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Many-Body Calculation of the Surface-State Energies for Si(111)2 x 1
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The surface-state excitation energies for the Si(111)2x1 surface have been calculated in the GW ap-
proximation. The energy position and the dispersion of the occupied and empty surface states are in ex-
cellent agreement with photoemission and inverse-photoemission experiments. The calculated quasipar-
ticle surface-state band gap, 0.62 eV, is 0.15 eV larger than the measured onset energy for electron-hole
pair excitations. The possibility that excitonic eAects are responsible for this diAerence is examined.

PACS numbers: 73.20.At, 71.35.+z

The Si(111)2xI surface is one of the most studied
semiconductor surfaces. Its atomic structure has been
analyzed by low-energy electron diA'raction' (LEED)
and medium-energy ion scattering (MEIS). Its elec-
tronic structure has been explored through a variety of
techniques including angle-resolved photoemission, in-

verse photoemission, differential reflectivity, electron-
energy-loss spectroscopy, photothermal deAection spec-
troscopy, ' excite-and-probe photoemission, ' ' and scan-
ning tunneling microscopy' (STM). These experiments
support the z-bonded chain model" with a buckling of
the surface-atom chain. Despite this extensive work, a
fundamental question remains regarding the surface
electronic structure. Namely, the possible role of large
excitonic effects' in the optical absorption remains an

open question.
The electronic structure of Si(111)2x1 is dominated

by a pair of highly dispersive x and z* bands of surface
states. These bands arise from the dangling bonds on the
threefold-coordinated surface atoms (atoms 1 and 2 in

Fig. 1). Along the chains, the dispersion of the bands is

much larger than in the direction perpendicular to the
chains. The z and x* surface states lie well inside the
bulk band gap over much of the surface Brillouin zone.
This facilitates an accurate mapping of the surface-state
dispersion. Transitions between the x and z* surface
states dominate the optical properties of the surface for
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FIG. 1. Schematic side view of the x-bonded chain model.

The surface atoms 1 and 2 form the z-bonded chains. The
solid and open circles denote atoms in diff'erent (110) planes.

sub-band-gap radiation, and in STM experiments, '

these states dominate the tunneling current for bias volt-
ages less than ~ 0.5 eV.

From photoemission and inverse-photoemission exper-
iments, it is possible to infer an energy gap between the
occupied and empty single-quasiparticle surface states of
about 0.75 eV. On the other hand, in low-temperature
optical-absorption experiments, the lowest energy for
electron-hole pair creation is found to be 0.47 eV. While
some of the diA'erences (—0.15 eV) between these two
energies may result from limited resolution in the
inverse-photoemission experiment, it highlights the fun-
damental difference between one- and two-particle exci-
tations: excitonic correlations. In view of the reduced
dimensionality (quasi-one-dimensional tr bands) one
might expect enhanced excitonic effects for this surface.
We have investigated the electronic structure of the
Si(111)2x1 surface in two steps. First, we have calcu-
lated the quasiparticle surface-state energies based on a
self-energy approach for the many-body correlations.
The resulting bands agree well with photoemission ex-
periments but yield a quasiparticle gap 0.15 eV larger
than the optical gap. Second, the quasiparticle energies
are incorporated into a model calculation of the surface
optical absorption. The inclusion of excitonic effects in

the optical absorption has a dramatic effect on the spec-
tral shape and significantly improves the agreement with
experiment. This suggests that the excitonic binding
could be as large as 0.15 eV for this surface.

A prerequisite for a first-principles calculation of the
electronic structure is an accurate set of atomic posi-
tions. The structural determination was made via total-
energy minimization within the local-density-functional
approximation (LDA). The total energy and forces were
calculated using first-principles pseudopotentials and a
supercell formalism. The calculations employed a
plane-wave basis (E ,„=10Ry) and a centrosy. mmetric
supercell containing 24 atoms. The coordinates of the
atoms in the innermost two layers of the slab were kept
fixed at their bulk values. The structure obtained is indi-
cated schematically in Fig. 1. The calculated structural

500 1991 The American Physical Society



VOLUME 66, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JANUARY 1991

TABLE I. Structural parameters (in angstroms) obtained
from (a) previous energy-minimization calculations (Ref. 15),
(b) LEED (Ref. 1), (c) MEIS (Ref. 2), and present results. z;
is the coordinate of the ith atom along the surface normal (Fig.
I).
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parameters, given in Table I, are similar to those predict-
ed by earlier calculations, ' except that we find a larger
surface-atom buckling which is in better agreement with
experiment. ' The present calculations employ a larger
supercell and a more complete plane-wave basis set than
did the earlier work.

