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Polarizable bond model for optical spectra of Si„100… reconstructed surfaces
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~Received 8 May 2000; revised manuscript received 14 September 2000; published 28 February 2001!

We calculate the linear and nonlinear optical spectra of clean Si(100)231 reconstructed surfaces based on
the polarizable bond model. The crystal is treated as an array of pointlike polarizable dipoles in which a dipole
replaces each Si-Si bond. The model incorporates the reconstruction of the surface through the local field
effect. As a function of the dimer buckling of the 231 reconstruction, we calculate the reflectance anisotropy
~linear response!, and the second-harmonic generation~nonlinear response!. We find that a surface with a
dimer buckling of 0.6 Å qualitatively reproduces the linear and nonlinear experimental spectra. A number of
physical processes, such as charge transfer in the dimer, are explored within this model and compared with
experimental results.
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In recent years optical spectroscopic probes have bee
increasing interest in the study of surfaces and interfa
They do not require ultrahigh vacuum~UHV! environments
and are noninvasive, nondestructive, and have wide spe
coverage. Reflectance anisotropy spectroscopy~RAS! is one
of the linear optical techniques that is used to characte
structural and electronic properties of semiconduc
surfaces.1 For cubic crystals the bulk optical response is is
tropic, so that anisotropies induced by structural change
the crystal surface can be observed by RAS.1 On the other
hand, second-harmonic generation~SHG! is a sensitive non-
linear optical technique that has been successfully applie
study the surface of centrosymmetric media.2 SHG arises
because the surface and the bulk have different struct
symmetry. For materials with inversion symmetry SHG
forbidden~within the dipole approximation! in the bulk, but
is allowed at the surface where the inversion symmetry
broken. These two experimental techniques, RAS~Refs.
3–5! and SHG,~Refs. 6–10! have been applied extensive
to clean and adsorbate covered Si~100! surfaces, where the
atomic structure is formed by asymmetric buckled surfa
dimers.11 If the dimers are oriented in the@011̄# direction,
the surface is reconstructed as a 231 surface. On the othe
hand, if the orientation of the buckling angles alternates
the direction perpendicular to the rows, ac(432) recon-
struction is obtained.

Several phenomenological and microscopic theoret
methods have attempted to explain the observed RAS
SHG experimental spectra of surfaces and interfaces.
phenomenological RAS models range from the three la
model of McIntyre and Aspnes,12 the polarizable bond mod
els of Mochán and Barrera,13 Mendoza and Mocha´n,14

Hogan and Patterson,15 Wijers et al.16 to the more recen
microscopic formulations of Mendozaet al.,17 Palummo
et al.,18 and Rohlfing and Louie.19 For surface SHG, the phe
nomenological polarizable bond model is given in Refs.
and 20 and the microscopic formulations are developed
Refs. 21–23. The polarizable bond models have the ad
tage of having a simple interpretation, and have been s
cessfully applied to Si surfaces.13–15,20 For instance, the
model of Ref. 14 supports the conclusion of Daumet al.7
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that the bulkE1 transition of Si yields a SHG resonance
the clean or oxide covered Si~100! surface due to the vertica
strain induced by surface reconstruction. In Ref. 14, the
tical spectra were calculated for the unreconstructed sur
where the effect of reconstruction was incorporated by
strain induced through a vertical displacement of the fi
atomic plane. However, the model was not compared w
RAS since no experimental data were available.

In this paper, we relax the simple approximation of ver
cal displacement for inducing the strain, and we apply
polarizable bond model to calculate RAS and SHG spectr
Si~100! for fully relaxed~i.e., reconstructed! surfaces. Within
this model the semiconductor crystal is viewed, as an ar
of pointlike polarizable dipoles with a dipole located at t
center of each Si-Si bond since the maximum distribution
charge is located there~see Fig. 1!. However, for the bond
corresponding to the dimer, the actual position of the dip
may be off centered due to the charge transfer to the up
atom that takes place as the surface reconstructs.11

