 keV, as a function of the mean
depth of origin. The results of three different runs, which

coincide within the experimental error, are reported. Re-
sults relative to the As signals are also shown, which sat-
isfactorily match the trend of the Ga values, as expected
on the basis of the strong similarity in scattering
eSciency and of the equivalence of atomic position of Ga
and As in GaAs along the [110]azimuth. The anisotro-

py sharply increases between 7 and 35 A, then smoothly
decreases.

A numerical modeling of the experimental results has
been performed assuming the primary wave intensity an-
isotropy to have the in-depth distribution sketched in the
inset of Fig. 2. The zero value between z =0 and zo ac-
counts for the isotropic contribution of the outermost
layer, then the anisotropy linearly increases between zo
and z& up to a maximum value A,„. Between z& and z2
the anisotropy remains constant, and finally linearly de-
creases down to zero between z2 and z3.

The measured anisotropy of an emitted signal can be
regarded as the sum of the subsurface layer contributions
to the total intensity weighted by the local anisotropy of
the primary beam

'n'31 zA= e'~ A (z)dz,
~o n! A,

where n is the order of the plasmon loss, and A, the inelas-
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FIG. 2. Anisotropy values of the [110],0' feature in the angu-
lar intensity distribution of Ga (open symbols) and As (~ ) elec-
trons as a function of the mean depth of origin. In sequence, for
increasing depth: Ga MMM, As MNN, Ga MMM-related first
loss, Ga LMM, As LMM, Ga LMM-related first loss, As
LMM-related first loss, and Ga LMM-related second loss.
Dashed line is a fit of the experimental data calculated assuming
the anisotropy profile sketched in the inset: z&, z2, z3, and A,„
are the fitting parameters.
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FIG. 3. Anisotropy values in the angular intensity distribu-
tion of Ga electrons as a function of the mean depth of origin,
for different values of Ep [panel (a), curves (i) and (ii)], along
different atomic chains [panel (a), curves (i) and (iii)] and in
different materials [panel (b)]. Lines are simply a guideline for
the eyes.
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tic mean free path of the considered signal, and A (z) is
the assumed anisotropy function.

The z„z2, z3, and A „parameters have been used to
fit the experimental data. The best fit (dashed curve in
Fig. 2) was obtained for the following values: z, =35 A,
z2 =40 A, z3 = 105 A, and A,„=97%.

These results indicate that the focusing enhancement
prevails up to eight to ten scatterers along the [110]regu-
lar Ga (or As) chain, then the defocusing effect becomes
dominant. However, about eight additional scatterers
only reduce the anisotropy to 80% of the maximum
value. For a complete defocusing a significantly higher
number of atoms (of the order of 25) should contribute.
These results widely extend the range over which the
focusing effect has been found to persist.

The in-depth anisotropy behavior of the Ga signals is
shown in Fig, 3 as a function of different parameters.
The results represent average values of several runs.
Changing the energy of the primary beam from 3 to 2
keV, the maximum anisotropy value also reduces, but the
general shape of the in-depth anisotropy profile is
preserved [Fig. 3(a), curves (i) and (ii)]. A marked depen-
dence of the scattering processes on the electron energy
has been reported in the low-energy range ( (1 keV), ' '

while in the high-energy range, the properties of the
electron-atom scattering are assumed not to change
significantly with energy. Our results suggest that focus-
ing is less effective on moving from 3 to 2 keV, whereas
defocusing eSciency is nearly unaffected.

The spacing of the atoms along the regular Ga chain is
a more crucial parameter. Moving from the 3.99 A of
the [110]chain (ei =0') to the 8.93 A of the [310]chain
(Hi =63'), the anisotropy profile is in fact strongly
modified. The anisotropy steadily increases up to a max-
imum value of 20%%uo [Fig. 3(a), curve (iii)], and the onset
of the defocusing effect, if any, is located deeper than the
maximum depth we monitored, indicating a reduced
efFiciency of both the focusing and defocusing process
with respect to the [110] chain. These results are in

agreement with previous reports, ' ' on a significant

focusing and/or defocusing decrease with increasing in-
teratomic spacing.

It has been recently suggested that the contribution
from different, not necessarily collinear atoms to the
scattering processes along a specific chain should not be
neglected. ' Although theoretical efforts have been
mostly restricted to MS in single isolated rows, calcula-
tions including MS effects between adjacent rows have
been sometimes reported, which are assumed to produce
more realistic results. ' In Fig. 3(b), the anisotropy
values of the 0' feature in the Ga peak and losses intensi-

ty angular distribution for GaAs and GaP (110) surface
are shown, at E =3 keV. The atomic spacing along the
Ga [110] chains in the two crystals is similar (3.99 and
3.85 A for GaAs and GaP, respectively). The GaAs and
GaP results show a small but definite difference, that can
be unambiguously ascribed to the effect of the different
neighboring rows (As and P, respectively). A larger de-
focusing eSciency seems to occur in GaP. This is the
first direct, experimental evidence of the importance of
nearest-neighbor atomic chains in the defocusing process-
es. %e are not aware of any theoretical calculations that
include such an effect, however, it is not unreasonable to
assume that large changes in the surrounding scattering
potentials modify MS effects.

We conclude that (i) forward focusing of keV electrons
is enhanced along atomic rows up to more than ten
scatterers, then defocusing occurs, over a length much
longer than previously reported; (ii) efficiency of both
focusing and defocusing processes decreases with increas-
ing interatomic spacing in the chain; (iii) it has been
shown that the contribution of neighboring chains to the
scattering cannot be neglected.
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