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The electronic structure of the InAss110d surface is investigated using several theoretical tools: semiempir-
ical tightbinding, density functional theory, and perturbative many-body theory within the GW approximation.
Comparison is made with available photoemission data. Moreover, we calculate the optical properties of this
surface and perform reflectance anisotropy experiments. The tight-binding and especially the GW approxima-
tions provide a very good description of the optical spectra and allow for a more detailed analysis of the origin
of the spectral features.
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I. INTRODUCTION

There is continuing interest in the electronic properties of
III-V-surfaces because of the technological relevance of
these materials. Thes110d surface as a cleavage face is the
most natural choice for basic studies of III-V compounds,
since it is easily prepared in a well defined manner with a
well defined stoichiometry, a feature nearly all other III-V
surfaces do not have. On non-cleavage surfaces, experiments
in general have to deal with the uncertainty of the exact
surface status. The structure of alls110d-III-V-surfaces has
already been studied both theoretically and experimentally
for a long time and is very well known.1–3 The surface re-
laxes in as131d pattern with the surface cation atom mov-
ing inwards and the anion atom moving outwards. Larger
bandgap III-V semiconductors of higher technological im-
portance such as GaAs, GaN, InP, and GaP have been more
widely studied.2–9 Less work has focused on the small band-
gap materials InAs and InSb which, however, are also of
technological interestsfor infrared detection devices, for ex-
ampled.

Theoretically, InAss110d has been studied mainly within
the semiempirical tight-binding approach.10–13 Only a few
papers deal with theab initio theoretical investigation of the
InAss110d surface,14–16 and are limited to the use of density
functional theory17 sDFTd within the local density approxi-
mation sLDA d.18 The electronic structure and atomic posi-
tions of InAss110d were calculated several years ago using a
total-energy minimization scheme10 based on a semiempir-
ical tight-binding sTBd approach. The reported electronic
surface states, however, differ from available experimental
measurements. One may argue that the discrepancies in the
semiempirical calculations are due to the fact that they were
performed using an atomic reconstruction that was not fully
relaxed. Almost a decade later, anab initio calculation14 was
performed using the DFT-LDA approach, fully relaxing the
geometry with a Car-Parrinello scheme.19 DFT is known to
be a powerful tool in dealing with ground-state properties,
but suffers from the well known gap problem in the determi-
nation of the electronic bands.20,21Consequently, DFT calcu-

lation presents systematic underestimations of the electronic
gaps when compared with experiment. In particular, a metal-
lic behavior is predicted for bulk InAs, since a crossing of
the conduction and valence bands appears atG within DFT,
thus giving a negative gap.22

The available experimental measurements1,23–32 focus
mainly on the geometry and the electronic band structure of
InAss110d. Andersson and collaborators24,25 measured the
energies of occupied surface states at high-symmetry points
using photoemission techniques. Independently, Swantsonet
al.26 also performed a similar experiment, and found differ-
ences of up to 0.5 eV with those values reported by Anders-
son and collaborators.24,25 Few inverse photoemission inves-
tigations appear in the literature,29–31 but are not angle re-
solved and suggest the existence of an empty surface state
with energy ranging from 0.75 to 1.9 eV above the top of the
valence band. The electronic gaps between surface states at
the high symmetry points of the Brillouin zone have also
been measured by Carstensenet al.23 by performing direct
and inverse photoemission spectroscopy on the same sample.
However, the comparison between theory and the different
photoemission measurements is in general still not satisfy-
ing.

The optical properties of InAss110d have been also inves-
tigated by Shkrebtii and collaborators12 several years ago
within a combined semiempirical TB and experimental
study, and recently by Vázquez-Navaet al.13 To our knowl-
edge, those have been so far the only attempts to calculate
the reflectance anisotropy spectrumsRASd of InAss110d. The
TB calculations and measured RAS spectra showed discrep-
ancies, however, and call for further investigation.

