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Ab initio study of linear and nonlinear optical responses of Si„111… surfaces
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The linear and nonlinear optical susceptibilities of unreconstructed and reconstructed (231) Si~111! clean
and hydrogen covered surfaces were studied by application of anab initio approach, namely the self-consistent
full potential linearized augmented plane-wave method within the local-density approximation. The compo-
nents of the susceptibility tensor for the clean surfaces calculated as a function of the incident photon energy
reveal prominent features in the energy range below 2 eV which are attributed to optical resonances associated
with surface states. The calculated data are consistent with previous experimental and theoretical works. Anab
initio technique was used to derive the second harmonic response as a function of the polarization angle of the
incident light. The polarization angle dependence of the calculated second harmonic intensity of (231)
Si~111! agrees well with experimental data which could now be interpreted.
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I. INTRODUCTION

Optical spectroscopies such as surface differential refl
tance, reflectance anisotropy spectroscopy, and optical
ond harmonic generation~SHG! are of importance as sens
tive probes for the electronic structure of a surface.1 Among
these techniques, SHG has particularly attractive feature
is highly sensitive to the symmetry of surface structures,
it results in spectra of surface electronic levels which dep
on the transition energy. Experimental studies on surf
SHG spectra were so performed for metals2–4 and
semiconductors.5–7 Furthermore, Mizutani and Sano me
sured SHG responses of TiO2 surfaces,8,9 gold thin-film sur-
faces and interfaces,10,11 and Ge/oxide interfaces.12 The in-
terpretation, however, of the observed SHG resonant pe
is—without any further knowledge—rather difficult. Ther
fore reliableab initio data are needed in order to understa
the results of measured SHG.

The intensity of the SHG response of matter is descri
by the second order nonlinear optical susceptibility ten
x (2). Calculations of components ofx (2) were performed for
bulk systems13–15 as well as for surfaces,16–20 in particular
for various surfaces of Si.

Calculations of polarization angle dependence of surf
sensitive SHG response are the main task of our study
indicated by experiments of T. F. Heinzet al., the polariza-
tion angle dependence shows symmetry properties of the
face atomic and electronic structure,21 and it is also sensitive
to the phases of the nonlinear optical susceptibility com
nents. For a comprehensive interpretation of all these asp
of the measured polarization angle dependence of the S
intensity, a phenomenological approach is not sufficient,
therefore an accurate calculation based on microsc
theory of the SHG response is required.

In the present study, we show calculated data of nonlin
0163-1829/2002/66~19!/195338~6!/$20.00 66 1953
c-
c-

it
d
d
e

ks

d

d
r

e
s

ur-

-
cts
G
d
ic

ar

susceptibilities of a (231) reconstructed Si~111! surface by
using the self-consistent full potential linearized augmen
plane-wave~FLAPW! method,22,23which is considered to be
one of the most precise all-electronab initio approaches
available. For this surface we also derived the polarizat
angle dependence of the SHG response. Linear and nonli
susceptibility components of other Si~111! surfaces, i.e., the
unreconstructed case as well as a hydrogen covered su
were also derived. Our calculated results are consistent
former theoretical studies18,19,24–26as well as experimenta
data.21,27–29In particular our calculated SHG response of t
(231) Si~111! surface agrees well with the experiment
result of the SHG light intensity as a function of the pola
ization angle of the incident light.21

II. COMPUTATIONAL ASPECTS

A. Electronic structure

For modeling the surfaces we applied a repeated slab
struction. The slabs contained 14 Si atomic layers for
unreconstructed and reconstructed (231) Si~111! surfaces,
and 14 Si atomic layers plus 1 atomic layer of H on each s
boundary for (131) H/Si~111!. For the reconstructed (2
31) surface, we adopted the geometrical structure of
p-bonded chain model, which has a buckling of 0.38 Å
the outer chain.30 For H/Si~111! the atomic relaxations were
determined by minimization of atomic forces.

The calculations of the ground state and the optical pr
erties were made by application of the FLAPW meth
within the local-density approximation~LDA ! of Hedin and
Lundqvist.31,32 The number of basis functions was restrict
by momentum cutoffs of 4.0 a.u.21 for the (131) surfaces,
and 3.85 a.u.21 for the (231) surface. Density, potential
and basis functions inside the atomic spheres were expa
into spherical harmonics up tol max58. For the (131) and
©2002 The American Physical Society38-1
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the (231) surfaces regular meshes of 60 and 66 speciak
points in the irreducible part of the two-dimensional surfa
Brillouin zone excludingz reflection ~SBZ! were chosen,
generated by 1731731 and 1131131 Monkhorst-Pack
parameters,33 respectively. Reciprocal-space integration w
performed with the Gaussian smearing technique applyin
width of 0.1 eV.

