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The optical properties of the 231 reconstruction of the diamond~111! surface are investigated. The elec-
tronic structure and optical properties of the surface are studied using a microscopic tight-binding approach.
We calculate the dielectric response describing the surface region and investigate the origin of the electronic
transitions involving surface and bulk states. A large anisotropy in the surface dielectric response appears as a
consequence of the asymmetric reconstruction on the surface plane, which gives rise to the zigzag Pandey
chains. The results are presented in terms of the reflectance anisotropy and electron energy loss spectra. While
our results are in good agreement with available experimental data, additional experiments are proposed in
order to unambiguously determine the surface electronic structure of this interesting surface.

I. INTRODUCTION

Apart from being of fundamental interest, the character-
ization of the low-index diamond surface is very important
from a technological point of view. The fast development of
chemical vapor deposition techniques has increased the de-
mand for a better understanding of the ground state and ex-
cited properties of these surfaces.1 Indeed, much experimen-
tal and theoretical attention has been paid to the
characterization of the geometrical structure, vibrational
modes, and electronic properties of these surfaces, with in-
teresting and sometimes controversial results. In this work,
we are interested in characterizing theoptical response of the
~111! diamond surface, and investigating how these proper-
ties are related to the structural reconstruction and its accom-
panying electronic structure.

Our interest in this particular surface includes concerns on
discrepancies between the present experimental2–7 and theo-
retical results.8–11Experimentally, a great deal of the surface
electronic structure is well known through angle resolved
photoemission spectroscopy ~ARPES!,2,3 soft-x-ray
absorption,6 inverse photoemission,7 and electron energy loss
spectroscopy~EELS!.4,5 The photon-induced measurements
show a variety of occupied2,3 and unoccupied6,7 surface
states lying in the fundamental gap. However, the complete
description of these surface states has been difficult, since
their dispersion along only a few of the main directions of
the surface unit cell has been measured. On the other hand,
EELS measurements4 show a prominent broad feature at
about 2.1 eV, which is attributed to transitions from occupied
to unoccupied surface states. Since EELS experiments mea-
sure a transition energy which is generally smaller than the
difference between occupied and unoccupied states, and a
relatively large uncertainty (60.6 eV! accompanied this par-
ticular EELS experiment, a direct comparison with other re-
sults has not been possible.

Several theoretical studies have been done to elucidate the
structural and electronic properties of the C~111!-231 sur-

face. Bothab initio8–10 and semiempirical11 theoretical ap-
proaches have been employed, yielding some differences
among them and with experimental results. Some of these
differences arise from the methodology employed. For ex-
ample, Iarlori and co-workers9 employed a local-density ap-
proximation ~LDA ! formalism using a plane wave basis,
while Vanderbilt and Louie8 and Alfonso and co-workers10

used the LDA formalism based on a set of localized orbitals.
In the former work the energy gaps are underestimated,9 as is
common in this kind of approximation, and a direct compari-
son to experimental results is difficult. The latter theoretical
works compare well among them,8,10 although a systematic
shift of about 1 eV is found when the surface states are
compared with those measured experimentally.2,3,6,7 On the
other hand, the semiempirical tight-binding approach of
Davidson and Pickett11 compares well with theab initio re-
sults described above, except for an extra shift of the surface
states by about 0.8 eV. Since the surface states determine the
location of the Fermi level, there is a large discrepancy
among different theoretical works as to the relative position
of the Fermi level and the top of the valence band that goes
from –1.3 to 2 eV. On the other hand, in all theoretical and
experimental results there is generally good agreement on
the energy gap between empty and full surface states along
the GJ direction on the surface. From these considerations,
one can then conclude that the calculated electronic struc-
tures alone are not able to uniquely determine the nature of
the transitions observed in EELS,4,5 resulting in controversial
interpretations of the available experimental optical
data.2,3,6,7 The evaluation of the surface dielectric response
function for this system, and its analysis in terms of the
associated electronic level structure, give further insights
into this problem, as we discuss below.