In this work, we study in detail the electronic structure
and optical properties of the InAss110d surface, driven by the
lack of ab initio calculations and the unsatisfactory agree-
ment with experiment. Moreover, this system is simple
enough to be used as a test case for several computational
techniques, ranging from TB to DFT and a many-body ap-
proach, in order to assess the validity of the various schemes,
with the perspective of studying more complex systems
which are not accessiblesyetd by many-body theory. We em-
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ploy density functional theory for the ground state properties
and many-body perturbation theory in the GW
approximation20,21 for the excited state properties, namely
optical properties and electronic structure. Comparison with
new semiempirical TB results and new experimental optical
data in an extended spectral range is performed.

II. EXPERIMENTAL DETAILS

InAss110d sampless83535 mmd were prepared from
bulk InAs sn doping: 10−18 cm−3d by cleavage in ultrahigh
vacuumsUHVd at a base pressure of 8310−11 mbar. Reflec-
tance anisotropy spectrumsRASd measurements were per-
formed through a low strain window in the UHV chamber by
using the technique as proposed by Aspnes.33 The RAS ap-
paratus is equipped with MgF2 Rochon polarizers, a CaF2
photoelastic modulator, and two detector systems: a photo-
multiplier and accordingly a silicon/InGaAs double diode de-
tector. As compared to standard set-ups the accessible spec-
tral range is therefore enlarged from 0.8 up to 9 eV.
However, absorption by the air in the open optical path and
in the low strain optical view portssquartzd of the UHV
chamber, limits the range from 0.8 to 6.5 eV.

In order to compare not only the spectral shapes of calcu-
lations and measurements but also, quantitatively, the reflec-
tance amplitudes, we calibrated our setup with the known
optical anisotropy of quartz. We thereby utilized the front
reflection from a quartz wedge at the later position of the
InAss110d sample. This procedure assured an accuracy of a
few percent for the experimental data.

III. COMPUTATIONAL DETAILS

The equilibrium geometry has been found by fully relax-
ing the atomic position within a DFT-LDA Car-Parrinello
scheme using a plane wave pseudopotential code34 with an
energy cutoff of 15 Ry. Test calculations using a GGA ex-
change and correlation potential did not show significant dif-
ferences. The surface has been modeled by a slab consisting
of 11 InAs layers plus seven layers of vacuum. The equilib-
rium geometry was used to perform electronic and optical
calculations within semiempirical tight binding and many-
body perturbation theory in the GW approximation.

For TB calculations the InAss110d surface was modeled
using several thicknesses up to a slab of 50 atoms. The elec-
tronic structure of the slab was calculated using a well-
known parametrized TB approach with asp3s* orbital-like
basis, within a first-neighbor interaction.35,36 The TB ap-
proximation has been successfully applied for many years to
calculate the electronic and optical properties of a variety of
semiconductor surfaces, including other III-V compounds.8

The TB parameters are taken to be the same as those of
Vogl36 for the bulk but they are scaled by a factor ofsd0/dd2,
whered is the bond length of any two first-neighbor atoms,
and d0=Î3a0/4 sRef. 37d. Our DFT theoretical lattice con-
stant, a0, equal to 11.38 a.u., is to be compared with the
experimental value of 11.41. These parameters provide a
good description of the electronic structure of the valence
bands and lowest conduction bands. Discrepancies only oc-

cur for the higher conduction bands, and for the lowest two
conduction bands along theX-W direction.38

Within many-body perturbation theory, the quasiparticle
sQPd energies have been calculated using the perturbative
GW scheme,21 which involves computing the excited states
energies as a first order perturbation correction to the DFT
bands

«QP= «DFT + kS − Vxc
DFTl s1d

with S= iGW. We have used 800 empty bands, 13k points in
the irreducible part of the Brillouin zonesIBZd, and 1077
plane waves for the exchange and correlation part of the
self-energyS. For the screening, a plasmon-pole model has
been used.21 Optical properties have been calculated within
the single quasiparticle scheme using 128k points in the IBZ
scorresponding to 12834 in the full BZd. In the tight binding
calculation we used up to 7000k points in the IBZ.