The theoretical development for the linear and the non
ear response of the polarizable bond model is describe
Ref. 14, where the reader is referred for details. However,
following point is discussed here in some detail. The mic
scopic linear and nonlinear susceptibility tensors of ea

FIG. 1. The 231 reconstructed surface of clean Si~100!. The
arrows represent the pointlike dipoles that replace each Si–Si b
where the dimer has a thicker line. The bond-plane enumeratio
also shown.
©2001 The American Physical Society03-1
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bond are written in terms of the linear polarizability th
depends on position through its particular bond orientat
and its surface or bulk location. We consider each dipole
be represented by a cylindrical anisotropic centrosymme
harmonic oscillator, whose polarizabilityaJ is expressed in
terms of the principal polarizabilitiesa i and a' , where
i (') denotes parallel~perpendicular! to the bond. Near the
visible spectral region, we expect that the main contributio
to a i originate in bonding-antibonding transitions, whilea'

is due mainly to transitions involving atomic states with d
ferent symmetry. We assume that the latter has larger r
nant frequencies than the former, and we approximatea' by
a Lorentzian function centered at some relatively high f
quencyv' with weight related tovp and damping paramete
vc . Then,

a'~v!5
~ f vp!2

v'
2 2~v1 ivc!

2
, ~1!

where, for the dimer bond, we allow the factorf to be pro-
portional to the amount of charge transfer that takes plac
the upper Si of the dimers, as a consequence of sur
reconstruction.11 We takevp to have a fixed value, and the
the factor f 51 is taken for all dipoles except that of th
dimer for which f >1. To obtaina i(v), we use

PW ~B,v!5
e~v!21

4p
EW ~B,v!, ~2!

wherePW (B,v) is the total bulk dipole moment,EW (B,v) is
the electric field in the bulk, ande(v) is the bulk dielectric
function that is determined experimentally. SincePW (B,v) is
a function ofa i anda' , Eq. ~2! yields an analytical relation
between aJ and e(v), which is a generalized Clausius
Mossotti relation.14 Therefore, oncev' , vp , and vc are
chosen in Eq.~1!, we can solve Eq.~2! for a i for any given
e(v) and then we follow the method of Ref. 14 to solve t
local-field equations for the linear and nonlinear dipole m
ments, through which RAS and SHG spectra are calcula

In our calculations we used three different geometries
are characterized by their dimer buckling. The coordinate
Ref. 24 were used. A zero buckling corresponds to the
ometry with symmetric dimers. The values used for the f
quency parameters of Eq.~1! are \v'57.05 eV for both
surface ~including the dimer! and bulk dipoles, and\vp
51.68 eV. These were obtained by finding simultaneou
the best agreement with the experimental results of RAS
SHG. The value of\v' is of the order of the transition
energy between the atomic states of Si 3p23P with J50 and
3d3D0 with J51,25 in qualitative agreement with the dis
cussion preceding Eq.~1!. These parameters are also cons
tent with those used in Ref. 14. Finally we mention that
results do not depend strongly onvc as long asvc!v' ~we
take\vc50.2 eV) and that a good numerical convergen
occurs with;80 crystalline planes.

Figure 2 shows the RAS and SHG spectra of
Si(100)231 surface for three surface reconstructions w
different buckling, along with the experimental results
Refs. 4 and 5 performed on highly oriented single-dom
11330
n
o
ic

s

o-

-

to
ce

-
d.
at
of
e-
-

y
d

-
e

e

e

f
n

surfaces for RAS and Ref. 9 performed on double-dom
surfaces for SHG. All dipoles~including the dimers! are
taken to have identicalaJ (v), with f 51. For RAS we ob-
serve the following features. All theoretical spectra sh
three features above 3.5 eV that are near the experimen
determined values of 3.6, 4.3, and 5.3 eV. However, only
surface with a buckling of 0.7 Å gives the RAS featur
having correct signs at 3.9 and 4.2 eV, in qualitative agr
ment with experiment. The RAS spectrum for the surfa
with symmetric dimers shows a feature at 3.3 eV in cor
spondence with the experimental one at the same ene
However this case also shows a broad and large nega
structure at 2.4 eV not seen in the experimental curves
addition, only the RAS spectrum of the geometry with buc
ling of 0.6 Å has a feature at 1.5 eV, which qualitative
reproduces the experimental one at 1.6 eV. Similar result
1.5 and 4.3 eV are reported in Ref. 18 but the RAS spe
calculated there have several features between 1.5 and
eV that are not present in the experimental data and in
spectra.

