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Electron-Phonon Interaction at the Si�111�-7� 7 Surface
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It is shown that electron-phonon interaction provides a natural explanation for the unusual band
dispersion of the metallic surface states at the Si�111�-�7� 7� surface. Angle-resolved photoemission
reveals a discontinuity of the adatom band at a binding energy close to the dominant surface phonon mode
at @!0 � 70 meV. This mode has been assigned to adatom vibrations by molecular dynamics calcu-
lations. A calculation of the spectral function for electron-phonon interaction with this well-defined
Einstein mode matches the data. Two independent determinations of the electron-phonon coupling
parameter from the band dispersion and from the temperature-dependent phonon broadening yield similar
values of � � 1:09 and � � 1:06.
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Electron-phonon interaction determines a wide variety
of phenomena, such as the pairing of electrons in super-
conductors, electrical conductivity of metals, and carrier
scattering lengths in semiconductors. In recent years, it has
become possible to measure the electron-phonon interac-
tion by angle-resolved photoemission with high energy and
momentum resolution [1]. As an energy band crosses the
Fermi level EF, there is a small region (one phonon energy
@!0 wide) where the electron becomes dressed by phonons
and acquires an extra effective mass. This leads to a break
in the E�k� band dispersion and a discontinuity of the group
velocity at EF � @!0. The ratio of the effective masses
between a dressed and bare electron is related to the
electron-phonon coupling parameter �. Angle-resolved
photoemission has made it possible to detect the
electron-phonon coupling for specific bands at selected ~k
points [for reviews, see [1] ].

This method has been applied to metals, semimetals, and
high-temperature superconductors, where the coupling to
bosonic modes is the key to pairing. Surfaces exhibit a
particularly strong electron-phonon interaction. By map-
ping two-dimensional energy bands at surfaces, one avoids
perpendicular ~k broadening of the energy bands. In addi-
tion, there are well-defined surface phonon modes that are
easier to identify than the continuum of bulk modes.

While there is plenty of evidence about electron-phonon
interaction at metal surfaces from angle-resolved photo-
emission, there are no such results from semiconductors to
our knowledge. Because of the gap, there are no sharp
bands crossing the Fermi level. On the other hand, it has
been recognized rather early that dangling-bond surface
states have the potential for substantial electron-phonon
interaction [2], and that such an interaction can influence
surface reconstruction, which is ubiquitous on semicon-
ductors. Contrary to most metal surfaces, the surface states
on semiconductors contain significant charge and thus
contribute substantially to the energetics of the surface.
There are a few semiconductor surfaces with metallic
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surface states that offer the opportunity to observe the
anticipated electron-phonon interaction. A classic example
is the clean Si�111�-�7� 7� surface with its odd number of
electrons per unit cell [for an overview, see [3–8] ]. The
metallic electrons are located on the adatoms, whose bro-
ken bond states are partially filled. High-resolution photo-
emission is able to resolve a Fermi surface and to assign it
to an electronlike adatom band [3]. In addition to its
metallicity, the Si�111�-�7� 7� surface exhibits a well-
defined surface phonon mode at @!0 � 70 meV [9].
Calculations assign this mode to a vibration of an adatom
against the atom underneath [10]. The close proximity of
wave functions and phonon modes at the adatoms creates
an environment for strong electron-phonon interaction be-
tween specific electron and phonon states.

Using high-resolution angle-resolved photoemission
with variable temperature, we have been able to find evi-
dence for electron-phonon interaction between the metallic
adatom band and the adatom phonon mode. The data are
compared quantitatively with a calculation of the spectral
function for electron-phonon interaction with a discrete
Einstein mode, and the interaction parameter � is deter-
mined by a global fit to all photoemission spectra. A very
similar � is obtained independently from the tempera-
ture dependence of the linewidth. The results show that
electron-phonon interaction is clearly a strong component
in shaping the electronic structure of Si�111�-�7� 7� near
EF and raise prospects for electron-phonon interaction
studies at other semiconductor surfaces.

