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Anisotropic optical response of the diamond(111)-2x 1 surface
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The optical properties of theX21 reconstruction of the diamond11) 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.

. INTRODUCTION face. Bothab initic® 1% and semiempiricat theoretical ap-
proaches have been employed, yielding some differences
Apart from being of fundamental interest, the character@mong them and with experimental results. Some of these
ization of the low-index diamond surface is very importantdifferences arise from the methodology employed. For ex-
from a technological point of view. The fast development of&MPle, larlori and co-workefemployed a local-density ap-
chemical vapor deposition techniques has increased the gBroximation (LDA) formal_|sm using a plane wave basis,
mand for a better understanding of the ground state and e%yh'le Vanderbilt and Louiand Alfonso and co-workef3

. . . used the LDA formalism based on a set of localized orbitals.
cited properties of these surfacethdeed, much experimen- In the former work the energy gaps are underestimteis

tal and theoretical attention has been paid fto thecommon in this kind of approximation, and a direct compatri-

characterization of Fhe geom_etrlcal structure, V'brat_'on%on to experimental results is difficult. The latter theoretical
mode_s, and electronlc properties of _these surfaces,_wnh Nyorks compare well among thedt although a systematic
teresting and sometimes controversial results. In this workehift of about 1 eV is found when the surface states are
we are interested in characterizing thetical response of the  compared with those measured experimentati§’ On the
(111) diamond surface, and investigating how these properpther hand, the semiempirical tight-binding approach of
ties are related to the structural reconstruction and its acconpavidson and Pickeltt compares well with theb initio re-
panying electronic structure. sults described above, except for an extra shift of the surface
Our interest in this particular surface includes concerns omtates by about 0.8 eV. Since the surface states determine the
discrepancies between the present experimentahd theo- location of the Fermi level, there is a large discrepancy
retical result$~1! Experimentally, a great deal of the surface among different theoretical works as to the relative position
electronic structure is well known through angle resolvedof the Fermi level and the top of the valence band that goes
photoemission  spectroscopy (ARPES,>®  soft-x-ray  from —1.3 to 2 eV. On the other hand, in all theoretical and
absorptiorf, inverse photoemissiofiand electron energy loss experimental results there is generally good agreement on
spectroscopyEELS).*® The photon-induced measurementsthe energy gap between empty and full surface states along
show a variety of occupiéd and unoccupietl’ surface theT'J direction on the surface. From these considerations,
states lying in the fundamental gap. However, the completene can then conclude that the calculated electronic struc-
description of these surface states has been difficult, sinceires alone are not able to uniquely determine the nature of
their dispersion along only a few of the main directions ofthe transitions observed in EEI*Sresulting in controversial
the surface unit cell has been measured. On the other hanidterpretations of the available experimental optical
EELS measuremerftsshow a prominent broad feature at data>>®’ The evaluation of the surface dielectric response
about 2.1 eV, which is attributed to transitions from occupiedfunction for this system, and its analysis in terms of the
to unoccupied surface states. Since EELS experiments meassociated electronic level structure, give further insights
sure a transition energy which is generally smaller than thénto this problem, as we discuss below.
difference between occupied and unoccupied states, and a In the present work, and in close connection with the
relatively large uncertaintyX 0.6 e\) accompanied this par- general description of the optical properties of th@11)-2
ticular EELS experiment, a direct comparison with other re-x 1 surface, we investigate in detail the origin of the elec-
sults has not been possible. tronic transitions related to the surface reconstruction. Our
Several theoretical studies have been done to elucidate tlealculations employ a semiempirical tight-binding approach
structural and electronic properties of th¢1C1)-2x1 sur-  developed by Selloni, Marsella, and Del SHegnd used to
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study the optical properties of §i11), (110), and(100),12-1°

and Q001 (Ref. 16 surfaces. Our tight-binding formalism

is similar to the one used by Davidson and Pickbxcept

that our extended orbital basis allows perhaps a better de-

scription of the conduction band due to its additiosal

orbital, and our level structure is in generally better agree-

ment with experimental findings and other calculations.
Since we calculate theurfacedielectric 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 y

