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%e report studies of the lattice dynamics and one-phonon absorption spectrum for the ~-
bonded-chain model of Si(111)2x1. The surface conductivity is dominated by a localized mode
near 50 meV associated with a longitudinal optical phonon on the surface chains which is coupled to
charge fluctuations in the electronic surface states. The dipole activity of this feature is anomalous-
ly strong and, interestingly, polarized parallel to the surface, along the chain direction. The dipole
activity polarized normal to the chains is also presented.

PACS numbers: 68.30.+z, 63.20.Kr, 68.20.+t, 72.10.Di

Over the last several years, there has been growing
evidence, both from theory and experiment, support-
ing an interesting structural relaxation of the
Si(Ill)2x 1 surface. The currently favored model in-
volves the formation of m-bonded chains of Si atoms
oriented along one of three equivalent [110]directions
on the surface plane. ' The signature of this recon-
struction is the delocalization of electrons in surface
states along the chain direction. This has been con-
firmed by measurements of surface-state dispersion3
and by the polarization dependence of surface-state in-
terband transitions. 6

In this Letter we note that the m. -bonded chain
model also provides a very straightforward (though
somewhat surprising) resolution to a long-standing
question regarding the vibrational spectroscopy of the
Si (111)2 x 1 surface, namely, the presence of an
anomalously strongly dipole-active surface phonon in
high-resolution inelastic electron-scattering spectra. s 9

Below we summarize results from a series of calcula-
tions which show that this feature is well described as
an intrinsic longitudinal optical vibration of the surface
chains and that its strong dipole activity derives nearly
entirely from the coupling of this mode to large charge
fluctuations in the electronic surface states. A surpris-
ing consequence of this assignment is that the dynamic
dipole driven by this mode must be oriented parallel to
the surface along the chain direction, rather than nor-
mal to the surface as has been commonly assumed.
Our results also suggest an important experiment
which can verify this assignment, namely, the rotation
of the electron-energy-loss-spectroscopy scattering
plane to a direction normal to the surface chains on a
single-domain 2 x 1 surface In this . "perpendicular"
geometry we anticipate the quenching of the strong
Si(111)2x1 surface phonon and the appearance of a
weaker spectrum with structure which could potential-
ly provide other detailed information about the bond-
ing properties of the surface chains. This study of the
Si(111)2x1 surface illustrates the importance of the
coupling of charge fluctuations to vibrational excita-
tions on semiconductor surfaces. We believe that

similar, though possibly weaker, phenomena should be
found on a variety of other semiconductor surfaces as
mell.

The starting point of our calculations is a total-
energy expression that consists of a tight-binding
Hamiltonian for the electrons and a two-body inter-
atomic elastic potential; electron-phonon coupling is
introduced through a d 2 scaling of the electronic
hopping amplitudes with interatomic bond lengths. 'o

We then relax to the minimum-energy structure
described by this Hamiltonian and through perturba-
tion theory construct a dynamical matrix which we use
to study vibrational excitations. ' The equilibrium
geometry that we obtain for Si(111)2x1 is shown in
Fig. 1." The surface chains are tilted, with a vertical
displacement do between the surface atoms. In our
calculation, the equilibrium value of do = 0.63 A which
exceeds estimates from both pseudopotential total-
energy calculations (do = 0.10 +0.05 A)'2 and LEED
experiments (do=0.38 +0.08 A).5 We believe that
this deficiency is related to the omission of a direct
electron-electron repulsion term in our model Hamil-
tonian; we will return to the physical consequences of
this overestimate below. Notice that the second-layer
atoms also form chains that are parallel to the surface
chains. With respect to symmetries, the surface has a
mirror plane perpendicular to the chain direction
(a.„); thus the vibrational modes with wave vector in
the mirror plane fall into one of two representations;
even models with displacement parallel to the mirror
plane, and odd modes polarized parallel to the surface
chains.

Interesting vibrational modes which are localized on
the surface and have the form of elementary excita-
tions of the chains are found at the Brillouin-zone
center (Table I). The rocking and transverse modes
are transverse optical modes on the surface chains, the
first one polarized normal and the second one parallel
to the surface. Shown in Fig. 1 is a longitudinal optical
mode along the surface chains which we will refer to as
the "dimer mode", it occurs at 53.5 meV in a sym-
metry gap: Projected bulk phonons mith nearby ener-
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TOP VIEW TABLE I. Surface vibrational features at the Brillouin-
zone center.