In the present work, and in close connection with the
general description of the optical properties of the C~111!-2
31 surface, we investigate in detail the origin of the elec-
tronic transitions related to the surface reconstruction. Our
calculations employ a semiempirical tight-binding approach
developed by Selloni, Marsella, and Del Sole,12 and used to
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study the optical properties of Si~111!, ~110!, and~100!,12–15

and C~001! ~Ref. 16! surfaces. Our tight-binding formalism
is similar to the one used by Davidson and Pickett,11 except
that our extended orbital basis allows perhaps a better de-
scription of the conduction band due to its additionals*
orbital, and our level structure is in generally better agree-
ment with experimental findings and other calculations.

Since we calculate thesurfacedielectric tensor, the results
presented here can be compared directly with those measured
using various optical spectroscopies. In particular, the differ-
ential reflectance and reflectance anisotropy spectroscopies
provide accurate information about surface properties of
metals17 and semiconductors.18 This is very important since
several semiconductor surfaces show a metalliclike behavior
due to the partially unoccupied surface state bands that ham-
per the use of electronic spectroscopies like ARPES, EELS,
and scanning tunneling microscopy~STM!. This indeed
seems to be the case for the C~111!-231 surface, where a
partly empty band has been found theoretically along one of
the main directions on the surface,8–11while no direct experi-
mental evidence is found in the literature for this metallic
behavior. This behavior is in comparison with the Si and Ge
~111!-231 reconstructed surfaces,19,20where the degeneracy
of the surface states is broken by the buckling of the surface
atoms, as the theoretical and experimental description of the
surface states shows. Notice, furthermore, that the optical
spectroscopies mentioned above have the advantage over
other techniques of allowingin situ real-time measurements,
which provide the invaluable opportunity of monitoring the
chemical vapor deposition and molecular beam epitaxial
growth,21 as well as the dynamics of the chemisorption
process.22 The results presented here, then, not only provide
answers to fundamental questions, but give important infor-
mation for applications, which we expect will motivate fu-
ture work in this direction.

In Sec. II, we present a brief discussion of the structural
model of the surface and the methods used to calculate its
electronic and optical properties. In Sec. III, we discuss our
results and compare them with the available data in the lit-
erature. The results for the optical properties are presented in
terms of the dielectric response of the surface, and the cal-
culated reflectance anisotropy and EEL spectra.

II. MODELS AND METHOD OF CALCULATION

The diamond~111!-231 surface was modeled using a
slab of 28 C layers with inversion symmetry, yielding a free
reconstructed surface on each face of the slab. The thickness
of the slab is large enough to decouple the surface states at
the top and bottom surfaces of the slab. In Fig. 1, we show
~a! the top view of the surface unit cell that contains two C
atoms per layer,~b! a side view with only the six outermost
layers of the slab, and~c! the irreducible surface Brillouin
zone ~SBZ!. Periodic boundary conditions were employed
parallel to the surface of the slab to effectively model a two-
dimensional crystal system. The top~and bottom! layer of
the slab, shown in Fig. 1 with larger dots, resembles the
structure reported by Pandey.23 In this Pandey chain model,
the atoms of the top layer form a zigzag chain along one of
the main directions on the surface plane~thex axis in Fig. 1!.

The coordinates for the six outermost layers on each side
were obtained by Alfonsoet al.,10 using a first-principles
density functional based molecular dynamics technique due
to Sankey and Niklewski.24 ~The remaining central layers
have bulk geometry.! The method has been employed suc-
cessfully in studying covalent systems such as silicon and
carbon.24–26 The relaxed C~111!-231 surface obtained with
this method showed the zigzaglike chains with no buckling
on the surface layer, and with CC bond lengths of about 1.44
Å. The results of Ref. 10 are in excellent agreement with
previous self-consistent first-principles calculations,9,27

where the authors find unbuckled surface chains with bond
lengths equal to 1.47 and 1.44 Å, respectively. The reader is
referred to Ref. 24 for a comprehensive description of this
technique, and to Ref. 10 for a detailed discussion of its
applicability to diamond surfaces. The use of the fully re-
laxed slab coordinates guarantees that the optical properties
we calculate include all the subtle effects of surface-induced
strain and appropriate geometry.