IV. RESULTS

As in the other III-V semiconductors, the InAss110d sur-
face relaxes in such a way that the surface cation atom
moves inwards to an approximately planar configuration,
with its first-neighbor anion atoms in a threefold coordina-
tion fFigs. 1sad and 1sbdg. The topmost anion atom moves
outward to the surface, showing a pyramidal configuration
with its three first-neighbors cation atoms.2,3 The calculated
geometrical parameters that describe the relaxation of the
surface atoms are in good agreement with experiment32 and
with previous DFT-LDA calculations.14

FIG. 1. Model of the atomic geometry of InAss110d. sad Top
view of a surface unit cell.sbd Side view of the first three atomic
layers of the surface.scd Two-dimensional irreducible Brillouin
zone s2DIBZd. The calculated geometrical parameters are:a0

=5.861 Å,D1,'=0.75 Å, D1,x=4.663 Å, andv=32.0°.
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A. Electronic band structure

As mentioned in the Introduction, DFT suffers from the
well known problem of gap underestimation. This is even
more critical in InAs, where DFT predicts metallic behavior
for the bulk. Our calculations, in particular and in agreement
with previous calculations,22 show also a negative bulk gap
at G. For other gaps of InAssTable Id, DFT also gives values
considerably lower than the experimental ones. Hence, InAs
is a system where it is of crucial importance to overcome the
shortcomings of DFT. TB values and GW corrections to the
DFT bulk InAs gaps are also listed in Table I. The agreement
of TB and GW with the range of gap values from
experiments39 is quite good, though experimental data are
quite scattered atX. The agreement of the GWab initio
approach compared to DFT-LDA is especially noteworthy.

The surface electronic band structure is intimately related
to the relaxation of the surface. Experimentally, the elec-
tronic structure can be determined by means of electron
spectroscopies such as photoemissionsPEd, inverse photo-
emissionsIPEd, and scanning tunneling spectroscopysSTSd.
These techniques are sensitive to the surface features and
electronic properties due to reconstructions or adsorption
events. The GW results for the electronic gaps at the high

symmetry pointsX̄, M̄, andX8̄ fsee Fig. 1scdg are shown in
Table II and compared with the experimental data obtained
by direct and inverse photoemission measurements on the

same sample.23 At Ḡ our calculations only found weak reso-
nances, thus a comparison with the experimental results by
Carstensenet al. swho found a 1.7 eV gap between surface
states atGd was not possible. At the other high symmetry

pointssX̄, M̄, X8̄d, the agreement with experiment is excellent
and within 0.2 eV. TB and DFT electronic gaps are also
listed in Table II. The DFT values are on the average too low

by 0.5 eV, while the TB gaps fit better at theM̄ and X8̄

points but show discrepancies with experiment atX̄, possibly

becaused orbitals are not included in thesp3s* TB
calculation.38

The GW electronic band structure along high-symmetry
points of the 2D-IBZ of InAss110d is shown in Fig. 2. The
projected bulk electronic states are shown as gray shaded
regions, while the surface electronic states are shown as
black lines. We denote the surface electronic states using the
labelsA5 andC3 associated to the surface anions and cations,
respectively, as introduced by Chelikowsky and Cohen.40

TheA5 surface states correspond to the dangling bonds of the
As atoms located at the first atomic layer. TheA5 states form

a band from the high-symmetry pointX̄ to the point X8,

going through the high-symmetry pointM̄ in the 2D IBZ.

This band has a minimum atX̄ with an energy of −0.9 eV

ssee Table IIId and disperses upwards towards theḠ point.