The minimum-energy direct gap between the x and z
bands occurs at the J point of the surface Brillouin zone.
This energy gap (Es) is a consequence of the structural
inequivalence of the two surface atoms in the unit cell.
Atom 1 (in Fig. I) is sp coordinated and atom 2 is sp
coordinated. The surface-state band gap depends on
the buckling, b =z~ —zz, of the surface chain. Increased
buckling tends to increase the energy gap, with
dEs(LoA)/db —0.4 eV/A. From energy minimization we
find z~ —z2=0.47 A with an uncertainty of about 0.05
A. This translates into an uncertainty in Es(Lop, ) of
about 0.02 eV. The calculated buckling is about 0.1

A larger than that inferred from the LEED IV spec-
tra. ' Independent LDA structural calculations ' for
Si(I I I)2x I also indicate a buckling (0.49 4) which is
in excellent agreement with the present result.

The calculation of the electronic structure is based on
the evaluation of the self-energy operator within Hedin's
68' approximation. ' The self-energy X includes the
effects of exchange and correlation on the single-particle
excitation energies. In the GR'approximation, Z is taken
to be the first term in a perturbation series involving the
screened Coulomb interaction 8' and the electron
Green's function G. This approach has been shown to
yield bulk' ' and surface quasiparticle energies with
an accuracy of about 0. 1 eV. The calculational method
has been described in detail elsewhere. ' In the present
calculation the plasmon-pole ansatz, which extends the
static dielectric matrix to nonzero frequencies, is applied
to the symmetric inverse dielectric matrix in its diagonal
representation rather than to each element of ~G G sepa-
rately. ' We tested this method for bulk Si and found
that it gave quasiparticle energies in good agreement
with experiment and with those obtained using the gen-
eralized plasmon-pole ansatz. ' In the construction of
the screened Coulomb interaction 8'=e 'v, dielectric
matrices ~ G (q) containing reciprocal-lattice vectors G
for which ~q+G~ (2.1 a.u. were employed. This corre-
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FIG. 2. Quasiparticle surface-state band structure for
Si(111)2xI compared to photoemission (Ref. 5) and inverse-
photoemission (Ref. 6) experiments.

sponds to matrices of order 640x640. The dielectric
function is calculated in the random-phase approxima-
tion. In the evaluation of the self-energy operator the
sum over bands was truncated at the 500th band, and
the required Brillouin-zone summation was performed
with a weighted sum over seven q points in the irreduc-
ible zone. We obtain the quasiparticle energies E„~ from
Dyson's equation in first-order perturbation theory.

In Fig. 2 we compare the calculated z and
surface-state quasiparticle energies with those measured
by photoemission and inverse photoemission. The
overall agreement between theory and experiment is
better for the occupied states than for the empty states.
This may be because the energy and momentum resolu-
tion obtainable in the inverse-photoemission experiment,
which probes the empty-state energies, is not as good as
that possible in photoemission. A recent analysis of the
effects of the limited resolution in the inverse-photo-
emission experiment indicates that the true energy of the
z* state at J could be lower than that indicated in Fig. 2
by 0.15 eV. This would further improve the agreement
between theory and experiment. The self-energy correc-
tions, i.e., the difference between the quasiparticle ener-
gies E„q and the LDA eigenvalues s„k, are plotted in Fig.
3. We find that the bulklike conduction-band states are
shifted up relative to the bulklike valence-band states by
about 0.6 eV. This shift is similar to that obtained in
bulk calculations. On the other hand, the energy gap be-
tween the surface states is increased by a lesser amount,
0.35 eV. The corrections for the z band at 0.75I J and
at J are very similar, as are those for the x* band at
these k points. Thus, the dispersion obtained in the
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FIG. 4. Optical-absorption coefficient calculated curve a,
with a=6.5, and curve b, without excitonic interactions. The 6
tunction in the expression for a(E) has been replaced by a
Lorentzian of half-width 40 meV.