To calculate the optical properties of the system, we gen-
erate the electronic level structure of the slab using a well
known parametrized tight-binding approach with ansp3s*
orbital basis.28 This basis provides a good description of the
conduction band of cubic materials. This approximation has
been applied to calculate the optical properties of a variety of
silicon surfaces,12–15 and recently to the~001! surface of
diamond,16 yielding good results. The parameters for CC in-
teractions are taken to be the same as those of Ref. 28 for the
bulk, except for the on-site energy of thepz orbitals of the
surface atoms,Ep . This parameter is set to be 2.3 eV smaller
than the corresponding bulk parameter. This change is as-

FIG. 1. Atomic model of the C~111!-231 surface.~a! Top view
with the three uppermost layers; dashed line corresponds to the
surface unit cell.~b! Side view with the six uppermost layers. The
first-layer atoms forming Pandey-like chains are shown in larger
dots. ~c! Surface Brillouin zone is shown; shadowed area corre-
sponds to its irreducible part. The main symmetry points are indi-
cated.
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sumed to be the likely result of additional orbital confine-
ment at the surface, and as we will see below, it yields a
level structure more attuned to experiments and other theo-
retical calculations. Moreover, the scaling factor of all tight-
binding parameters for this particular surface was taken as
(r /r 0),

7 wherer is the bond length of any two first-neighbor
atoms andr 051.56 Å is the bond length in bulk diamond.
These changes to the original bulk parameters provide an
excellent description of the electronic structure, as compared
to experimental measurements,2,3,6,7as we will show in Sec.
III.

The optical properties of the surface region are deter-
mined by its dielectric function. The imaginary part of the
average slab polarizability is related to the transition prob-
ability between slab eigenstates induced by an external ra-
diation field.29 Within a single-particle scheme, this relation
is expressed by

Imaslab
aa ~v!5

pe2

m2v2Ad(k (
v,c

upvc
a ~k!u2

3d„Ec~k!2Ev~k!2\v…, ~1!

wherepvc
a (k) is the matrix element of thea component of

the momentum operator between valence (v) and conduction
(c) states at the pointk of the SBZ, 2d is the slab thickness,
m is the bare electronic mass, andA is the area of the surface
unit cell. The real part of the average polarizability can be
computed via the Kramers-Kronig relations. The surface di-
electric tensoresurf

aa (v)5114pasurf
aa (v) is then calculated

from the average slab polarizability30

daslab
aa ~v!5dsurfa surf

aa ~v!1@d2dsurf#abulk~v!daa . ~2!

Hereabulk(v)5@e bulk(v)21#/4p is the bulk polarizability,
and d surf is the depth of the surface region. Note that for
cubic materials~C, Si, and Ge, for example! the bulk dielec-
tric function is isotropic. The ‘‘three-layer model’’ of
Drude31 and McIntyre and Aspnes32 adopted here is widely
used in the analysis of optical data, and assumes that the
system consists of three homogeneous regions, bulk, surface,
and vacuum, and the dielectric response is treated accord-
ingly.

The matrix elements of the momentum operatorpvc
a (k) of

Eq. ~1! were obtained in terms of the atomiclike orbital basis
using the commutation relation between the Hamiltonian and
position operator,p5 i (m/\)@H,r #. Taking advantage of the
orthogonality and localization of the orbitals, only the intra-
atomic dipole matrix elements are retained. Then, only two
additional parameters to those of the tight-binding Hamil-
tonian were needed in order to reproduce the bulk dielectric
function. These parameters are the so-called intra-atomic
sp ands* p dipoles, with best-fitted values of 0.18 Å and 0.7
Å, respectively. Notice that these calculations neglect in
principle excitonic35 and local field effects,36 although the
fitting parameter procedure compensates to some extent and
yields very good agreement with bulk optical measurements.
For a detailed description of the method the reader is referred
to the pioneering work of Manghiet al.30 and the review by
Del Sole.37

In the above discussion, we have seen that the atomic
structure of the surface region is intimately related to the

dielectric response through its electronic structure, as given
by Eq. ~1!. Experimentally, it is known that the surface di-
electric function can be extracted by means of electronic and
optical spectroscopies. Measurement of the reflectance an-
isotropy~RA! is one of these optical techniques, which con-
sists of measuring the relative reflectance difference of two
orthogonal light polarizations on the surface plane,x and
y, for example. Although the sample penetration of light is
in general a few hundred times larger than the depth of the
surface layer, the contribution from the bulk region to the
RA spectra is canceled since the bulk optical properties of
cubic materials are isotropic. Correspondingly, this tech-
nique is extremely sensitive to surface features and electronic
properties due to reconstructions or adsorption events.