metals’ and semiconductord. This is very important since

several semiconductor surfaces show a metalliclike behavior ~ (P)

due to the partially unoccupied surface state bands that ham-

per the use of electronic spectroscopies like ARPES, EELS, z

and scanning tunneling microscopf{TM). This indeed

seems to be the case for th€1T1)-2x 1 surface, where a

partly empty band has been found theoretically along one of

the main directions on the surfate''while no direct experi-

mental evidence is found in the literature for this metallic

behavior. This behavior is in comparison with the Si and Ge |G, 1. Atomic model of the 11)-2x 1 surface(a) Top view

(111)-2x 1 reconstructed surfacé$?’where the degeneracy with the three uppermost layers: dashed line corresponds to the

of the surface states is broken by the buckling of the surfaceurface unit cell(b) Side view with the six uppermost layers. The

atoms, as the theoretical and experimental description of thfrst-layer atoms forming Pandey-like chains are shown in larger

surface states shows. Notice, furthermore, that the opticalots. (c) Surface Brillouin zone is shown; shadowed area corre-

spectroscopies mentioned above have the advantage ovagonds to its irreducible part. The main symmetry points are indi-

other techniques of allowingp situ real-time measurements, cated.

which provide the invaluable opportunity of monitoring the

chemical vapor deposition and molecular beam epitaxial

growth?lz as well as the dynamics of the chemisorption  The coordinates for the six outermost layers on each side
process? The results presented here, then, not only providgyere obtained by Alfonseet al,’° using a first-principles
answers to fundamental questions, but give important inforyensity functional based molecular dynamics technique due
mation for_ app_llca_tlons_, which we expect will motivate fu- g Sankey and Niklewsk (The remaining central layers
ture work in this direction. _ have bulk geometry.The method has been employed suc-
In Sec. Il, we present a brief discussion of the structurabegsiylly in studying covalent systems such as silicon and
model of the surface and the methods used to calculate itS;pon24-26 The relaxed CL11)-2X 1 surface obtained with
electronic and optical properties. In Sec. I, we discuss OUkhis method showed the zigzaglike chains with no buckling
results and compare them with the available data in the lity, the surface layer, and with CC bond lengths of about 1.44
erature. The re_sults f_or the optical properties are presented iR The results of Ref. 10 are in excellent agreement with
terms of the dlelectrlc_response of the surface, and the Cabrevious self-consistent first-principles  calculatidrg,
culated reflectance anisotropy and EEL spectra. where the authors find unbuckled surface chains with bond
lengths equal to 1.47 and 1.44 A, 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-
The diamond(111)-2x1 surface was modeled using a laxed slab coordinates guarantees that the optical properties
slab of 28 C layers with inversion symmetry, yielding a freewe calculate include all the subtle effects of surface-induced
reconstructed surface on each face of the slab. The thicknestrain and appropriate geometry.
of the slab is large enough to decouple the surface states at To calculate the optical properties of the system, we gen-
the top and bottom surfaces of the slab. In Fig. 1, we showverate the electronic level structure of the slab using a well
(a) the top view of the surface unit cell that contains two Cknown parametrized tight-binding approach with sp’s*
atoms per layer(b) a side view with only the six outermost orbital basis?® This basis provides a good description of the
layers of the slab, an¢c) the irreducible surface Brillouin conduction band of cubic materials. This approximation has
zone (SB2). Periodic boundary conditions were employed been applied to calculate the optical properties of a variety of
parallel to the surface of the slab to effectively model a two-silicon surface$?'° and recently to thg001) surface of
dimensional crystal system. The téand bottom layer of  diamond:® yielding good results. The parameters for CC in-
the slab, shown in Fig. 1 with larger dots, resembles thderactions are taken to be the same as those of Ref. 28 for the
structure reported by Pandé&yIn this Pandey chain model, bulk, except for the on-site energy of tipe orbitals of the
the atoms of the top layer form a zigzag chain along one oburface atomsg,,. This parameter is set to be 2.3 eV smaller
the main directions on the surface pldatiex axis in Fig. 3.  than the corresponding bulk parameter. This change is as-