From X̄, the band also disperses upwards towards theM̄
point, where theA5 surface states have an energy of about

−0.7 eV. TheA5 band shows a small dispersion betweenX̄

and X8̄, giving rise to a large contribution to the density of
states. Experimentally,25 theA5 surface state has a dispersion

of about 0.15 eV fromX̄ to X8̄ sthroughM̄d which compares
well with the calculatedsGWd value of about 0.2 eV. The
experimental energies of theA5 band are also listed in Table
III.

Above the valence band maximumsVBM d we found the
unoccupied surface state bandC3 localized at the cations in
the first few layers. It shows a strongp character due to the

cation dangling bonds. AtX̄ C3 has a minimum with an en-

ergy of about 1.5 eV, and has a maximum value betweenM̄

and X8̄ at an energy of about 2.7 eV. Because of the large
dispersion ofC3, the joint density of surface states is not
large. We find that these states do not contribute to the sur-
face peaks in the calculated optical propertiesssee Sec.
IV B d.

Differences are seen in the dispersion when compared to
TB. While our and previous14 DFT calculation, as well as our

GW calculation, finds thatC3 has a minimum atX̄, TB gives

TABLE I. Bulk electronic gaps at high symmetry points of the
IBZ. Experimental values are taken from Ref. 39 except where
noted.

G X L E08

DFT −0.1 3.7 1.9 4.0

GW 0.4 4.3 2.5 4.6

TB 0.4 4.7 2.5 4.5

Exp. sRef. 39d ,0.4 4.3sRef. 43d–4.7 2.5–2.6 4.4–4.6

TABLE II. Surface electronic gaps at high symmetry points of
the 2D IBZ.

X̄ M̄ X̄8

DFT 1.8 2.1 2.0

GW 2.4 2.6 2.6

TB 3.1 2.6 2.3

Exp. sRef. 23d 2.5 2.6 2.4

FIG. 2. GW electronic band structure of the reconstructed
InAss110d surface. Shaded regions represent the projected bulk
states, while continuous lines represent surface electronic states.
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a maximum at the same symmetry point in agreement with
other semiempirical calculations.10–12 GW calculations give

an upward dispersion aroundX̄, while in TB we find a down-
ward dispersion. However, notice that the discrepancy be-

tween TB and other results is only atX̄, possibly becaused
orbitals are not included in the present calculation.38

Comparison with available experimental measurements is
not straightforward. The electronic properties of InAss110d
have been investigated previously using inverse
photoemission23,29–31 sIPEd spectroscopy. The few experi-
ments on empty surface states, when not performed with
angular resolution, are difficult to interpret. Measurements

assigned an energy of 1.9 eVsRef. 29d to a state atḠ; empty
surface states at 0.75 eVsRef. 30d and 1.2 eVsRef. 31d have
also been measured, but without assignment to a specifick
point of the BZ. Our GW and TB calculations find a surface

resonance atḠ at 2.0 eVsin TB it hasC3 characterd. This is
in good agreement with the observed 1.9 eV surface state of
Ref. 29. On the other hand, neither GW nor TB finds surface
states around 1.2 eV at anyk point of the BZ.

In order to conclude more about the energy position and
the dispersion of the empty states, further angle resolved
inverse photoemission experiments are necessary. Concern-

ing the different dispersion atX̄ found within GW and TB
calculations, comparison with InPs110d and GaAss110d,
where angle resolved photoemission experiments and GW
calculations do exist, suggests thatC3 has indeed a minimum

and not a maximum at theX̄ point.

B. Optical properties

The difference of the reflectance for light polarized in two
different directions gives, for cubic crystals, a measure of
dielectric anisotropy of the surface which has been shown to
be very sensitive to the surface band structure and thus can
serve as a test for the different calculations. The reflectance
anisotropy is defined here as

DR

R0
=

Rf1̄10g − Rf001g

R0
s2d

with R0 being the average isotropic reflectance.41 The details
of the calculation are fully explained in Ref. 42.