Theoretically, the reflectivity is related to the dielectric
function through the Fresnel formula,38 which must, how-
ever, be modified due to the presence of the reconstructed
surface region.31–34 This correction yields the following ex-
pression for the differential reflectance spectrum when the
light incidence is normal to the surface plane:30

S DR

R0
D a

5
4vd

c
ImF 4paslab

aa ~v!

ebulk~v!21G . ~3!

Here,a is one of the orthogonal directions on the surface
plane, andDR5R2R0 is the difference between the actual
reflection coefficientR and the reflectivityR0 given by the
Fresnel formula.

The second experimental technique in which we are inter-
ested is electron energy loss spectroscopy~EELS!. Here, an
electron beam of a given low energy and momentum is scat-
tered by the sample. The electron beam induces polarizations
in the surface region so that the electrons lose some of this
energy before being scattered into the detector. The process
can be described well in terms of a dipolar scattering
theory,39 and provides a suitable description of vibrational
modes of surface atoms and molecules, as well as electron
transitions in the surface region. In the present work, all of
the electronic transitions in the surface region are due to the
reconstruction of the surface and not to adsorbates, although
the work could be generalized to include various adsorbate
species as well.

The electron scattering probabilityP(qi ,v) for an elec-
tron that loses a quantum of energy\v and transfers a mo-
mentum\qi in the direction of the surface plane is given
by39

P~qi ,v!5
2

~ea0p!2
1

cosw i

k8

k

qi

uqi
21q'

2 u2
Img~qi ,v!,

~4!

where k and k 8 are the wave vectors of the incident and
scattered electrons,w i is the angle of incidence, and
\q'5\(kz2kz8) is the momentum transfer in the direction
perpendicular to the surface plane. The above relation holds
when the energy loss and momentum transfer to the medium
are small. Assuming that the scattering occurs in theyz
plane, the loss function is defined by

Img~qy ,v!5ImS 22

11eeff~qy ,v! D , ~5!
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whereeeff(qy ,v) is the nonlocal effective dielectric function
of the system. In the limitqzdsurf!1, when the momentum
transfer to the medium in the perpendicular direction to the
surface plane is small, this effective dielectric function be-
comes

eeff~qy ,v!'ebulk~v!1qydsurf@esurf
yy ~v!2ebulk

2 ~v!/esurf
zz ~v!#.

~6!

This theory has been applied successfully to explain the ex-
perimental EELS spectra of the 231 and 737 reconstruc-
tions of the Si~111! surface.15,40

In the following section we use our calculated surface
dielectric function to explain the main features of RA and
EELS spectra of the C~111!-231 surface.

III. RESULTS AND DISCUSSION

A. Surface band structure

The electronic band structure of the C~111!-231 surface
is presented in Fig. 2. The electronic structure is shown
along the main symmetry directions of the irreducible SBZ,
from G to J (x direction!, from J to K (y direction!, and
from K to G ~diagonal!. The states associated with the sur-
face reconstruction are represented by stars,41 while dots cor-
respond to the projected bulk states. The top of the bulk
valence band is set at 0 eV, and the calculated Fermi level
(Ef) is at about 1.5 eV~not indicated in Fig. 2!, and coinci-
dent with the nearly-degenerate and flat dispersion states
alongJK. The calculatedEf is in excellent agreement with
the reported experimental value of 1.560.2 eV.2,3,6,7 In fact,
the calculated results presented here are in excellent general
agreement with the experimental findings measured along
theGJ andKG directions2,3,6,7and also compare well in all
the main directions with those calculated previously using
first-principles8–10 and parametrized tight-binding11 ap-
proaches.

