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Electron-Phonon Interaction in Optical Absorption at the Si(111)2 x 1 Surface
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The temperature dependence of the optical absorption associated with surface states on the
Si(111)2x1 surface is presented. The results indicate a behavior characteristic of localized excita-
tions with a strong electron-lattice interaction, that is, a nearly Gaussian absorption that broadens
roughly as the square root of the absolute temperature and shifts to lower energies upon increasing
temperature. The frequency of the surface phonons that couple to the transition is smaller than
hitherto assumed for the 2 & 1 surface.

PACS numbers: 73.20.Cw, 71.38.+i, 78.20.Dj

In recent years, the surface of Si(111)2x 1 has been
the subject of intensive research. The chain model of
the 2 x 1 reconstruction, ' that predicts the correct band
dispersion observed in angle-resolved ultraviolet pho-
toemission spectroscopy (ARUPS), is now well esta-
blished in its symmetry properties through optical an-
isotropy measurements, ion scattering, and scan-
ning tunneling microscopy. 6 However, the arrange-
ment of the atoms along the chains is still uncertain.
Models of a dimerized7 or a buckleds chain that ex-
plain the opening of the surface gap9 have been pro-
posed. The last model seems to be more consistent
with dynamical low-energy electron diffraction stud-
ies. '0 Recently, the electron-phonon interaction" for
various reconstruction models has been investigated
theoretically, as well as the phonon structure of the
surface. '2

In this Letter we present measurements of differen-
tial reflectivity as a function of temperature that show
a strong electron-phonon interaction affecting the opti-
cal transition across the surface gap. Such results give
evidence of localization of the states involved in the
transition. The phonons emitted have an energy much
smaller than that hitherto associated with surface opti-
cal phonons.

Silicon samples with (111) orientation were cleaved
at room temperature in ultrahigh vacuum (UHV)
(pressure in the 10 to Torr range) by use of the dou-
ble wedge technique. In this way a good-quality
(2&1) reconstructed surface is obtained with very
high reproducibility. After cleavage the samples were
brought to the required temperature and the reflectivi-
ty of the clean surface recorded as a function of
wavelength. The surface was then fully oxidized, at
that temperature, and a new refiectivity spectrum was
taken. The ratio

b, A/8 = (R,l „—R,„)/g,„, (1)

proportional to the imaginary part of the surface
dielectric function, is shown in Fig. 1 versus the ener-

gy of the photons for three different temperatures, all
of them well below that of the 2&& 1 7x 7 transition.

It is seen from the curves of Fig. 1 that the
dangling-bond peak displays a red shift with increasing
temperature, '3 while its half-width increases consider-
ably. Moreover, the shape of the curves is slightly
asymmetric, being wider on the high-energy side,
while their areas remain sensibly constant at the vari-
ous temperatures. Figure 2 shows the temperature
dependence of the full width at half maximum W( T)
of the curves of Fig. 1. It is seen that the width in-
creases roughly as the square root of the absolute tem-
peraturt:.

Results of electron energy-loss spectroscopy show a
60-meV shift of the onset with increasing temperature
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FIG. 1. Differential reflectivity as a function of the pho-
ton energy in Si(111)2x 1 at three different sample tempera-
tures.
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FIG. 2. The full width at half maximum of the curves of
Fig. l vs the square root of the absolute temperature.

S= X, (n;+ ,
' )a,~,/f— (2)

is the so-called Huang-Rhys factor that measures the
strength of the electron-phonon interaction'7; co, is the
frequency of the ith vibrational mode, a; its contribu-
tion to the displacement of the minima, and n, the
Bose-Einstein distribution function. In (2) the as-
sumption has been made that co, does not depend upon
the state of electronic excitation.

For an Einstein model with a single phonon fre-

from 20 K to room temperature, while the position of
the peak remains stationary. '4 A comparison of elec-
tron energy-loss spectroscopic and optical data is diffi-
cult because of the complexity of the loss processes
undergone by electrons of 10 eV, as pointed out by the
authors„ though the general trend is in agreement with
the present results.

The large broadening of the curves of Fig. 1 with
temperature clearly shows that the electron-phonon in-

teraction at the 2X 1 surface is very strong. Moreover,
their qualitative behavior as a function of energy
resembles more closely a 5-like transition broadened
by the phonons than a critical point in the joint density
of states of dispersive surface bands. Such a behavior,
namely, a nearly Gaussian absorption slightly asym-
metric on the high-energy side, a T'i2 dependence of
the width at high temperature, and a red shift of the
curves with increasing temperature, is characteristic of
localized excitations.