(c)

Il. MODELS AND METHOD OF CALCULATION
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sumed to be the likely result of additional orbital confine- dielectric response through its electronic structure, as given
ment at the surface, and as we will see below, it yields &y Eq.(1). Experimentally, it is known that the surface di-
level structure more attuned to experiments and other theaelectric function can be extracted by means of electronic and
retical calculations. Moreover, the scaling factor of all tight- optical spectroscopies. Measurement of the reflectance an-
binding parameters for this particular surface was taken asotropy (RA) is one of these optical techniques, which con-
(r/ro),” wherer is the bond length of any two first-neighbor sists of measuring the relative reflectance difference of two
atoms and,=1.56 A is the bond length in bulk diamond. orthogonal light polarizations on the surface plareand
These changes to the original bulk parameters provide aw, for example. Although the sample penetration of light is
excellent description of the electronic structure, as compareih general a few hundred times larger than the depth of the
to experimental measuremeRts®’ as we will show in Sec. surface layer, the contribution from the bulk region to the
[l RA spectra is canceled since the bulk optical properties of
The optical properties of the surface region are detereubic materials are isotropic. Correspondingly, this tech-
mined by its dielectric function. The imaginary part of the nique is extremely sensitive to surface features and electronic
average slab polarizability is related to the transition prob{properties due to reconstructions or adsorption events.
ability between slab eigenstates induced by an external ra- Theoretically, the reflectivity is related to the dielectric
diation field?® Within a single-particle scheme, this relation function through the Fresnel formutf,which must, how-
is expressed by ever, be modified due to the presence of the reconstructed
surface regiori:~34This correction yields the following ex-

el ion for the differential reflectan trum when th
wa s N @ a2 pression for the differential reflectance spectru en the
IMarga ©) = mzszd; UEC [Pie(k)l light incidence is normal to the surface plaffe:
X 8(E(k)—E, (k) —fiw), D (AR)a 4od [4magiyw) -
wherep?,(k) is the matrix element of the: component of Ro ¢ |epu(@)—1]

the momentum operator between valencg &énd conduction
(c) states at the poirk of the SBZ, 2 is the slab thickness,

m is the bare electronic mass, afids the area of the surface . - T i
. S reflection coefficienR and the reflectivityR, given by the
unit cell. The real part of the average polarizability can beFresneI formula

computed via the Kramers-Kronig relations. The surface di- The second experimental technigue in which we are inter-

fGrfr(r:wtrtlﬁet:r\]/secr);sgf(sgb_plc)grli;T;lbsi#é/w) Is then calculated  oqt0 is electron energy loss spectroscpyLS). Here, an
electron beam of a given low energy and momentum is scat-
aa _ aa tered by the sample. The electron beam induces polarizations
dagad @) = dsura‘su( @) +[d = dsud apuid @) 6o (2 s),/urface region so that the electrons lose sr,)ome of this
Here ap (@) =[ € pu( @) — 1]/47 is the bulk polarizability, —energy before being scattered into the detector. The process
andd g is the depth of the surface region. Note that forcan be described well in terms of a dipolar scattering
cubic material{C, Si, and Ge, for examplehe bulk dielec- theory®® and provides a suitable description of vibrational
tric function is isotropic. The “three-layer model” of Modes of surface atoms and molecules, as well as electron
Drude™ and Mclintyre and Aspnééadopted here is widely transitions in the surface region. In the present work, all of
used in the analysis of optical data, and assumes that tHBe electronic transitions in the surface region are due to the
system consists of three homogeneous regions, bulk, surfad&construction of the surface and not to adsorbates, although
and vacuum, and the dielectric response is treated accoré€ work could be generalized to include various adsorbate
ingly. species as well.
The matrix elements of the momentum operaifi(k) of The electron scattering probabilify(q , ) for an elec-
Eq. (1) were obtained in terms of the atomiclike orbital basis{ron that loses a quantum of energy and transfers a mo-
using the commutation relation between the Hamiltonian andn€ntum7.q in the direction of the surface plane is given
position operatop=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 P(q, @)= 2 1 k_ q Img(qy, )
additional parameters to those of the tight-binding Hamil- - (eagm)” cosp; k |of +07 | 9tay. @),
tonian were needed in order to reproduce the bulk dielectric (4
function. These parameters are the so-called intra-atomic , o
spands* p dipoles, with best-fitted values of 0.18 A and 0.7 Wherek andk” are the wave vectors of the incident and
A, respectively. Notice that these calculations neglect irscattered electronsg; is the angle of incidence, and
principle excitonié® and local field effect® although the 9. =7%(k;—k;’) is the momentum transfer in the direction
fitting parameter procedure compensates to some extent akgrpendicular to the surface plane. The above relation hqlds
yields very good agreement with bulk optical measurementsVhen the energy loss and momentum transfer to the medium
For a detailed description of the method the reader is referre@® Small. Assuming that the scattering occurs in ytze
to the pioneering work of Manget al® and the review by ~Plane, the loss function is defined by