The band structure of the Si�111�-�7� 7� surface in the
vicinity of EF is determined by a high-resolution Scienta
200U spectrometer with energy and angle multidetection.
Synchrotron radiation with 34 eV photon energy and p
polarization maximizes the cross section of the surface
states. The setup and the sample preparation are similar
to those described in [3], with the addition of a variable
sample temperature (20–300 K). Particular care needs to
be taken to determine the position of the Fermi level at low
temperature, where a variety of semiconductor-specific
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FIG. 1. Photoemission intensity vs energy E and momentum k
for the metallic adatom bands of the Si�111�-�7� 7� surface (top
left). It is compared to the spectral function (bottom left),
calculated for electron-phonon interaction with the 70 meV
phonon observed by EELS [9] and assigned to adatom vibrations
[10]. (a) Photoemission data at T � 20 K for a photon energy of
34 eV. High intensity is shown dark, and energies are relative to
the Fermi level EF. (b) Spectral function for an electron-phonon
model with a single Einstein phonon mode at @!0 � 70 meV
representing the observed surface phonon [9]. A Gaussian broad-
ening has been applied in E and k. Best agreement with the data
in (a) is obtained for an electron-phonon coupling constant � �
1:09. (c) Spectral function (b) without broadening, to show the
quasiparticle dispersion. (d) Energy distribution curve near kF.
The dressed band dominates the spectrum. (e) Energy distri-
bution curve at the bottom of the band (�), where the bare
band dominates. (f) Deviation �2 for a global fit to all photo-
emission spectra as a function of the electron-phonon coupling
parameter �.
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phenomena causes a shift and broadening of the Fermi
edge, such as a photovoltage and a resistive potential
gradient [for details, see [11] ]. At low temperatures, the
photovoltage saturates at the p- and n-type Schottky bar-
rier, which is determined by the position of EF in the gap
[0.65 eV above the valence band maximum [12] ]. The
spatial variation of the photovoltage causes energy and
momentum broadening. Our work covers a doping range
from p-type 0:1 � cm to n-type 0:02 � cm. The results are
independent of doping after correcting for the photovoltage
shift by lining up the fully occupied rest-atom peak at
EF � 0:8 eV [for details see [11] ]. The position of the
Fermi level is determined at 300 K from the Fermi edges
of the Mo sample clip and a Si�111�
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[13] on a p-type substrate where the photovoltage is mini-
mized. Because of residual photovoltage the Fermi cutoffs
are shifted by �5 meV and �10 meV for p- and n-type
Si�111�-�7� 7� at 300 K, which is a measure of the accu-
racy in the absolute position of EF.

Figure 1(a) shows the photoelectron intensity versus
energy and momentum along the K�K direction of the 7�
7 Brillouin zone (K7�7 � 0:16 �A�1). High intensity is
shown dark. The background from the rest-atom peak has
been subtracted from each energy distribution curve (EDC)
[see dashed lines in Figs. 1(d) and 1(e)]. The data consist of
two energy regions of high intensity separated by a dip at
�150 meV, which breaks up the adatom band into two
parts [14]. The intensity maxima at �230 meV and
�50 meV are located at �7�7 and near the Brillouin
zone boundary, respectively. The change of the spectral
weight is evident in the EDC shown in Figs. 1(d) and 1(e).
On the left side, the Lorentzian tail of the rest-atom peak is
visible. Taking into account momentum broadening, the
peak at �230 meV is consistent with a band minimum at
E0 � �280 meV [3]. From momentum distribution curves
close to EF we obtain the Fermi wave vector kF �
0:15 �A�1 and the group velocity �F � 3� 105 m=s. The
corresponding band filling is 1.8 electrons (90%). Along
the M�M direction the data are very similar, except for kF
being smaller by a factor 0:85 � �M=�K [see also
Ref. [3] ].