B. Optical susceptibility

The polarizationP induced by the incident electric fieldE
is given as a power series in the field by

P5x (1)E1x (2)EE, ~1!

where x (1) and x (2) are linear and second-order nonline
optical susceptibilities, respectively. In the present study,x (2)

was calculated referring to the formalism of Refs. 16 and
The imaginary part of the surface nonlinear susceptibility
defined by

Im@xs,i jk
(2) ~v!#

5
2p

V S e

mv D 3

(
kPSBZ

S (
sPV

(
r PC

(
nPC

„@ p̃sn
i $pnr

j ,prs
k %/~Ens
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1@ p̃nr
i $prs

k ,psn
j %/~Ens1Ers!#d~Ers2\v!…

2 (
sPV

(
l PV

(
nPC

„@ p̃ln
i $psl

j ,pns
k %/~Enl22Ens!#

3@d~Ens2\v!22d~Enl22\v!#

1@ p̃sl
i $pns

k ,pln
j %/~Ens1Enl!#d~Ens2\v!…D , ~2!

where the braces indicate a symmetrization of the com
nentsj andk, V is the volume of the slab in the unit cell,e
andm are the electronic charge and mass, andv denotes the
frequency of the incident photon. The notationss, r, n, andl
indicate electronic states of the valence~V! or conduction~C!
bands.Ens denotes the direct energy gap between the
electron energy levelsn and s. The symbolpnr

j (k) denotes
the matrix element of the momentum operatorp defined by
pnr

j 52 i\^Cn(k)u¹j uC r(k)&. The symbolp̃nr
i marks the ma-

trix element of the modified momentum operator for t
emission of SHG radiation defined byp̃51/2@S(z)p
1pS(z)#, where S~z! is a function which decays inside th
slab: it is unity at the top layer of the slab and zero at
bottom layer. By introducing the modified momentum ope
tor into the calculation one can avoid destructive interfere
of the SHG polarizations possibly induced by the two s
faces of the finite slab, and thus the SHG response of just
surface is obtained selectively.16,17 We applied the continu-
ous functionS(z),
19533
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S~z!

5H cos2S p~z2d!

2~L2d! D for d,z<L ~vacuum region!

sin2S pz

2dD for 0<z<d ~ inside slab!,

~3!

whered andL are the thickness of the slab and length of t
unit cell, respectively. Thereforez5d and 0 indicate thez
positions of the top and bottom layers of the slab, resp
tively. In order to simplify the calculation, we assume th
the value ofS(z) inside each atomic sphere is a consta
valueS(zi), wherezi is thez position of the center of thei th
sphere. The functionS(z) not only picks up the surface con
tribution but also breaks a possible inversion symmetry
the bulk response, so that some bulk originated contribu
to the SHG intensity might also occur. Since this side eff
becomes weaker as the thickness of the slab increase
sufficiently thick slab has to be used in the calculation
quiring demanding calculations. For slab thicknesses pra
cable for theab initio approach we cannot fully exclude suc
an effect.

The imaginary part of the linear optical susceptibility w
derived from the expression

Im@x i j
(1)~v!#52 i

2p

V S e\

m D 2

(
kPSBZ

(
gPV

(
n

3
1

Eng
2 @pgn

j png
i d~\v1Eng!

2pgn
i png

j d~\v2Eng!#. ~4!

In order to obtain the real part of the linear optical susce
bility, the Kramers-Kronig transformation was used. The o
tical response was calculated within the electric dipole
proximation, and excitonic and local-field effects are n
considered in the present calculation.

Since the unreconstructed Si~111! surface has a metallic
character, intraband transitions within the surface states m
also contribute to its optical properties. However, these
traband transitions are not taken into account in our calc
tion, because the resulting Drude tail appearing in the v
low-energy region in the optical spectrum is not importa
for our present concern.

III. RESULTS AND DISCUSSION

A. Linear optical properties

Figure 1 shows the calculated linear optical susceptibi
for all the three studied surfaces, for unreconstructed Si~111!,
(131) H/Si~111!, and reconstructed (231) Si~111! as a
function of the photon energy. The curves represent the
erages of the three susceptibility componentsxxx

(1) , xyy
(1) , and

xzz
(1) , and they contain both bulk and surface contributio

The coordinate axesx, y, andz represent the@21̄1̄#, @011̄#,
and @111# directions, respectively. The measuredx (1) of Si
8-2
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bulk27 is also shown as gray curves, in order to confirm
validity of our calculation through the bulk contribution o
the calculatedx (1). The prominent structures in the energ
range from 3 to 5 eV are due to the bulk optical transitions
the gapsE1 ~3.4 eV! and E2 ~4.3 eV!. As can be seen the
calculated susceptibilities roughly reproduce these structu
though there are some small discrepancies. Despite the
tation of Kohn-Sham theory to ground-state properties,
band topology of valence and conduction bands are for m
cases rather well represented by standard density-functi
theory~DFT! calculations. Band gaps, however, are typica
smaller than experimental data. As is well known, DFT—
usually applied—describes the ground state only, but b
gaps are derived from excitational properties. The DFT ba
gap problem is the main reason for the discrepancies
tween measured and calculated optical properties in Fig

A small but sharp optical-absorption peak is seen at\v
50.5 eV in Im(x (1)) for the (231) reconstructed surface
According to the analysis of our calculated data this opti
absorption has a strong anisotropy in the surface plane
cause Im(xyy

(1)) is much larger than Im(xxx
(1)) at this energy.