Here, a is one of the orthogonal directions on the surface
plane, andAR=R— R, is the difference between the actual

Del Sole¥’
In the above discussion, we have seen that the atomic Img(q w)—lm( —2 ) )
structure of the surface region is intimately related to the v 1+ ee(Qy, @)’
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these states is similar to one observed experimentally by
Himpsel and co-workefsand Pate and co-worketsyhere a
nearly flat filled surface band is found frol to about 0.5

I'J where there is a minimum, and then rapidly disperses
upward while approaching thepoint. A similar behavior is
found for these surface states along th¢ direction. Above

the Fermi level there are two bands of unoccupied states near
4.5 and 5.5 eV at th&' point. These states have a strang
and p, 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 th&'J andI'K directions; at about

the halfway point in both directions the band has a maximum

nd then rapidly disper wnwar roachin
FIG. 2. Surface electronic structure along the main symmetrya d then rapidly disperses do ard approachinglthed

directions of the surface unit cell. Dots correspond to the projecteK paints. In the direction perpendicular 1o the chakk,

bulk states, while stars represent surface states. Resonance stabrégse empty surface states and the occupied surface band

embedded in projected bulk bands are also represented by stars. ecome nearly dggenerate and show little dispersion, Ies§
than 0.1 eV. Notice that these two states cross the Fermi

level halfway through thdK direction. The striking differ-
ence in dispersion of the surface bands along the two main
edirections is a reflection of the Pandey-like chains formed on
the surface. The chains along thd (or x) direction allow
for electronic motion that could be explained in analogy to
the nearly-free-like well known cagalthough the dispersion
~ yy _ 2 2z is not parabolic hepe while the nearly vanishing overlap
ety )= Epurd )+ Ay €5urf ) ebu'k(w)les””(w)(]é between the chains along thEK (or y) direction yields
nearly flat surface bands and reduces electronic hopping
This theory has been applied successfully to explain the exacross zigzag chains.
perimental EELS spectra of thex2 and 7<7 reconstruc- Near~5.5 eV at the point begins a band of unoccupied
tions of the Si111) surface'>*° surface states mainly due to the surface dangling bonds, and
In the following section we use our calculated surfacepartly to second-layer backbonds, corresponding approxi-
dielectric function to explain the main features of RA andmately to those calculated by Vanderbilt and L&uead Al-

energy (eV)

whereeg(qy , ) is the nonlocal effective dielectric function

surface plane is small, this effective dielectric function be-
comes

EELS spectra of the @11)-2X1 surface. fonso and co-worker® and likely to be those observed by
Kubiak and Kolasinski. These states show a dispersion of
Ill. RESULTS AND DISCUSSION about 1 eV with a minimum at about halfway along té

