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Azimuthal dependence of the vibrational excitation in Si(111)-(2X 1)
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The polarization of the surface vibrational excitation at 56 meV in Si(111)-(2X1) has been studied
through high-resolution electron-energy-loss spectroscopy. By comparing the intensity of the loss
peak for the incident plane normal and parallel to the chain direction of the surface reconstruction,
we studied the surface anisotropy of the excitation. The experiments were also carried out at very
low primary beam energies in order to avoid the masking effects of the kinematics. Comparing the
results with the calculations performed with a model loss function, we obtained that both isotropic
and anisotropic contributions are present in this loss feature.

Due to the 2X 1 reconstruction mechanism the physi-
cal properties of the (111)surface of Si show a lower sym-
metry with respect to the ideal 1 X 1 surface. As a direct
consequence of this, both the vibrational and electronic
properties of the Si(111) surface are expected to show a
strong dependence on the direction of the wave vector of
the excitation in the surface plane (surface anisotropy).

A dramatic dependence of the surface electronic prop-
erties on the polarization of the exciting probe has been
shown by surface optical spectroscopy with polarized
light'* and through high-resolution electron-energy-loss
spectroscopy (HREELS). Selloni and Del Sole were
able to describe, with a theoretical model, the main
feature of the experimental findings in terms of the sur-
face band structure.

A similar behavior has been proposed by Alerhand
et al. for the energy-loss peak due to the surface pho-
non excitation, observed at about 56 meV. However, on
the experimental side, the evidence in favor of an azimu-
thal dependence of this surface mode is less clear and still
under discussion. In fact, Di Nardo et al." presented ex-
perimental evidence of the azimuthal dependence of the
surface phonon by comparing their HREELS data as a
funqtjon of the azimuthal angle with a phenomenological
model' of the scattering due to an anisotropic surface
phonon, in agreement with Alerhand et al. In any
case, they conclude that geometrical scattering parame-
ters can mask the strong azimuthal anisotropy of the
cross section when a parallel polarized phonon is excited.

We present here HREELS data in the region of the
surface phonon excitation obtained in experimental con-
ditions di6'erent from the conditions of Ref. 4. We show,
on the contrary, an azimuthal dependence which cannot
be explained by assuming only a single phonon mode (or

branch) with eigenvector parallel to the chain direction of
the reconstructed surface.

After a preliminary analysis of the azimuthal depen-
dence of the cross section as a function of the scattering
parameters, the scattering conditions have been chosen in
order to emphasize the surface phonon anisotropy pre-
dicted by Alerhand et a/. The choice of scattering pa-
rameters has proved to be crucial in the possibility of
making such anisotropy evident with HREELS. This
critical behavior is a consequence of the scattering mech-
anism for electrons at the sample surface where, di6'erent
from optical spectroscopy, ' the incident probe can ex-
change a wave vector with a nonnegligible component in
the direction normal to the plane of incidence and, even
in nearly specular geometry, a surface mode with a wave
vector with a nonzero component in the same direction
can be excited.

Our results are close to the findings of Di Nardo et al.
when we use the same scattering condition, but they en-
able us to demonstrate, with di6'erent experimental pa-
rameters, the azimuthal dependence of the cross section
and the contribution to the polarization of the phonon
loss due to an isotropic component. Moreover, very re-
cent calculations by Miglio et al." improved the theory
and also showed the presence of a component polarized
normal to the surface at about 56 meV.

The paper is organized as follows. After describing the
experimental setup, the scattering of electrons from an
oriented surface dipole is discussed in the frame of a di-
pole interaction. The scattering conditions to put into
evidence a possible surface anisotropy are then derived.
Finally, the experimental results are presented and dis-
cussed.