The calculated surface band structure of Fig. 2 shows a
large gap of about 5.5 eV between the occupied and unoc-
cupied surface states at theG point. The occupied surface
states lying within the bulk valence band show a dispersion
of ; 2.4 eV along theGJ direction ~the Pandey chain axis
direction!, and have mainly apz character. The behavior of

these states is similar to one observed experimentally by
Himpsel and co-workers2 and Pate and co-workers,3 where a
nearly flat filled surface band is found fromG to about 0.5
GJ where there is a minimum, and then rapidly disperses
upward while approaching theJ point. A similar behavior is
found for these surface states along theGK direction. Above
the Fermi level there are two bands of unoccupied states near
4.5 and 5.5 eV at theG point. These states have a strongs
and pz component corresponding to the dangling bonds of
the surface chain atoms and the backbonds with the second-
and third-layer atoms. The states at 4.5 eV show a nearly flat
band in the first half of theGJ andGK directions; at about
the halfway point in both directions the band has a maximum
and then rapidly disperses downward approaching theJ and
K points. In the direction perpendicular to the chain,JK,
these empty surface states and the occupied surface band
become nearly degenerate and show little dispersion, less
than 0.1 eV. Notice that these two states cross the Fermi
level halfway through theJK direction. The striking differ-
ence in dispersion of the surface bands along the two main
directions is a reflection of the Pandey-like chains formed on
the surface. The chains along theGJ ~or x) direction allow
for electronic motion that could be explained in analogy to
the nearly-free-like well known case~although the dispersion
is not parabolic here!, while the nearly vanishing overlap
between the chains along theJK ~or y) direction yields
nearly flat surface bands and reduces electronic hopping
across zigzag chains.

Near;5.5 eV at theG point begins a band of unoccupied
surface states mainly due to the surface dangling bonds, and
partly to second-layer backbonds, corresponding approxi-
mately to those calculated by Vanderbilt and Louie8 and Al-
fonso and co-workers,10 and likely to be those observed by
Kubiak and Kolasinski.7 These states show a dispersion of
about 1 eV with a minimum at about halfway along theGJ
direction, where they anticross the surface band associated
with the backbond states described above, and produce a
hardly noticeable splitting at the crossing. On the other hand,
these states show less dispersion (;0.5 eV! along theGK
direction and never cross the empty surface dangling bonds
band. These states have also been observed experimentally
by Kubiak and Kolasinski7 with a weak intensity at an en-
ergy of about 5.8 eV from the top of the valence band, for
both theGJ andGK directions. Along theJK direction these
states are more localized in the second and third layers, with
a strong back-antibonding character. Finally, some localized
resonancelike occupied states are also found at22.5 eV and
at 24.8 eV near theG point ~shown as stars within the
valence band in Fig. 2!. The former states are mainly due to
the subsurface chains with a strongpx component, and the
latter have first- and second-layer backbond characteristics.
The states at22.5 eV are similar to those reported by
Vanderbilt and Louie.8

Experimental photoemission results show occupied2,3 and
unoccupied6,7 surface states with a gap of nearly 5.1 eV at
the G point. The Fermi level is reported at about 1.5 eV
above the top of the valence band, similar to our findings,
while the dispersion and location of the observed surface
states are also in very good agreement with those calculated
here.~On the other hand, only the dispersion of the observed
surface states is in good agreement with those reported by

FIG. 2. Surface electronic structure along the main symmetry
directions of the surface unit cell. Dots correspond to the projected
bulk states, while stars represent surface states. Resonance states
embedded in projected bulk bands are also represented by stars.
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Vanderbilt and Louie8 and Davidson and Pickett.11! More-
over, since these surface states are detectable only forp po-
larization, they show a strongs and pz character, in agree-
ment with our results. A resonance unoccupied state has also
been observed at about 6 eV from the top of the valence
band at theG point.7 This resonance state is much weaker
than the surface states lying in the fundamental gap, and it
has not been possible to fully investigate its orbital character,
although it could be the higher-energy surface state we find.

While the calculated surface bands in Fig. 2 compare well
with the experimental results,2,3,6,7notice that the calculated
LDA ~Ref. 8! and tight-binding11 surface bands are rigidly
shifted with respect to the top of the valence band by11 and
12 eV, respectively. The discrepancies among the different
approaches could perhaps be partly attributed to many-body
effects. For example, when the exchange correlation effects
are considered, the surface band is shifted towards the top of
the projected bulk valence band.8,9 Moreover, when dynami-
cal effects are taken into account within theGW approxima-
tion, the surface band moves into the projected bulk valence
band in the vicinity of theG point,42 also in agreement with
experimental results.2,3 However, there could be other
sources of error when we compare directly with experimental
results, including the precise experimental location of the
Fermi level, as pointed out before.8