The reflectance anisotropy spectrumsRASd has contribu-
tions from electronic transitions between occupied and
empty states involving both surface and modified bulk states.
In Fig. 3sbd we compare the measured RAS spectrum of
InAss110d with the TB sad and GWscd calculation. As it is
expected, TB shows good correlation with the experimental
data but fails to describe the high energy end of RASsabove
5 eVd, which might be related to the lack ofd orbitals in the
basis set, as discussed before. On the other hand, GW shows
a remarkable agreement for all energies.

RAS shows a rich spectral structure since contributions
from all kinds of electron transitions involving surface states
as well as electron transitions involving modified bulk states

TABLE III. Experimental and theoretical values of the surface states at high-symmetry points of the 2D
IBZ. The energy values are in eV and the zero energy corresponds to the top of the valence band. The first
two columns show our GW and TB results.

State GW TB PEsRef. 24d PE sRef. 25d PE sRef. 26d DFT sRef. 14d TB sRef. 10d

A5sḠd −0.3 −0.30 −0.45 −0.53 −0.3

A5sX̄d −0.9 −1.21 −1.00 −1.15 −0.83 −0.85 −0.9

A5sX̄8d −0.7 −0.70 −0.85 −1.00 −0.73 −0.7

A5sM̄d −0.7 −0.81 −1.10 −0.70 −0.8

State GW TB Exp.

Ḡ 2.0 2.0 1.9sRef. 29d

C3sX̄d 1.5 1.9

C3sX̄8d 1.9 1.3

C3sM̄d 1.9 1.3

Surf state 0.75sRef. 30d, 1.2 sRef. 31d

FIG. 3. Reflectance anisotropy spectra of InAss110d: sad TB
calculation,sbd experiment,scd GW calculation. A broadening of
0.05 s0.2d eV has been used in the GWsTBd spectra.
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are present. Only the small shoulder at 2.5 eV is found to be
due to pure surface to surface transitions. In the energy range
between 2.5 eV and 4.2 eV, electron transitions from occu-
pied surface states to empty bulk states and from bulk to
surface states dominate the spectra, mainly arising from tran-
sitions along theM̄-X8̄-Ḡ direction in the IBZ. These theo-
retical findings are in agreement with very recent experi-
ments of adsorption of cesium on InAssRef. 44d where it is
shown that for increasing Cs coverage the experimental
structures at 2.0, 3.1, and 4 eV disappear, thus confirming
the surface-related nature of those peaks.

The intense peak at about 4.5 eV is described differently
in TB and GW. According to TB this peak is due to surface
to surface and surface to bulk transitions between the occu-
pied A3 surface states and the emptyC3 surface states and
bulk states. According to GW, however, transitions among
modified bulk states are responsible for the 4.5 eV experi-
mental peak and just a few contributions from surface related
transitions play a role. Following Cs coverage,44 this struc-
ture has been shown to survive, although its intensity de-
creases somewhat. This is in agreement with the GW result
that it is mainly bulk related. Furthermore, the agreement at
higher energies, where both GW and experiment show a
minimum, substantiates the GW description, as TB instead
displays a maximum. The agreement between GW theory
and experiment is good for all energies, thus showing that a
good theoretical description of the electronic structure and
consequently of the optical properties is possible with GW
for this surface. Excitonic effects, not included in the calcu-
lation, seem not to be important. The fact that not only the

spectral structure but also the absolute values of the GW
result compares well with experiment is especially notewor-
thy.

V. SUMMARY

We have performed an extensive theoretical and experi-
mental study of the electronic structure and optical properties
of the clean InAss110d surface. Several theoretical tech-
niques of increasing accuracysand effortd have been used,
ranging from tight binding to DFT and GW. An overall good
agreement to experiment was found for TB, especially at
intermediate energies. Theab initio GW approach gives re-
markably good values for the electronic energies. It explains,
moreover, the main features of the spectrum qualitatively and
quantitatively, and relates them to the surface and bulk
atomic and electronic structure.