direction, where they anticross the surface band associated
with the backbond states described above, and produce a
The electronic band structure of thé1@1)-2x 1 surface  hardly noticeable splitting at the crossing. On the other hand,
is presented in Fig. 2. The electronic structure is showrthese states show less dispersion0(5 eV) along thel'K
along the main symmetry directions of the irreducible SBZ,direction and never cross the empty surface dangling bonds
from I' to J (x direction, from J to K (y direction), and band. These states have also been observed experimentally
from K to I' (diagona). The states associated with the sur-by Kubiak and KolasinsKiwith a weak intensity at an en-
face reconstruction are represented by sthvehile dots cor-  ergy of about 5.8 eV from the top of the valence band, for
respond to the projected bulk states. The top of the bullboth thel'd andI'K directions. Along thelK direction these
valence band is set at 0 eV, and the calculated Fermi levedtates are more localized in the second and third layers, with
(E;) is at about 1.5 eV(not indicated in Fig. 2 and coinci- a strong back-antibonding character. Finally, some localized
dent with the nearly-degenerate and flat dispersion stateesonancelike occupied states are also found 26 eV and
alongJK. The calculatedE; is in excellent agreement with at —4.8 eV near thel' point (shown as stars within the
the reported experimental value of £8.2 eV23%’|n fact,  valence band in Fig.)2 The former states are mainly due to
the calculated results presented here are in excellent genethk subsurface chains with a stropg component, and the
agreement with the experimental findings measured alontptter have first- and second-layer backbond characteristics.
theT'J andKT directiong3%7and also compare well in all The states at-2.5 eV are similar to those reported by
the main directions with those calculated previously usingvanderbilt and Louié.
first-principle§=*° and parametrized tight-bindifhly ap- Experimental photoemission results show occupterhd
proaches. unoccupieft’ surface states with a gap of nearly 5.1 eV at
The calculated surface band structure of Fig. 2 shows ¢he I' point. The Fermi level is reported at about 1.5 eV
large gap of about 5.5 eV between the occupied and unoabove the top of the valence band, similar to our findings,
cupied surface states at the point. The occupied surface while the dispersion and location of the observed surface
states lying within the bulk valence band show a dispersiorstates are also in very good agreement with those calculated
of ~ 2.4 eV along thd’J direction (the Pandey chain axis here.(On the other hand, only the dispersion of the observed
direction, and have mainly @, character. The behavior of surface states is in good agreement with those reported by

A. Surface band structure
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L L B . atoms. This continuum of surface states is responsible for the
TOTAL metalliclike behavior of the surface around the Fermi level,
as we will discuss in detail in the next section. Notice that
Es the DOS from 0 to 4 eV is nearly a constant, as expected for
a two-dimensiona(2D) free-electron system. From Fig. 3 is
clear that the peak at about 4.5 eV with a strgng-ompo-
nent has its origin in the dangling bond and the first- and

— : =1t } second-layer backbonds. The resonance states at about
1st LAYER —2.5and 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 about 1.5 and 4.5 eV, are due to
the lack of dispersion of the surface bands on the first half of
theI'J andI'K directions of the SBZsee 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 experimentsainéhi-
tio electronic calculations has been greatly enhanced by our
use of the differenEpz 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 E,, parameters for all surface atoms yields a level

structure(not shown very similar to that of Davidson and
Pickett!! In that case, we obtaifE;~3.5 eV above the
valence-band top, while the filled surface dangling bond state
remains~2.7 eV belowE; (but now abovethe valence
Vanderbilt and LOUi% and Davidson and Plee]tJ[) More- band_ S|m||ar|y' the gap between surface state and
over, since these surface states are detectable onfy f@r  conduction-band bottom along th&K direction is only
larization, they show a strong and p, character, in agree- ~2.5 eV, rather than the 4 eV gap shown in Fig. 2. This full
ment with our results. A resonance unoccupied state has als@t of results validates the choice of the physical parameter
been observed at about 6 eV from the top of the valencgp at the surface. Although a detailed fit to the experimental
band at thel" point” This resonance state is much Weakerresults was not performed, it is cle@s one would expect on

than the surface states lying .|n the_ fundgmentgl gap, and eneral physical groungishat the orbital localization at the
has not been possible to fully investigate its orbital characte