Moving to SHG we obtained the results of Figs. 2 and
where we have shifted the theoretical curves upward by
eV to provide better correspondence between calculated
measured structures. We see from Fig. 2 that for the sur
with a buckling of 0.6 Å, theE1 resonance seen experime
tally at 3.4 eV~in the two-photon energy! is reproduced. At
4.6 eV there is another peak that corresponds to the bulkE2
Si transition. Also, for this surface there is a peak at 1.8 e

FIG. 2. ~Top panel! RAS spectra and~bottom panel! SHG spec-
tra for p-in p-out polarizations, of clean Si(100)231, for different
dimer bucklings: 0 Å ~symmetric dimers! ~dotted line!, 0.6 Å
~thin-solid line!, and 0.7 Å~dashed line!. The experimental spectra
are also shown: for RAS the thick-solid line is from Ref. 4 and t
thick-dashed line is from Ref. 5; for SHG the thick-solid line~re-
scaled on the vertical axis! is from Ref. 9. We mention that the
vertical scale for SHG is within the same order of magnitude as
microscopic calculation of Ref. 21.
3-2
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For the surface with a buckling of 0.7 Å, theE1 peak ap-
pears, but it is now blueshifted in comparison with that of t
previous surface, and theE2 peak is seen as a small should
slightly redshifted with respect to the same previous surfa
Further, the intensity of its spectrum is an order of magnitu
smaller than for 0.6 Å. For zero buckling, we find that t
E1 peak is strongly redshifted to 2.7 eV, andE2 is also
strongly blueshifted to 5 eV, which is not shown in the p
since it has a large intensity. The qualitative dependenc
the SHGE1 resonance with respect to the buckling of t
dimer is also seen in the microscopic model of Ref. 26. Th
our results may imply that if the local field is incorporate
into a microscopic calculation, one should expect the S
resonant peaks to shift. Finally we mention that neither c
reproduces the surface peak at 3 eV seen in the experim
curve. This peak is obtained in the microscopic theory
Ref. 21 and is due to electronic surface states related to
dimer.27 Since we have treated the dipole corresponding
the dimer’s bond in the same manner as~except for its ori-
entation! a bulk bond, we should not expect to have a surfa
related transition.

In principle one should be able to chose an appropr
aJ (v) for the dimer and surface bonds in order to reprodu
the surface SHG peak at 3 eV. However, we would like
keep the number of adjustable parameters to a minimum,
instead try to look into the phenomenology that the pres
model allows in simple physical terms, and see its con
quences in the RAS and SHG spectra. Therefore, in w
follows, we explore an interesting point related to the pred
tion of Chadi by which, in a tilted dimer, there is a char
transfer of ;e/3 into the upper Si atom of each buckle
dimer.11 In order to include such a charge transfer in o
model, we can adjust the following two variables:~a! f for

FIG. 3. Same as Fig. 2, for a dimer buckling of 0.6 Å. T
dotted line is for D50, whereas the thin-solid line is forD
50.25a, which gives the dimer’s dipole displaced towards the u
per Si by 0.25 of its length. Both spectra have the samef 51.9.
11330
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the dimer alone@see Eq.~1!#, since it is proportional to the
dimer electronic density, and~b! the position of the point
dipole that replaces the dimer’s bond, from its nominal ce
tered positionD50, to an off-centered positionD5” 0, since
the charge is redistributed in the same manner as its cent
We have done such an exploration for the surface wit
buckling of 0.6 Å, and have found that the best RAS a
SHG are given byf 51.9 andD50.25a towards the upper S
atom of the dimer wherea is the dimer’s bond length. Both
values are consistent with the Chadi’s prediction of cha
transfer. We show in Fig. 3 the RAS and SHG spectra
such values off andD. Comparing the spectra, we see th
D50.25a gives a much better line shape thanD50 ~whose
spectrum is larger by a factor of 2!, since the RAS feature a
1.5 eV and the SHG peakE2 at 4.5 eV are very well defined
Also, the RAS spectrum qualitatively reproduces the sm
feature seen in the experiment of Ref. 5 above 5 eV. On
other hand, if we use a negativeD, which would imply an
off-centered dipole towards the lower Si atom in the dim
we obtain RAS and SHG spectra that do not agree with
periment, thus confirming the prediction of Chadi throu
this optical model.11