The electronic structure of Si�111�-�7� 7� near EF is
characterized by adatom bands with an overall filling of
5 electrons. 12 adatoms donate 7 electrons from their
broken bonds to fill the bond orbitals of 6� 1 rest atoms
[3,6,8]. The additional 3.2 electrons need to be accommo-
dated by a different band. A candidate is a lower-lying
band associated with adatoms in the faulted half of the unit
cell [7]. We observe a weak structure at�0:4 eV [shoulder
in Fig. 1(e)] which could be the bottom of this band [for a
detailed analysis see [11] ]. Because of its large lifetime
broadening, this band contributes only a featureless
background.

The electron-phonon interaction is quantified by a cal-
culation using the Einstein model for the Eliashberg func-
21680
tion, which is appropriate for the dominant peak observed
at @!0 � 70 meV in electron energy loss spectroscopy
(EELS) [9]. For this model the complex self-energy � is
easily obtained, and the momentum and energy dependent
spectral function can be directly compared to the photo-
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FIG. 2 (color online). Independent determination of the
electron-phonon coupling constant � for from the temperature-
dependent width of the photoemission spectra, obtained for
adatom and rest-atom bands. The value � � 1:06 for the adatoms
is close to � � 1:09 from the spectral function (Fig. 1).
(a) Temperature-dependent photoemission spectra for kk �
0:13 �A�1 along the �11�2 azimuth (near M7�7). (b) Lorentzian
peak widths � vs temperature for rest atoms and adatoms,
obtained by fitting the two energy ranges marked in (a). The
slope d�=d�kT� of the linear region yields the electron-phonon
coupling parameter �.
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emission data after accounting for the Fermi cutoff and the
experimental broadening in E and k [1]. The bare electron
dispersion "�k� is determined by the Fermi wave vector kF
and the bottom of the band E0 � �280 meV within a
parabolic approximation, yielding the effective massm� �
0:31me. It is consistent with previous studies in the direc-
tion M�M [3]. Thus, the electron-phonon coupling � and
the convolution widths �k and �E are the only free pa-
rameters for fitting a total of 25 spectra simultaneously.
The result is shown in Figs. 1(b) and 1(c), yielding a
coupling constant � � 1:09. Figure 1(f) shows the sum
of squared differences �2 as a function of �. The standard
deviation calculated from the variance-covariance matrix
is �� � 0:24. The other parameters are �k � 0:05 �A�1

and �E � 30 meV.
The coupling constant � has various effects on the

calculated spectra. First, the ratio between the peak areas
of the two peaks (‘‘dressed’’ and ‘‘bare’’) in the EDC
around k � 0 [see Fig. 1(e)] changes dramatically with
�. For � < 0:7 the dressed band near EF disappears in
the tail of the bare band, while it dominates the spectra
for � > 1:3. The observed ratio can only be reproduced for
� � 1. Second, the width of the lower peak increases with
�. It is consistent with the data only for � � 1. Finally,
electron-phonon coupling causes an increasing line width
at higher temperatures. Since this effect is not related to the
low temperature data in Fig. 1, it provides an independent
test for the validity of the electron-phonon coupling model.

The coupling parameter � can be determined from the
linear increase of the linewidth with T in the high-
temperature limit kT 	 @!max, where !max is the highest
phonon frequency: � � �2���1d�=d�kT� [15]. At the low-
est temperatures, the phonons are frozen out and � be-
comes independent of T. The linewidth is extracted from
the temperature-dependent spectra in Fig. 2. These are
taken near the boundary of the 7� 7 Brillouin zone, where
they can be approximated by a single Lorentzian. The
energy scale has been referenced to the Fermi level of
the metallic Si�111�
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-Au surface, with the rest-
atom peak serving as fixed point to compensate photo-
voltage shifts at low temperature. In order to obtain the
most reliable width �, only the energy regions most sensi-
tive to � are selected for optimizing the fit [indicated by
arrows in Fig. 2(a)]. A temperature-independent Gaussian
convolution represents experimental broadening. The po-
sitions of the lines, and the ratio between a constant back-
ground and the secondary electron contribution below the
rest-atom peak were treated as global fitting parameters
with the same value for all temperatures. That leaves the
Lorentzian widths ��T� as the only free individual parame-
ters in the fit, besides a normalization factor. The slope of
the linear part of the resulting ��T� curve in Fig. 2(b) (T 