Feature
Symmetry
under a

Energy
(meV)

( I I 2)

Projected bulk
acoustic modes

Shear
Rocking
Transverse
Projected bulk

longitudinal optical
Dimer
Projected bulk

transverse optical
Subsurface dimer
Subsurface transverse

0—42.3
17.9
33.3
43.5

48.7-64.3
53.5

60.2—64.3
61.6
64.2

S IDE V I EW

(IIZ)

FIG. 1. Top and side views of the m-bonded chain model
of the Si(111)2X1 surface. The arrows indicate the vibra-

tional amplitudes of a longitudinal optical mode on the sur-
face.

gy involve displacements parallel to the (111) direc
tion, whereas the dimer mode is transverse with
respect to (111). In the dimer and transverse modes
the second-layer chains move in phase with the surface
chains; the subsurface modes listed in Table I corre-
spond to the same type of vibration but with the sub-
surface chains moving out of phase; in this case the
amplitude of the vibration is larger on the subsurface
chains than on the surface chains. The appearance of
these vibrational modes is a consequence of both the
dramatic modification of the atomic geometry at the
surface and the strong intrachain bonding of the sur-
face Si atoms. In this respect this surface is structural-
ly quite different from Si(100), which we have studied
earlier. '"

In order to study the dipole activity of the surface
generated by vibrational excitations, we also calculate
the linearized charge fluctuations in response to the
ionic displacements and compute the dynamic charges

1 C; 'Cg
UCoulomb 2 Ql 3»J . ~~i

3(e; r;, )(e, r,,)(J J /J
Q

(4)
The shift in the phonon frequency that results from
this correction is negligible in most cases, but can be
as large as —5 meV for exceptional modes with large
e„'. The conductivity of the surface then follows:

()2~gx I I (5()+~(+))
n

e,' defined as

e,'=i„([r(t),h;(0)]) dt, (1)

where h&
= BH/BQ, , and Q, denotes an ionic degree of

freedom. Since the electronic states are extended to
Bloch states, it is convenient to evaluate the matrix
elements of the position operator with use of the iden-
tity

(n Ir I m) = (n I [H r] I m)/(E„—E ). (2)
The dynamic charge e„carried by the nth phonon is
then obtained by projection of (1) onto the displace-
ment field of that phonon:

(3)
where Q,

(") is the displacement of the ith degree of
freedom in the nth normal mode. Modes that are
even under rr„have dynamic charge polarized parallel
to the mirror plane, and modes that are odd under o-„
have dynamic charge polarized parallel to the surface
chains. For longitudinal modes, the presence of a
large dynamic charge on the surface generates an addi-
tional electrostatic term in the surface energy. '3 We
evaluate this correction by adding the potential energy
of an array of surface point dipoles with effective
charges given by (1) to our total-energy expression:
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FIG. 2. (a) Phonon surface density of states projected to
the surface layer. (b) Surface conductivity a.t, polarized
perpendicular to the chain, vs energy. (c) Surface conduc-
tivity a. , polarized parallel to the chains, vs energy.

where the sum is over zone-center phonons, M is the
ionic mass (28 amu), and A is the unit cell area.

In Fig. 2 we plot o. vs E=hco, or the one-phonon
absorption spectrum. The continuous spectra are ob-
tained from the original discrete ones by convolution
with a Lorentzian with FWHM of 5 meV, comparable
to the best available experimental resolution. Figure
2(a) shows the phonon surface density of states pro-
jected onto the surface layer; the features listed in
Table I can be identified with peaks on this curve. Fig-
ures 2(b) and 2(c) show, respectively, the surface con-
ductivity polarized perpendicular to the chains (even
modes) o-i, and the surface conductivity polarized
parallel to the chains (odd modes) o. . The features
with even symmetry in Table I give rise to absorption
peaks in the o.i(cu) spectrum, the most important be-
ing the peak at 33.5 meV, which corresponds to the
rocking mode. The three curves in Fig. 2(c) are ob-
tained for three values of the tilt parameter do, which
generate the three surface-state gaps listed in the inset.
In our equilibrium structure the surface-state gap is
quite large (0.89 eV), which is overestimated because
of the exaggerated tilt mentioned earlier. The two
remaining spectra correspond to reduced surface-state
gaps which are obtained by imposition of a surface
configuration with a reduced tilt (do=0. 14, 0.11 A)