High-resolution electron-energy-loss measurements
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were performed by means of a Leybold-Heraeus ELS 22
spectrometer. The primary beam energy ranged between
0.85 and 19.7 eV, the energy resolution was 15 meV, and
the incidence angle was 70. The azimuthal dependence
of the scattering eKciency was studied by rotating in situ
the sample around the surface normal. Si samples were
cleaved in a pressure less than 7 X 10 "mbar (6.7 X 10
Pa) with a double-wedge-double-notch technique, and
the presence of a single-domain (2X 1) reconstruction on
the whole surface as well as the chain direction were
detected by low-energy electron difFraction (LEED). To
avoid contamination, LEED measurements were per-
formed after the electron-energy-loss spectroscopy mea-
surements. Moreover, only those cleaves were chosen
which showed (among a good reconstruction on the
whole surface) a phonon and an electronic transition reli-
able in energy. '

The possibility of observing the anisotropy of a surface
mode in HREELS in the dipole scattering regime is relat-
ed to the scattering parameters. In particular, the
scattering geometry and kinematics must be chosen in or-
der to minimize the momentum transfer normal to the
plane of incidence.

In fact, by simple kinematical considerations, it is
shown that the ratio between the parallel (q ) and the
normal (q~ ) component of the transferred two-
dimensional wave vector qJJ

= (q„,q ) is given by
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(see Fig. 1 for the meaning of the symbols). This siinple
result shows that q is much higher than q only when E
is not too much higher than Rco. In the dipole scattering
regime, the scattering efFiciency is given by'
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where the azimuthal dependence can be due only to the
second term.

The integration in Eq. (1) over the finite angles of ac-
ceptance of the spectrometer AQL introduces an average
on

q~~
vectors which can mask the eQ'ect of anisotropy.

To obtain a quantitative evaluation of the relative scatter-

4= o'

Xg(qJJ, co )

where g(qJJ co ) is the surface loss function arising from
surface vibration modes. We assume that the kinematical
prefactor is not dependent on the azimuthal angle (P).

Following a semiclassical description given by Mills, '

the surface loss function can be written for a semi-infinite
medium in terms of the polarization vector P=(PJJ,P, )

arising from surface vibrations. If we assume P to be
constant in the region of bfqJJ involved in the experi-
ments (near qJJ

=0) and we choose only vibrational modes
with coen symmetry with respect to the glide symmetry
plane of the surface, P~~ is directed along the chains of
Si(111)reconstruction and I', is perpendicular to the sur-
face. One has
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FIG. 1. Sketch of the principle of the experiment. The shad-
ed plane represents the incidence plane. 0; is the angle of in-
cidence, 8 and g are, respectively, the in-plane and otF-plane an-
gular deviations from the specular direction. P is the azimuthal
angle defined as the angle between incidence plane trace on the
(111)surface and the I -J direction of the surface Brillouin zone
of the (2X 1) reconstructed surface.

FIG. 2. Dependence of the scattering efFiciency on the azimu-
thal angle, at E~=(a) 0.85, (b) 1.53, (c) 7.20, and (d) 19.70 eV.
The dashed area for each polar plot is the calculated uncertain-
ty due to the varied Gaussian weight on the entrance slit of the
analyzer and to the work-function difference between the
electron-gun cathode and the sample.
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ing of the phonon polarization. Di Nardo et al. per-
formed the experiment only at a primary beam energy of
about 7 eV with the analyzer slit of 68, = 1' and ht)'i= 1;
they did not minimize the momentum transfer normal to
the plane of incidence, and therefore they were not able
to put into clear evidence the expected anisotropy.

In conclusion, by exploiting a wide range of primary
beam energies, starting from very low values, we observe
that the experimental results are not in agreement with
the theory which predicts a straight parallel polarization
along the chain direction, even accounting for limiting
cases for the lateral acceptance of the analyzer. After the
inclusion of all these conditions we can exclude that the
geometrical scattering parameters are masking a com-
plete azimuthal dependence of the cross section when a
parallel polarized phonon is excited. This case is
different from the one of the energy loss due to electronic
excitation involving surface states at higher energies,

where the full anisotropy is well established. '

Support for our experimental findings comes from a
theoretical study of the Si(111)-(2X1) surface dynamics
by Miglio et al." They considered the crucial influence
of the second layer to the dynamics of this extensively
reconstructed surface. In particular they find, apart from
the optical anisotropic vibration of the topmost chains,
two "interface" vibrations at about 56 meV in I polar-
ized perpendicular to the surface.

Therefore we are led to conclude that, at the energy
loss of about 56 meV in Si(111)-(2X 1) surface, an isotrop-
ical contribution to the cross section due to modes polar-
ized along the surface normal coexists with the anisotrop-
ical contribution of a mode polarized along the surface
chains.
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