50 K) yields the coupling constant. The result is � � 1:06
for the adatoms, which independently confirms the value
� � 1:09 determined from the fit of the spectral function at
21680
T � 20 K. In addition, we obtain � � 0:9 for the rest
atoms, a second type of surface atoms with broken bonds
which are associated with the peak at �800 meV in
Fig. 2(a). Their phonon modes are different from those of
the adatoms, though [10]. Since T � 300 K< @!max for
all data presented here, the result represents a lower limit
for �. Corrections to this approximation are small for
temperatures above kT � @!max=3 [16].

Two additional, less accurate methods for determining �
serve as extra consistency checks. � can be obtained from
the width of the bare peak at low temperature, which is
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caused by the lifetime broadening for phonon emission.
For binding energies much larger than the phonon energy it
is given by � � �=� �Eph, where �Eph is the average phonon
energy [17]. The coupling parameter may be smaller due to
other contributions to the overall line width. A fit of two
peaks to the EDC at k � 0, one for the bare, the other for
the dressed band, yields a Lorentzian width of � � �230�
40� meV for the lower peak. Applying the Einstein model
again with �Eph � @!0 � 70 meV we end up with � � 1,
which is consistent with the more accurate determinations
from the spectral function and the temperature broadening.
Finally, we obtain � � 1:1 from mass renormalization by
comparing the group velocities at the Fermi level for the
bare and dressed bands. For the dressed band, we take the
Fermi velocity �F � 3� 105 m=s from the momentum
distribution curves, and for the bare band we obtain it
from a parabolic fit to kF and the bottom of the band E0.
The Fermi wave vector is common to both bands.

The strength of the electron-phonon interaction at the
Si�111�-�7� 7� surface is in the range of � reported for
metal surfaces [��0:5–1:4, see [1] for a tabulation]. There
is an important difference from metals, though. For the
Si�111�-�7�7� surface, a large fraction of the band (40%
of the density of states) is located within the dressed region
that lies within �@!0 around EF. This fraction is negli-
gible in most metals where the band width is typically 2
orders of magnitude larger than the phonon energy.

In summary, we are able to make a strong case for
electron-phonon interaction shaping the band dispersion
near the Fermi level at the Si�111�-�7� 7� surface, com-
bining temperature-dependent, angle-resolved photoemis-
sion data with previous electron energy loss results [9] and
molecular dynamics calculations of surface phonons [10].
The spectral function is calculated with most of the input
parameters constrained by the experimental data about the
phonon mode, the bottom of the band, and the Fermi wave
vector. The remaining fit parameter is the electron-phonon
coupling constant, which comes out to be � � 1:09. As a
cross-check we determine � independently from the
temperature-dependent width of the photoemission spectra
and obtain a very similar value � � 1:06. Two further
estimates confirm that � � 1.

The results break new ground by addressing electron-
phonon interaction on semiconductor surfaces. A well-
defined phonon mode interacts with a specific electronic
state, both located on the adatoms of the Si�111�-�7� 7�
surface. This finding validates the early prediction [2] that
semiconductor surfaces with their localized broken bonds
are excellent candidates for studying the coupling with a
specific phonon mode. Many other semiconductor surfaces
are characterized by special surface atoms with broken
bond orbitals and distinct vibrational modes associated
with the altered bond geometry. The Si�111�-�7� 7� sur-
face itself combines strong electron-phonon interaction
with a bandwidth more than twice as large as ground state
21680
calculations. Both make this surface a highly interesting
system for many body physics.
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