and relaxing the remaining ion coordinates. The ex-
perimentally observed direct gap (Eg=0.4 eV)6 7'4
occurs near that obtained from the latter geometry
thus generated (Ed;„„=0.43 eV). We note that
modes parallel to the chain do not transform under the
fully symmetric representation and therefore remain
stable in these "nonequilibrium" geometries. When
the gap is large, o. has two peaks; they correspond to
the surface and subsurface dimer modes. As do and Eg
decrease, the dynamic charge associated with the sur-
face dimer mode increases dramatically; it reaches a
large value of e'=1.5e for the smallest gap tested.
The reduction of Eg also shifts the frequency of the
dipole-active mode slightly. The data plotted in Fig. 2
show this mode at 53.5, 47.0, and 44.7 meV for the
three geometries studied. This strong dependence on
the size of the gap is in large part due to the energy
denominators in Eqs. (1) and (2), which appear
squared in Eq. (5). For the experimentally observed
gap, the surface dimer mode completely dominates the
absorption spectrum. Note that the ordinates in Figs.
2(b) and 2(c) are scaled by nearly two orders of magni-
tude. t5 Its associated dynamic dipole is oriented paral
lel to the surface along the chains. This is rather
surprising, and it would not occur on (ideal) metallic
surfaces where classically the image charge exactly
cancels the parallel components of the surface dipole. '3

We conclude that in angle-resolved electron-ener-
gy-loss-spectroscopy experiments, when the surface
chains project onto the scattering plane, the inelastic
spectrum should be dominated by a single sharp and
very strong peak near 50 meV (as reported in Refs. 8
and 9 and by Lapeyre'6), but that this feature should
be suppressed for scattering perpendicular to the
chains. While this suppression should be complete for
an ideal spectrometer with perfect angular resolution,
we should note that in analysis of experimental data
some care must be exercised to average the inelastic
spectrum over the finite acceptance angle of any real
spectrometer, since the scattering amplitude is a strong
function of the incident azimuthal angle near the per-
pendicular geometry. ' Indeed, we have carried nu-
merical simulations of such an experiment' and have
found that for representative acceptance parameters
(5@= + 2', b, 0 = + 1') the suppression of the
phonon-loss peak is easily resolved for low-incident
electron kinetic energy E; ( 5 eV, but becomes some-
what more difficult to resolve for E, ) 10 eV. With
"perfect" resolution, the azimuthal dependence of the
intensity of the strong surface-phonon loss peak tracks
the polarization already observed for intersurface state
transitions at J.

The charge fluctuations that give rise to the strong
absorption peak in Fig. 2(c) are generated nearly com-
pletely by the coupling of the electronic surface state
to the longitudinal optical mode of the surface chains.

2702



VOLUME 557 NUMBER 24 PHYSICAL REVIEW LETTERS 9 DECEMBER 1985

l.4

l.2—

M

0.4

M

-O.r &-

l.O
a M
LLj 0.8 lUa —0.2 a

O.g a) LUa
lX 0.4 —O. I cr

a
LLI

LLj

a 02

0.0 I . --00 ~
l 2 3 4 5 6 7

LAYER
FIG. 3. Filled surface-state layer-averaged charge density

and layer-averaged dynamic charge polarized in the chain
direction, as a function of penetration depth into the bulk.

This can be seen from Fig. 3, where we plot the
surface-state layer-averaged charge density and the
layer-averaged dynamic charges of (1) as a function of
penetration into the bulk. The dynamic charges are
zero by symmetry in the bulk, and both quantities de-
cay very quickly into the bulk in a correlated way,
showing that the charge fluctuation is nearly entirely
provided by the response of the surface-state elec-
trons.

In summary, we find that the anomalously strong
feature commonly observed in high-resolution elec-
tron-energy-loss spectroscopy from Si(111)2x 1 is well
described as an intrinsic longitudinal optical phonon of
the m-bonded chains on this surface; the large dynamic
charge results from the response of the surface-state
electrons coupled to this mode. This assignment re-
quires that the dynamic dipole be oriented in the sur-
face plane, parallel to the chains, contrary to most pre-
vious speculations about this feature. Experimental
measurement of the azimuthal dependence of the
scattering cross section for low incident-electron ener-
gies may provide an experimental verification of the
assignment.
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