FIG. 3. Self-energy corrections to LDA eigenvalues for the
surface and bulklike states of the twelve-layer slab representing
Si(111)2xl. The corrections are referred to the value at the
bulk valence-band maximum.

quasiparticle calculation is not very different from that
obtained in LDA calculations. '

Comparisons between the calculated gap (0.62 eV)
and the optical gap (0.47 eV) support the possibility that
excitonic effects of order 0.1 eV could be present in the
optical data. A first-principles calculation of the absorp-
tion including excitonic correlations requires a consistent
treatment of the one- and two-particle Green's functions
and is beyond the scope of this work. Nevertheless, it is
possible to estimate the efect of the electron-hole in-
teraction on the surface optical absorption. To do this,
we calculate the exciton energy spectrum and wave func-
tions with the calculated surface-state band structure
and with a model electron-hole interaction. From this
we obtain the optical-absorption spectrum.

The ith exciton wave function A;(k) satisfies a secular
equation of the following form:

E (k)A;(k)+g V(k, k')A;(k') =E;A;(k') .
kl

Es(k) is the calculated quasiparticle energy gap between
the z and x* states, and E; is the energy of an
electron-hole pair excitation. V(k, k') is taken to be of
the following form:

V(k, k') =(2xe /eqA)eq ~ tl —erf(ql2P)] .

the optical absorption:

~r(E) =g gA;(k)p(k) '8(E E;). —
i k

In this equation p(k) is a component of the matrix ele-
ment of the momentum operator between the z and z*
surface states.

Results for a are shown in Fig. 4 for light polarized
along the chains. Curve b corresponds to the complete
neglect of the electron-hole interaction. In this case
a(E) exhibits two peaks. The peak at lower energy cor-
responds to the creation of noninteracting electron-hole
pairs with k near the J point, and the upper peak corre-
sponds to the saddle-point singularity in the joint density
of states at the K point. Curve a corresponds to an exci-
ton spectrum calculated with parameters (e and p)
chosen to give a binding energy of 0.13 eV for the
lowest-energy exciton. This exciton is responsible for the
peak in the optical absorption shown in curve a. The os-
cillator strength in the saddle point is largely eliminated.
This shift in oscillator strength results from the nearly
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Here, q = ik —k'i, e is the effective medium static dielec-
tric constant (taken to be 6.5), A is the surface area, and
p is related to the localization perpendicular to the sur-
face of the surface-state wave function. This interaction
follows from the assumption that the surface-state wave
functions may be written as

2 2
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Once the A; and E; are determined, we may calculate FIG. 5. Experimental diff'erential reAectivity (after Ref. 7).
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one-dimensional nature of the band structure near the
edge (JK) of the surface Brillouin zone (see Fig. 2).
The experimental diAerential reflectivity, which is closely
related to a, has been measured by Ciccacci et al. and is
shown in Fig. 5. It is clear that the absorption spectrum
(curve b), obtained by neglecting the electron-hole in-

teraction, cannot explain the data shown in Fig. 5. Spec-
trum a, which corresponds to an exciton binding energy
of 0.13 eV, is more consistent with the data. We surmise
that excitonic efIects must be invoked to explain the opti-
cal properties for Si(111)2xl.

The present results are also in excellent agreement
with excite-and-probe photoemission experiments ' '

where the peak separation (0.5 eV) indicates the pair-
creation energy, just as in the optical absorption. How-
ever, two other experiments seem to support the possibil-
ity that the excitonic binding energy is negligible. Photo-
emission from heavily n-doped Si(111)2x1 shows a
peak attributed to the z* band just 0.45 eV above the x
band. In principle, this experiment is a single-particle
probe of the gap. However, two physical eFects may
lead to a reduced quasiparticle gap. First, the presence
of carriers leads to band-gap renormalization beyond
that included in the present calculation. Second, the
buckling of the chain may be reduced locally around the
extra electron in the z* band, and this may lead to local-
ization of the electron in a region of reduced buckling
and band gap. The gap measured by the STM spectros-
copy' is about 0.5 eV. The STM results imply that the
excitonic binding energy is much less than 0. 1 eV, pro-
vided tip-sample interactions are negligible. A more de-
tailed analysis of both of these experiments is required to
assess compatibility with our present results.

In summary, we have calculated the quasiparticle
surface-state dispersion for the Si(111)2x1 surface
within the GS'approximation. The atomic structure was
determined from LDA energy minimization and agrees
with experiment. The calculated dispersion is in excel-
lent agreement with photoemission data. Based on our
analysis of the features in the absorption spectrum, we
assert that excitonic eAects are important for a qualita-
tively correct description of the optical absorption on this
surface.
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