ACKNOWLEDGMENTS

We acknowledge the partial financial support from
DGAPA-UNAM Grant No. IN104201, CONACyT Grant
No. 36651-E. This work has been done within the Vigoni-
DAAD project and was funded in part by the EU’s 6th
Framework Programme through the NANOQUANTA Net-
work of ExcellencesGrant No. NMP4-CT-2004-500198d. We
thank INFM for CINECA CPU time and G. Onida for pro-
viding us his TB code. O.P. acknowledges financial support
by INFM sGrant No. PAIS-CELEX 2003-2004d.

*Author to whom correspondence should be addressed. Email ad-
dress: cecilia@fisica.unam.mx

1C. B. Duke, A. Paton, A. Kahn, and C. R. Bonapace, Phys. Rev.
B 27, 6189s1983d.

2See for example, F. Bechstedt and R. Enderlein,Semiconductor
Surfaces and InterfacessAkademie-Verlag, Berlin, 1988d; A.
Zangwill, Physics at SurfacessCambridge University Press,
New York, 1992d; H. Lüth, Surfaces and Interfaces of Solids
sSpringer Verlag, Berlin, 1993d.

3T. J. Godin, J. P. LaFemina, and C. B. Duke, J. Vac. Sci. Technol.
A 10, 2059s1992d.

4X. Zhu, S. B. Zhang, S. G. Louie, and M. L. Cohen, Phys. Rev.
Lett. 63, 2112s1989d.

5O. Pulci, G. Onida, R. Del Sole, and A. J. Shkrebtii, Phys. Rev. B
58, 1922s1998d.

6O. Pulci, B. Adolph, U. Grossner, and F. Bechstedt, Phys. Rev. B
58, 4721s1998d.

7F. Bechstedt,Principles of Surface PhysicssSpringer Verlag, Ber-
lin, 2004d.

8C. Noguez, Phys. Rev. B58, 12 641s1998d; 62, 2681s2000d.
9G. Cappellini, G. Satta, M. Palummo, and G. Onida, Phys. Rev. B

66, 115412s2002d.
10C. Mailhiot, C. B. Duke, and D. J. Chadi, Phys. Rev. B31, 2213

s1985d.
11R. P. Beres, R. E. Allen, and J. D. Dow, Phys. Rev. B26, 5207

s1982d.
12A. I. Shkrebtii, N. Esser, M. Köpp, P. Haier, W. Richter, and R.

Del Sole, Appl. Surf. Sci.104/105, 176 s1996d.
13R. A. Vázquez-Nava, B. Mendoza, and C. Castillo, Phys. Rev. B

70, 165306s2004d.
14J. L. Alves, J. Hebenstreit, and M. Sheffler, Phys. Rev. B44,

6188 s1991d.
15B. Engels, P. Richard, K. Schroeder, S. Blügel, Ph. Ebert, and K.

Urban, Phys. Rev. B58, 7799s1998d.
16J. Klijn, L. Sacharow, C. Meyer, S. Blügel, M. Morgenstern, and

R. Wiesendanger, Phys. Rev. B68, 205327s2003d.
17P. Hohenberg and W. Kohn, Phys. Rev.136, 864 s1964d.
18W. Kohn and L. J. Sham, Phys. Rev.140, 1133s1965d.
19R. Car and M. Parrinello, Phys. Rev. Lett.55, 2471s1985d.
20L. Hedin, Phys. Rev.139, A796 s1965d; L. Hedin and S. Lun-

dqvist, Solid State Phys.23, 1 s1969d.
21M. S. Hybertsen and S. G. Louie, Phys. Rev. B34, 5390s1986d;

38, 4033s1988d; R. Godby, M. Schlüter, and L. J. Sham,ibid.
37, 10 159s1988d.