) ) ~~surface affects the diagonal tight-binding parameters. A full
although it could be the higher-energy surface state we fin b initio determination of the various optical parameters
While the calculated surface bands in Fig. 2 compare wel ’

. i 2367 o oth in the bulk and near the surface, together with the fully
with the experlmen_tal res_ul_ ' 1 hotice that the calcu_la_ted relaxed level structure, will be obviously desirable. We are
LD.A (Re_f. 8 and tight-binding" surface bands are rigidly currently carrying out such a project and our results will be
shifted with respect to the top of the valence bandiiyand resented elsewhere
+2 eV, respectively. The discrepancies among the differen? '
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 imaginary part of the average polarizability of the
the projected bulk valence bafid Moreover, when dynami- slab, Eq.(1), was calculated using 4900 points distributed
cal effects are taken into account within tB&V approxima- homogeneously on the irreducible SBZ. The large number of
tion, the surface band moves into the projected bulk valencpoints needed is due to the smélrge size of the surface
band in the vicinity of thd™ point*? also in agreement with unit cell in real(reciproca) space and to the large sections of
experimental resultd® However, there could be other the SBZ with flat joint density of states. The average over
sources of error when we compare directly with experimentathis large number of points is necessary to give full and
results, including the precise experimental location of theeliable convergence of the optical properties for this particu-
Fermi level, as pointed out befofe. lar surface. Electron transitions up to 20 eV were taken into

The total electronic density of stat¢é®09) of the slab, account, so that after the Kramers-Kronig transform the cal-
and the projected density of states of the first two layers areulated real part is accurate up to about 10 eV.
shown in Fig. 3. The DOS was calculated taking an average In Fig. 4, we present the real and imaginary parts of the
over 4900 points distributed homogeneously in the irreducsurface dielectric tensat,{ w) calculated from Eq(2). The
ible SBZ. We observe within the fundamental bulk gap, bethickness of the surface region used wig=2.5 A, which
tween 0 and 5.5 eV, a nonzero density of states comin@pproximately corresponds to two monolay@rther choices
mainly from the dangling bonds associated with first-layerof dg,; do not change qualitatively our results for energies in

Density of States

energy (eV)

FIG. 3. Calculated density of states fay total, (b) projected on
first layer, and(c) projected on second layésolid) and third layer
(dotted ling. Different vertical scales used in each panel.

B. Surface dielectric properties
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FIG. 4. The(a) imaginary part andb) real part of thesurface energy (eV)
dielectric response. Solid lines correspond to light polarized along
the chains X axis), €5y, while dotted lines correspond to light
polarized perpendicular to the chaip &xis), €2). The dashed line FIG. 5. Total differential reflectance spectrum divided into its
corresponds to light polarized perpendicular to the surfegg, S-S S-B B-B, andB-Scomponents. Solid lines in bottom four pan-

els correspond to light polarized along the chairakis), while the
dotted lines correspond to light polarized perpendicular to the

the bulk gap. The response for light polarized along the chains § axis).

chains & axis, €5,y corresponds to the solid lines, while for

. . . o VY e
I!ght polarized in they d|rect|on (€sur) 1S shown by dof[ted the Fermi level alond’J results in largeS-B and B-S con-
Ilnes,_ and the dashed lines cozrrespond_to th_e direction pe{?ibutions to the Ineg,w) along they direction (perpen-
pendicular to the surface planeg(,). The imaginary part of dicular to the chainss?rshown dotted in Fig. ©nly for this