To understand the origin of the structure shown in t
above spectra, we proceed as follows. The solution of
total dipole moment that represents the polarization of
system has the following structure:28,29

p~nv!;
S~nv!

12a~nv!M
;E~nv!S~nv!, ~3!

wheren51,2 refers to the linear or nonlinear solution, r
spectively. We identify the local fieldE as E(nv);@1
2a(nv)M #21 andS(v) as the linear source proportional t
the external perturbing field. On the other hand,S(2v) is the
nonlinear source proportional toE 2(v), with M representing
the dipolar interaction tensor, anda(v) representing
aJ (v).14 From Eq.~3!, p(v) could have structure only from
the local fieldE at v, sinceS(v) has no structure. In con
trast, p(2v) could have structure at 2v directly from
E(2v), and also throughS(2v), which is driven by the local
field E at v. For instance, we have checked that in Fig. 3 t
SHG peak at 2\v51.8 eV comes from the local fieldE at
2v, and that the SHGE1 peak comes from the local fieldE
at v ~through the nonlinear source!, just as the RAS feature
at 1.5 eV also comes from the local fieldE at v.30

Within this model, we also find that the dominant inte
action of the dimer with the subsurface bonds comes fr
the ones corresponding to the third through the fifth bo
layers ~see Fig. 1!. Indeed, we have checked that if the i
teraction of the dimer with any of these layers is artificia
set to zero, the 1.5 eV feature in RAS and theE1 peak in
SHG disappear. These results show clearly how RAS
SHG are sensitive to the surface and subsurface region.31

Finally, to compare with other reconstructions, we ha
calculated RAS and SHG for ac(432) surface reconstruc
tion and for an ideally terminated~100! surface. We find that
the RAS spectrum of thec(432) does not reproduce th
experimental results as good as the 231 reconstruction does
for a surface with a buckling of 0.6 Å. However, for SH

-
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BRIEF REPORTS PHYSICAL REVIEW B 63 113303
we find E1 (E2) with larger ~smaller! intensity than the
231 case, and also the surface experimental peak at 3
is not present. For the ideally terminated~100! surface
we find a finite RAS spectrum. On the other hand, the S
spectrum has noE1 peak, thus confirming the stateme
that the surface reconstruction gives rise to the obser
nonlinear spectra.

In summary, we have applied the model of polariza
bonds to study the surface RAS and SHG optical spectr
clean Si(100)231. We find that both RAS and SHG ar
sensitive to the buckling of the dimer and that, a surface w
dimer buckling of 0.6 Å qualitatively reproduces most
the experimental features reported in the literature.
changing parameters of the model, we conclude that
structures in RAS and SHG are produced by the atomic
construction of the surface through the local field induced
s
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the surface and subsurface region. We calculated also
spectra for ac(432) surface reconstruction and found tha
although it produces a SHGE1 resonance, its agreement wit
RAS is not as good as that of the 231 reconstruction. This
might suggest a combination of both reconstructions in
experimental sample. The surface sensitivity shown by
model is such that, as a further extension of this paper,
can refine the dimer geometry by varying structural para
eters and by choosing a few frequencies, likeE1 andE2, at
which to fit the spectral features of RAS and SHG. Howev
this is beyond the scope of this paper. In order to mak
direct comparison with such theoretical results, the sa
sample should be studied in RAS and SHG spectrosco
experiments.
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