The total electronic density of states~DOS! of the slab,
and the projected density of states of the first two layers are
shown in Fig. 3. The DOS was calculated taking an average
over 4900 points distributed homogeneously in the irreduc-
ible SBZ. We observe within the fundamental bulk gap, be-
tween 0 and 5.5 eV, a nonzero density of states coming
mainly from the dangling bonds associated with first-layer

atoms. This continuum of surface states is responsible for the
metalliclike behavior of the surface around the Fermi level,
as we will discuss in detail in the next section. Notice that
the DOS from 0 to 4 eV is nearly a constant, as expected for
a two-dimensional~2D! free-electron system. From Fig. 3 is
clear that the peak at about 4.5 eV with a strongpz compo-
nent has its origin in the dangling bond and the first- and
second-layer backbonds. The resonance states at about
22.5 and 5.5 eV are associated with the second-layer chains
and the backbonds between the first-layer and second-layer
atoms, respectively. The pronounced peaks of the projected
DOS in the first layer, at about21.5 and 4.5 eV, are due to
the lack of dispersion of the surface bands on the first half of
theGJ andGK directions of the SBZ~see Fig. 2!. Here, we
observe that the states in the bulk gap are mainly localized in
the first two layers, as one would expect, with decreasing
intensity into the slab.

Finally, before addressing the optical consequences of this
level structure, we should comment on our choice of param-
eters. The excellent agreement with experiments andab ini-
tio electronic calculations has been greatly enhanced by our
use of the differentEpz

parameter for the surface atoms, as
mentioned above, as well as to the fully relaxed atomic po-
sitions for the reconstructed surface of Ref. 10. Indeed, use
of thebulk Epz parameters for all surface atoms yields a level
structure~not shown! very similar to that of Davidson and
Pickett.11 In that case, we obtainEf'3.5 eV above the
valence-band top, while the filled surface dangling bond state
remains'2.7 eV belowEf ~but now above the valence
band!. Similarly, the gap between surface state and
conduction-band bottom along theJK direction is only
'2.5 eV, rather than the 4 eV gap shown in Fig. 2. This full
set of results validates the choice of the physical parameter
Epz

at the surface. Although a detailed fit to the experimental
results was not performed, it is clear~as one would expect on
general physical grounds! that the orbital localization at the
surface affects the diagonal tight-binding parameters. A full
ab initio determination of the various optical parameters,
both in the bulk and near the surface, together with the fully
relaxed level structure, will be obviously desirable. We are
currently carrying out such a project and our results will be
presented elsewhere.

B. Surface dielectric properties

The imaginary part of the average polarizability of the
slab, Eq.~1!, was calculated using 4900 points distributed
homogeneously on the irreducible SBZ. The large number of
points needed is due to the small~large! size of the surface
unit cell in real~reciprocal! space and to the large sections of
the SBZ with flat joint density of states. The average over
this large number of points is necessary to give full and
reliable convergence of the optical properties for this particu-
lar surface. Electron transitions up to 20 eV were taken into
account, so that after the Kramers-Kronig transform the cal-
culated real part is accurate up to about 10 eV.

In Fig. 4, we present the real and imaginary parts of the
surface dielectric tensoresurf(v) calculated from Eq.~2!. The
thickness of the surface region used wasdsurf52.5 Å, which
approximately corresponds to two monolayers~other choices
of dsurf do not change qualitatively our results for energies in

FIG. 3. Calculated density of states for~a! total, ~b! projected on
first layer, and~c! projected on second layer~solid! and third layer
~dotted line!. Different vertical scales used in each panel.
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the bulk gap!. The response for light polarized along the
chains (x axis,esurf

xx ) corresponds to the solid lines, while for
light polarized in they direction (esurf

yy ) it is shown by dotted
lines, and the dashed lines correspond to the direction per-
pendicular to the surface plane (esurf

zz ). The imaginary part of
esurf(v) alongx shows a strong peak at about 0.1 eV that is
100 times more intense than the rest of the structure shown
in Fig. 4. This peak at low energy is a reflection of the
metalliclike character of the surface along the chains. Then,
from 2 to 5.5 eV, the dielectric function is nearly constant up
to the point when electron transitions between bulk states
become important.