Our calculated data agree well with the experimental a
calculated results reported in Refs. 24–26, 28, and 29.

Data of a tight-binding calculation25,26 indicate that the
optical absorption at\v50.5 eV for (231) Si~111! is due
to optical transitions between occupied and unoccupied
face states. Ourab initio results support this interpretation
because we have also found surface states with an en
gap of'0.5 eV formed along directionJK of the electronic
band structure in Fig. 2~c!. In Fig. 2 for the unreconstructe
surface, small structures are seen in the range of\v from 0.5

FIG. 1. Calculated linear optical susceptibilityx (1) as a function
of the photon energy: unreconstructed Si~111! ~solid lines!, (1
31) H/ Si~111! ~dashed lines!, and reconstructed (231) Si~111!
~dotted lines!. Gray lines: experimental bulk data of Ref. 27.
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to 2 eV. It is suggested to ascribe these structures to op
transitions of surface states due to the dangling bonds,
cause these states arise close to the Fermi level as show
Fig. 2~a!. Furthermore, transitions between this occup
~unoccupied! surface state and the corresponding unoccup
~occupied! bulk state are allowed. In the case of H/Si~111!,
no surface state in the band gap is created according to
2~b! and no distinct structure is seen inx (1) below 2 eV.

Summarizing the results for the linear optical properti
we conclude that correct surface states and reasonable l
optical properties of the studied Si~111! surfaces were ob-
tained by the appliedab initio method. This check of reli-
ability is important for the calculation of nonlinear optic
properties.

B. Nonlinear optical properties

Calculated nonlinear optical susceptibility tensor comp
nents for the (131) Si~111! and H/Si~111! surfaces as a
function of incident photon energy are presented by Fig. 334

Components not shown are zero due to the selection rule

FIG. 2. Surface electronic band structures of~a! unreconstructed
Si~111!, ~b! (131) H/Si~111!, and ~c! reconstructed (231)
Si~111!.
8-3
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the C3v symmetry of the (131) surfaces.35 The most re-
markable feature of the calculatedx (2) for the unrecon-
structed surface is the occurrence of large peaks in the ra
of 0.5,\v,1.5 eV which are not seen for H/Si~111!. Re-
ferring to the calculated band structures shown in Fig. 2,
can say that the peaks below 2.0 eV in Fig. 3 result fr
resonant optical transitions associated with the surface s
of the unreconstructed surface.

In Fig. 3, peaks near 2\v54.5 eV are observed for bot
(131) surfaces. Since the intensity of these peaks is ins
sitive to the surface condition~i.e., clean or covered by H!,
these peaks are presumably due to the optical transition
tween bulk electronic states, namely a two photon transi
in resonance with the bulkE2 gap of 4.3 eV. However,
within the dipole approximation SHG is forbidden in bulk
because of its centrosymmetric crystal structure. The m
likely explanation of this bulk resonance effect is the sy
metry breaking of bulk states due to the presence of a
face. Another possible explanation could be a side effec
the S(z) function described in the previous section. Sin
S(z) breaks the inversion symmetry of the slab, the SH
signal from the central part of the slab~bulk region! may also
be generated. At present, these two symmetry breaking
fects are difficult to separate.

Gavrilenko et al. calculated the nonlinear susceptibili
componentxzzz

(2) of the unreconstructed Si~111! and H/Si~111!
surfaces by applying a semiempirical tight-bindin
method.18,19 According to their data a surface SHG peak
2\v'1.5 eV arises for the clean surface, and the bulkl

FIG. 3. Calculated nonlinear optical susceptibility tensor co
ponents x i jk

(2) , (i jk 5xxx,xyy,yxy,xxz,yyz,zxx,zyy,zzz) as a
function of the incident photon energy: unreconstruc
Si~111!~solid lines! and (131) H/Si~111! surface~dashed lines!.
The unit of the vertical axis is Rydberg atomic units~Ref. 34!.
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SHG peaks at 2\v'4 eV occur for both (131) cases. Our
ab initio results agree qualitatively with these findings.