Esurf(“.’) alongx S.hOWS a strong peak at about 0.1 eV that is erpendicular direction to the chains does thesdp{ )
100 times more intense than the rest of the structure showgj, . 2 “intense peak centered at about 6 eV duS-®

n F|g: 4 This peak at low energy is a reflectlon of the transitions. The transitions between bulk stdi#48) become
metalliclike character of the surface along the chains. Ther\mportant from about 5.5 eV onwards, where the response to
from 2 to 5.5 eV, the dielectric function is nearly constant up, andy polarizations is very similar, as one expects for cubic

to the point when eleciron transitions between bulk Stategemiconductor@otice also the scale change as the traces are

become important. : . . -
The following discussion about the origin of the main ][nuch weakex For light po'ii'zed perpendicular to the sur

electron transitions of the surface dielectric function can beocc plgne ¢ dlrectlon),.the €sur Shows also a peak around 6
followed clearly in the lower four panels of Fig. 5, where the ey mainly due to the first- and second-layer backbond states
reflectance anisotropy spectrum has been decomposed in f&gure not shown . . A

the different contributions-S, S-B, B-BandB-S For light _In the rest of this section we will discuss the re_flectanc_e
polarized in both directionss andy, the dielectric response anisotropy and electron energy loss spectra obtained using
; - " ’ the calculated surface dielectric function.

is dominated by transitions among surface sté&§ up to

~ 4 eV. From about 4 eV the contribution of the transitions
from surface to bulk stateS-B and from bulk to surface
states(B-S becomes important. Note that the gap between In Fig. 5, the top panel shows the differential reflectance
the partly occupied flat band of surface states alonglfle anisotropy spectra for light at normal incidence,
direction on the SBZsee Fig. 2 and the bottom of the bulk (AR/Ry)Y—(AR/Ry)*, calculated according E@3), and la-
conduction band is about 4 eV. Likewise for the gap betweeibeled “TOTAL.” This has been decomposed into its differ-
valence bulk states and the unoccupied surface band at tlat contributions, where the response to light polarized along
I' point. The high density of surface states above and below (chain axi$ corresponds to the solid line, while the dotted

1. Reflectance anisotropy
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line corresponds to light polarized aloggperpendicular to I LA e o

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 forpolarized light the
spectrum shows mainly one peak at low energies, the
y-polarization spectrum shows a rich structure for all ener-

Scattering Probability

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 e "" . é e

chain axis. At about 6 eV there are also so&&transitions
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 FIG. 6. Scattering probability function for electron energy loss,
S-B and B-S transitionS, Compared to the response forEq. (4) Solid lines Correspond to ||ght polarized along the chain
y-polarized light. In fact, the response to light polarized per-(x @xi9), while dotted lines correspond to light polarized perpen-
pendicular to the chain axig/ (direction shows much more Q|cular to the chainsy( axis). The inset has been amplified 500
structure in a larger energy region within the bulk optical '™Mes-
gap. Up to~4 eV the spectrum is only dominated 8¢S show similar amplitude and behavior. The inset shows the
transitions. At 4 eV the contribution froi8-BandB-Stran-  scattering probability for energy loss from 2 to 8 eV, where
sitions starts and is reflected in the total differential spectrumne intensity has been augmented 500 times. Here, a feature
by a shoulder. As mentioned above, 4 eV corresponds to thetarts at about 4 eV. As we discussed above, these structures
gap between the flat band surface states ardapdlong are related to the contribution to the surface dielectric re-
JK and the bottom of the conduction band, as well as to theponse fron5-BandB-Stransitions, while the broad peak at
energy difference between valence bulk states and the unoabout 6 eV is produced b$-Stransitions. Notice that the
cupied surface band beginning at 4.5 eV atfhpgoint. Then  high-energy-loss features are strongly reduced by the decay-
the intensity enhancement of tt&B contribution starting ing prefactor 1d; appearing in the definition d?, Eq. (4).
from ~ 6.5 eV corresponds to an increase of the density of 1he EELS experiments reported by Pefpshowed a
the conduction-band states. In all cases, BB contribu-  broad structure centered near 2.1 éhd with width of
tions to the total differential reflectance spectra in this rangébout 1.7 eV. The primary energy of the normal incident
are insignificant, since both polarizations yield nearly identi-electron beam wak,=80 eV. The main spectrum reported
cal contributions. by Pepper was obtained by subtracting the spectra measured
It is important to notice that this kind afeconvolutiorof ~ for the clean and hydrogenated surfaces, in order to reduce
the spectrum helps one gain useful insights into the nature d¢he effects of a strong elastic peak and to enhance the signal
the various transitions. As we have pointed out, $aBcon- due to the reconstruction. The spectra of the clean and hy-
tribution starts at some determined energy4( eV), as this drogenated surfaces were obtained from an average over the
gap is related to the conduction-band and surface states I&BZ. In the difference spectrum a minimum gap of about 1
cated around, . This part of the spectrum gives then unam-€V was observed and identified with the effective gap be-
biguous information on the position of the Fermi level with tween surface states at the paintThe energy resolution of
respect to the bulk band structure, and therefore the energy i€ System is estimated at 0.63 eV, from the width of the
which the filled surface states are. Notice that one importanglastic peak remnant. Since the energy resolution is not op-
advantage of this optical spectroscopy is the high precisioimal in this experiment, it is difficult to make a direct com-
in measuring the energy at which the electronic transitionarison with theoretical calculations and qthe_r experiments.
occur. The present results could be important for a futurdioreover, the energy loss measured by this kind of spectros-
comparison with reflectance anisotropy measurements in ofOPY is generally smaller than the energy difference between
der to better determine the electronic structure associate@fcupied and unoccupied states of the system in its ground
with this particular reconstruction of the surface. We hopestate. Therefore it is possible that the observed broad feature