The following discussion about the origin of the main
electron transitions of the surface dielectric function can be
followed clearly in the lower four panels of Fig. 5, where the
reflectance anisotropy spectrum has been decomposed into
the different contributionsS-S, S-B, B-B, andB-S. For light
polarized in both directions,x andy, the dielectric response
is dominated by transitions among surface states~S-S! up to
; 4 eV. From about 4 eV the contribution of the transitions
from surface to bulk states~S-B! and from bulk to surface
states~B-S! becomes important. Note that the gap between
the partly occupied flat band of surface states along theJK
direction on the SBZ~see Fig. 2! and the bottom of the bulk
conduction band is about 4 eV. Likewise for the gap between
valence bulk states and the unoccupied surface band at the
G point. The high density of surface states above and below

the Fermi level alongGJ results in largeS-BandB-S con-
tributions to the Imesurf(v) along they direction ~perpen-
dicular to the chains; shown dotted in Fig. 4!. Only for this
perpendicular direction to the chains does the Imesurf(v)
show an intense peak centered at about 6 eV due toS-S
transitions. The transitions between bulk states~B-B! become
important from about 5.5 eV onwards, where the response to
x andy polarizations is very similar, as one expects for cubic
semiconductors~notice also the scale change as the traces are
much weaker!. For light polarized perpendicular to the sur-
face plane (z direction!, theesurf

zz shows also a peak around 6
eV mainly due to the first- and second-layer backbond states
~figure not shown!.

In the rest of this section we will discuss the reflectance
anisotropy and electron energy loss spectra obtained using
the calculated surface dielectric function.

1. Reflectance anisotropy

In Fig. 5, the top panel shows the differential reflectance
anisotropy spectra for light at normal incidence,
(DR/R0)

y2(DR/R0)
x, calculated according Eq.~3!, and la-

beled ‘‘TOTAL.’’ This has been decomposed into its differ-
ent contributions, where the response to light polarized along
x ~chain axis! corresponds to the solid line, while the dotted

FIG. 4. The~a! imaginary part and~b! real part of thesurface
dielectric response. Solid lines correspond to light polarized along
the chains (x axis!, esurf

xx , while dotted lines correspond to light
polarized perpendicular to the chain (y axis!, esurf

yy . The dashed line
corresponds to light polarized perpendicular to the surface,esurf

zz .
FIG. 5. Total differential reflectance spectrum divided into its

S-S, S-B, B-B, andB-Scomponents. Solid lines in bottom four pan-
els correspond to light polarized along the chain (x axis!, while the
dotted lines correspond to light polarized perpendicular to the
chains (y axis!.
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line corresponds to light polarized alongy ~perpendicular to
the chain!. From the figure, it is clear that the spectrum
shows a large surface anisotropic optical response in a large
range of photon energies. While forx-polarized light the
spectrum shows mainly one peak at low energies, the
y-polarization spectrum shows a rich structure for all ener-
gies inside the bulk optical gap.

The intense peak at;0.1 eV corresponding to
x-polarized light is totally determined by transitions between
surface states. As we have explained above, this peak is re-
lated to the metalliclike behavior of the surface along the
chain axis. At about 6 eV there are also someS-Stransitions
of weaker intensity forx polarization, and associated with
the resonance states in the conduction band. The rest of the
x-polarized spectrum shows a very small contribution from
S-B and B-S transitions, compared to the response for
y-polarized light. In fact, the response to light polarized per-
pendicular to the chain axis (y direction! shows much more
structure in a larger energy region within the bulk optical
gap. Up to;4 eV the spectrum is only dominated byS-S
transitions. At 4 eV the contribution fromS-BandB-S tran-
sitions starts and is reflected in the total differential spectrum
by a shoulder. As mentioned above, 4 eV corresponds to the
gap between the flat band surface states aroundEf along
JK and the bottom of the conduction band, as well as to the
energy difference between valence bulk states and the unoc-
cupied surface band beginning at 4.5 eV at theG point. Then
the intensity enhancement of theS-B contribution starting
from ; 6.5 eV corresponds to an increase of the density of
the conduction-band states. In all cases, theB-B contribu-
tions to the total differential reflectance spectra in this range
are insignificant, since both polarizations yield nearly identi-
cal contributions.