On speculative grounds, one can try to compare the
present results with the theory of localized transitions,
i.e., the polaronic exciton or the Fcenter. '5'6 In such
theories the optical absorption is described as a vertical
transition between electronic states, whose energy
minima are displaced, in the configurational coordinate
scheme, by the electron-lattice interaction. The half-
width is proportional to S'i, where

quency coo, the number of phonons emitted in the
transition corresponding to the peak of the absorption
curve at zero temperature is S, while the half-width is

W( T) = W(0) [coth(h o)0/2kT) ]'i2,

which gives the T' behavior at high temperatures.
Within such a model a red shift of the peak ls ex-
plained by a softening of the mode when the electron
is raised to the excited state, as well as by a change in
the lattice parameter. ' '

The slope of the straight line of Fig. 2, representing
the high-temperature expansion of Eq. (3), gives the
ratio W(0)/tcoo. Since W(0) cannot be larger than 90
meV (the width at 90 K), an upper limit of approxi-
mately 15 meV is set for hcoo, though a fitting of the
functional relation (3) suggests a lower value around
10 meV. '9 In the same way a lower limit for the
Huang-Rhys factor S can be found since W'(0)
= CtcooS' 2, where C depends on the shape of the
curves and is C =2(2 ln2)'i2 for a Gaussian. '6 It turns
out that S ~ 7, i.e., at least 7 phonons are created dur-
ing the transition, which confirms that we are dealing
with the case of a strong interaction and localized exci-
tation. With fco0=10 meV one obtains in the same
way S=9.

A model along similar lines has been proposed by
Chen, Selloni, and Tosatti" for the fully buckled
Hanemann structure of the 2X I surface. 20 However,
the assumption of a large phonon energy ( —50 meV)
and the neglect of the softening of the modes in the
excited state led them to results in incomplete agree-
ment with the experiments.

The assumption made in Eq. (3) of an Einstein
model for the surface is of course very crude also in
view of recent theoretical calculations of the phonon
spectrum. '2 However, when more than one mode
couples to the transition, the presence of the Bose-
Einstein factor in S, together with the scaling of the
a, 's with I/cui2, '5's considerably reduces the contribu-
tion of the phonons of higher energies. As an exam-
ple, a phonon of 56 meV2' gives a (nearly temperature
independent) contribution smaller than one-tenth of
that of a phonon of 10 meV that couples with equal
strength. Therefore the experiments do not exclude
the presence of phonons of higher energy, provided
they couple with comparable or smaller strength.

Though the value obtained for the energy of the
phonon might depend somehow upon the model, re-
cent experiments of inelastic scattering of He atoms
from Si(111)2&&1 surfaces22 give a value of 10 meV
for the main surface phonon in the low-energy range,
in agreement ~ith the present results.

The strong electron-phonon interaction observed in
the present work is in favor of reconstruction models
displaying some polar character, like the buckled
chain. In such a model atoms are raised and lowered
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along the chain and the electronic charge concentrates
around the raised atoms. The optical transition corre-
sponds to a charge transfer from a wave function cen-
tered on raised atoms to one centered on lowered
atoms. Because of the change of charge distribution
upon the transition, atoms move into new equilibrium
positions, thus exciting the mode that modulates the
buckling amplitude. In a recently developed theory of
the surface vibrational spectrum of Si(111)2x1,'2 a
mode that probably fits the above requirements would
be the so-called rocking mode whose energy is found,
however, at 33 meV. Detailed calculations are neces-
sary to go beyond the simplified model assumed in dis-
cussion of the present results.

From the point of view of band theory, the optical
transition of Fig. 1 occurs along the JJt: line of the sur-
face Brillouin zone. Both theoretical calculations23 and
ARUPS show that the dispersion is small along JK
normal to the chains (x direction), and large parallel to
the chains, for example, along I'J (y direction). As a
consequence, wave functions involved in the optical
transitions are strongly localized in the x direction and
delocalized in the y direction. They are obviously lo-
calized also in the z direction (normal to the surface).
It has been suggested by Chen, Selloni, and Tosatti"
that y localization may occur through polaronic effects
caused by electron-phonon interaction. Polaron theory
predicts a mass enhancement for the band electron (or
exciton) of es. t5 Under these conditions flat polaron
bands are singled out from ordinary bands giving rise
to localized states.

An apparent difficulty arises froin the comparison
with the results of Hansson and co-workers, who
showed that in both Ge 25 and Si 26 the positions of the
surface valence and conduction bands along lE,
detected by ARUPS, give rise to an energy difference
equal, within the experimental accuracy of 50 meV, to
that observed in optical absorption. The emission of S
phonons in the optical transition with a total energy
ftooS=90 meV seems to contradict that result. It
should be mentioned, however, that the red shift of
the peak of Fig. 1 by at least 20 meV at room ternpera-
ture (where the ARUPS measurements have been tak-
en) presumably reduces the vibrationally lost energy
because of the softening of the modes. Furthermore,
a close inspection of the data reported in Ref. 26
shows that the actual difference between the surface
conduction and valence bands is slightly smaller (0.43
eV) than that observed in optical absorption (0.445
eV), thus reducing the above discrepancy to a value
almost consistent with the experimental accuracy of
ARUPS. Therefore, the conclusion of the above au-
thors that excitonic effects in the optical absorption are
not large maintains its validity.

In conclusion, the experimental results demonstrate
that in Si(111)2 x 1, electron-lattice interaction is

essential in describing surface processes, while the lo-

calized model outlined above seems to give a qualita-

tively correct picture of the surface optical transitions.
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