energy loss (eV)

this motivates additional experiments. at 2.1 eV is related to th8-Stransitions integrated over the
SBZ, and expected to have an enhanced joint DOS: @t
2. EELS eV. The overall resulting feature would perhaps be a combi-

The calculated scattering probability of an EELS experi-nation of excitonic downshift and the high-energy o}/
suppression factor. It is clear, however, that a better-

ment, using Eq(4), is shown in Fig. 6. The primary ener ; ) . )
of the elect?onqbeam was taken egual to 80 2\/ wit}% a no?r); Iesolutlon and more detailed EELS study on this system will
¥ e highly desirable. We will be glad to provide details of our

incidence geometry. The spectrum corresponding to an elec- ! ) : ;
tron beam polarized along the chaolid line) is very dif- electronlc structyre and surface dielectric function results to
ferent at low energiefless than 1 eYthan the results for a interested experimental groups.

polarization perpendicular to the chaifdotted ling. The
intensity of thex-polarized reflected beam is a few thousand
times larger that the beam for-direction polarization. At We have investigated the optical response of thELD-2
higher energies, from about 4 eV onwards, the two spectra 1 surface based on asp’s* parametrized tight-binding

IV. CONCLUSIONS
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approach. The dielectric function of the surface region wastructure, and therefore the structural and electronic level
calculated and a large anisotropy was found. This anisotropteconstruction, of this important surface.

of the optical response is a direct consequence of the surface
reconstruction. The dielectric response of the surface was
analyzed in terms of th8-S S-B B-B, andB-Stransitions, We are thankful to D. A. Drabold, R. Del Sole, and R. G.

and important features corresponding to each type of transparrera for their valuable comments, and to R. Del Sole and

: ; D. R. Alfonso for providing the computer code and coordi-
tion were found. The reflectance amsotropy and ele_ctron en- tes for the relaxed diamorid11)-2x 1 surface, respec-
ergy loss spectra were calculated in order to provide d'recﬁvely. This work has been supported in part by the Depart-
comparison with experiments. We can conclude that thesgent of Energy Grant No. DE-FG02-91ER45334. C.N. is
optical spectroscopies, combined with theoretical studiespartly supported by the National University of Mexico

can help one elucidate the controversial surface electroniGrants No. DGAPA-IN-102493 and No. PADEP-003309.
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