Figure 4 shows the incident photon energy dependenc
xxxx

(2) , xxyy
(2) , andxyxy

(2) of the ~231) Si~111! surface.34 These
components describe the nonlinear optical response with
incident and output electric field parallel to the surfac
Peaks and shoulders ofux (2)u are seen at\v'0.25 and 0.5
eV. These structures result from two-photon and one-pho
resonances with surface states forming the energy gap sh
in Fig. 2~c!.

C. Polarization angle dependence of surface SHG

Heinzet al.21 measured the SHG light intensity for (231!
Si~111! as a function of the polarization angle of the no
mally incident pump beam having a photon energy of 1
eV. Their results are shown in Fig. 5~a!, namely I x and I y

corresponding to the SHG signal polarized along the@21̄1̄#

and @011̄# directions, respectively, andI total being the total
SHG signal. Under their experimental conditions, only t
three componentsxxxx

(2) , xxyy
(2) , and xyxy

(2) are different from
zero. The measured signals are defined by

I total5I x1I y , ~5!

I x5AH uxxxx
(2) u2cos4Q1uxxyy

(2) u2sin4Q

1
1

2
Re@xxxx

(2)* xxyy
(2) #sin22QJ , ~6!

I y5Auxyxy
(2) u2sin22Q, ~7!

-

FIG. 4. Calculated nonlinear optical susceptibility tensor co
ponentsx i jk

(2) , (i jk 5xxx, xyy, yxy) as a function of the inciden
photon energy for (231) Si~111!. The unit of the vertical axis is
Rydberg atomic units~Ref. 34!.
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whereQ is the polarization angle of the incident light wit
respect to thex direction, andA is a coefficient including
Fresnel factors for incident and output fields. Heinzet al.
carried out a least-square fit of the calculated values of
~5! to the measured patterns in Fig. 5~a!, and obtained the
ratio of the three susceptibility component
uxxxx

(2) u:uxxyy
(2) u:uxyxy

(2) u51:0.75:0.73. By substituting our calcu
lated complex susceptibility components into Eqs.~5!–~7!,
we obtained the SHG light intensity as a function of t

*Electronic address: h-sano@jaist. ac. jp
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2L.E. Urbach, K.L. Percival, J.M. Hicks, E.W. Plummer, and H.-

Dai, Phys. Rev. B45, 3769~1992!.
3R.A. Bradley, R. Georgiadis, S.D. Kevan, and G.L. Richmond

Chem. Phys.99, 5535~1993!.
4J. Woll, G. Meister, U. Barjenbruch, and A. Goldmann, App

Phys. A: Mater. Sci. Process.60, 173 ~1995!.

FIG. 5. SHG light intensity of reconstructed (231) Si~111! as a
function of the polarization angle of the incident light:~a! experi-
mental data of Ref. 21,~b!–~f! calculated patterns for several inc

dent photon energies.I x ,I y : SHG signal polarized along@21̄1̄#,

@011̄#, respectively. Total experimental intensityI total5I x1I y .
Note the agreement of the calculated patterns for\v51.01 eV with
the experimental data.
19533
q.

polarization angle as shown in Figs. 5~b!–~f!. These curves
indicate that the calculated patterns, i.e., the anisotropy of
SHG response in the surface plane, depend drastically on
incident photon energy. In the energy range from 0.15 to
eV the calculated pattern agrees well with the measured
only at \v51.01 eV according to Fig. 5~c!. At this energy
the ratio of the calculated susceptibility components
1 : 0.66 : 0.87 which is in reasonable agreement to the m
sured ratio. Since the incident photon energy of 1.01 eV
our Fig. 5~c! is close to the experimental value of 1.17 e
we argue that our calculation reproduces the measured S
response of (231) Si~111! very well. The difference of 0.16
eV of the two photon energies is probably due to the fun
mental error of applying ground-state DFT as already d
cussed.

According to Eqs.~5!–~7! the phase of the complex non
linear susceptibility components could affect the shapes
the polarization angle pattern considerably. Thus the ag
ment between the calculated and measured polarization a
patterns indicates the correctness of the phase of our ca
lated complex susceptibility tensor components.

IV. CONCLUSION

By theab initio FLAPW method we calculated linear an
nonlinear optical susceptibilities of unreconstructed Si~111!,
reconstructed (231)Si(111), and (131) hydrogen covered
Si~111! surfaces. Our results for the linear optical respon
reproduce the measured bulk optical properties27 and the sur-
face optical absorption of the reconstructed surface.24–26,28,29

The calculated nonlinear optical susceptibility of the un
constructed Si~111! and H/Si~111! surfaces are consisten
with previously reported semiempirical theoretic
studies.18,19A polarization angle dependence of the SHG
tensity was calculated by anab initio approach, namely for
the reconstructed (231) Si~111! surface, the results being i
good agreement with experiment.21 From the quality of our
calculated data we conclude that both amplitude and phas
the complex nonlinear optical susceptibility for the Si~111!
surface can be correctly described by anab initio approach.
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