22X. Zhu and S. G. Louie, Phys. Rev. B43, 14 142s1991d.
23H. Carstensen, R. Claessen, R. Manzke, and M. Skibowski, Phys.

Rev. B 41, 9880s1990d.
24C. B. M. Andersson, J. N. Andersen, P. E. S. Persson, and U. O.

Karlsson, Phys. Rev. B47, 2427s1992d.
25C. B. M. Andersson, J. N. Andersen, P. E. S. Persson, and U. O.

ELECTRONIC STRUCTURE AND REFLECTANCE… PHYSICAL REVIEW B 71, 125337s2005d

125337-5



Karlsson, Surf. Sci.398, 395 s1998d.
26D. M. Swantson, A. B. McLean, D. N. McIlroy, D. Heskett, R.

Ludeke, H. Munekata, M. Prietsch, and N. J. DiNardo, Surf. Sci.
312, 361 s1994d.

27D. M. Swantson, A. B. McLean, D. N. McIlroy, D. Heskett, R.
Ludeke, H. Munekata, M. Prietsch, and N. J. DiNardo, Can. J.
Phys. 70, 1099s1992d.

28H. W. Richter, J. Barth, J. Ghijsen, R. L. Johnson, L. Ley, J. D.
Riley, and R. Sporken, J. Vac. Sci. Technol. B4, 900 s1986d.

29W. Drube, D. Straub, and F. J. Himpsel, Phys. Rev. B35, 5563
s1987d.

30W. Gudat and D. E. Eastman, J. Vac. Sci. Technol.13, 831
s1976d.

31J. van Laar, A. Huiser, and T. L. van Rooy, J. Vac. Sci. Technol.
14, 894 s1977d.

32C. Mailhiot, C. B. Duke, and D. J. Chadi, Surf. Sci.149, 366
s1985d.

33D. E. Aspnes, J. P. Harbison, A. A. Studna, and L. T. Florez,
Appl. Phys. Lett.52, 957 s1988d.

34M. Bockstedte, A. Kley, J. Neugebauer, and M. Scheffler, Com-
put. Phys. Commun.107, 187 s1997d.

35C. Noguez and S. E. Ulloa, Phys. Rev. B53, 13 138s1996d, and
references therein.

36P. Vogl, H. P. Hjalmarson, and J. D. Dow, J. Phys. Chem. Solids

44, 365 s1983d.
37Walter A. Harrison,Electronic Structure and the Properties of

SolidssDover Publications, New York, 1980d.
38J.-M. Jancu, R. Scholz, F. Beltram, and F. Bassani, Phys. Rev. B

57, 6493s1998d.
39Landolt-Börnstein,Numerical Data and Functional Relationships

in Science and Technology, New Series, Group III, Vol. 17a,
edited by O. Madelung and K.-H. HellwegesSpringer-Verlag,
Berlin, 1982d.

40J. R. Chelikowsky and M. L. Cohen, Solid State Commun.29,
267 s1979d.

41The RAS signal is commonly given in terms of the reflectance
sDR/Rd or of the complex Fresnel reflectivitiessDr / rd. The lat-
ter is usually used for set-ups where both componentssreal and
imaginaryd can be measured. The two quantities are related and
for small amplitudes can be given asDR/R=2 ResDr / rd.

42For more details, see R. Del Sole, inPhotonic Probes of Surfaces,
edited by P. HalevisElsevier, Amsterdam, 1995d, p. 131, and
references therein.

43The value 4.3 eV has been evaluated using results from inverse
photoemission experimentf1.9 eV sRef. 29dg and from XPS
measurementf−2.4 eV sRef. 39dg.

44K. Fleischer, G. Bussetti, C. Goletti, W. Richter, and P. Chiaradia,
J. Phys.: Condens. Matter16, 4353s2004d.

LÓPEZ-LOZANO et al. PHYSICAL REVIEW B 71, 125337s2005d

125337-6