It is important to notice that this kind ofdeconvolutionof
the spectrum helps one gain useful insights into the nature of
the various transitions. As we have pointed out, theS-Bcon-
tribution starts at some determined energy ('4 eV!, as this
gap is related to the conduction-band and surface states lo-
cated aroundEf . This part of the spectrum gives then unam-
biguous information on the position of the Fermi level with
respect to the bulk band structure, and therefore the energy at
which the filled surface states are. Notice that one important
advantage of this optical spectroscopy is the high precision
in measuring the energy at which the electronic transitions
occur. The present results could be important for a future
comparison with reflectance anisotropy measurements in or-
der to better determine the electronic structure associated
with this particular reconstruction of the surface. We hope
this motivates additional experiments.

2. EELS

The calculated scattering probability of an EELS experi-
ment, using Eq.~4!, is shown in Fig. 6. The primary energy
of the electron beam was taken equal to 80 eV, with a normal
incidence geometry. The spectrum corresponding to an elec-
tron beam polarized along the chain~solid line! is very dif-
ferent at low energies~less than 1 eV! than the results for a
polarization perpendicular to the chains~dotted line!. The
intensity of thex-polarized reflected beam is a few thousand
times larger that the beam fory-direction polarization. At
higher energies, from about 4 eV onwards, the two spectra

show similar amplitude and behavior. The inset shows the
scattering probability for energy loss from 2 to 8 eV, where
the intensity has been augmented 500 times. Here, a feature
starts at about 4 eV. As we discussed above, these structures
are related to the contribution to the surface dielectric re-
sponse fromS-BandB-Stransitions, while the broad peak at
about 6 eV is produced byS-S transitions. Notice that the
high-energy-loss features are strongly reduced by the decay-
ing prefactor 1/qi appearing in the definition ofP, Eq. ~4!.

The EELS experiments reported by Pepper4 showed a
broad structure centered near 2.1 eV~and with width of
about 1.7 eV!. The primary energy of the normal incident
electron beam wasE0580 eV. The main spectrum reported
by Pepper was obtained by subtracting the spectra measured
for the clean and hydrogenated surfaces, in order to reduce
the effects of a strong elastic peak and to enhance the signal
due to the reconstruction. The spectra of the clean and hy-
drogenated surfaces were obtained from an average over the
SBZ. In the difference spectrum a minimum gap of about 1
eV was observed and identified with the effective gap be-
tween surface states at the pointJ. The energy resolution of
the system is estimated at 0.63 eV, from the width of the
elastic peak remnant. Since the energy resolution is not op-
timal in this experiment, it is difficult to make a direct com-
parison with theoretical calculations and other experiments.
Moreover, the energy loss measured by this kind of spectros-
copy is generally smaller than the energy difference between
occupied and unoccupied states of the system in its ground
state. Therefore it is possible that the observed broad feature
at 2.1 eV is related to theS-Stransitions integrated over the
SBZ, and expected to have an enhanced joint DOS at'6
eV. The overall resulting feature would perhaps be a combi-
nation of excitonic downshift and the high-energy (1/qi)
suppression factor. It is clear, however, that a better-
resolution and more detailed EELS study on this system will
be highly desirable. We will be glad to provide details of our
electronic structure and surface dielectric function results to
interested experimental groups.

IV. CONCLUSIONS

We have investigated the optical response of the C~111!-2
31 surface based on ansp3s* parametrized tight-binding

FIG. 6. Scattering probability function for electron energy loss,
Eq. ~4!. Solid lines correspond to light polarized along the chain
(x axis!, while dotted lines correspond to light polarized perpen-
dicular to the chains (y axis!. The inset has been amplified 500
times.
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approach. The dielectric function of the surface region was
calculated and a large anisotropy was found. This anisotropy
of the optical response is a direct consequence of the surface
reconstruction. The dielectric response of the surface was
analyzed in terms of theS-S, S-B, B-B, andB-S transitions,
and important features corresponding to each type of transi-
tion were found. The reflectance anisotropy and electron en-
ergy loss spectra were calculated in order to provide direct
comparison with experiments. We can conclude that these
optical spectroscopies, combined with theoretical studies,
can help one elucidate the controversial surface electronic

structure, and therefore the structural and electronic level
reconstruction, of this important surface.
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