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Ab initio study of linear and nonlinear optical responses of $111) surfaces
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The linear and nonlinear optical susceptibilities of unreconstructed and reconstrustéd &(111) clean
and hydrogen covered surfaces were studied by application aib amitio 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 wairks. An
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 Df (2
Si(111) agrees well with experimental data which could now be interpreted.
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[. INTRODUCTION susceptibilities of a (X1) reconstructed $i11) surface by
using the self-consistent full potential linearized augmented

Optical spectroscopies such as surface differential reflegplane-wave(FLAPW) method?*?*which is considered to be
tance, reflectance anisotropy spectroscopy, and optical segne of the most precise all-electrab initio approaches
ond harmonic generatiofSHG) are of importance as sensi- available. For this surface we also derived the polarization
tive probes for the electronic structure of a surfagenong ~ angle dependence of the SHG response. Linear and nonlinear
these techniques, SHG has particularly attractive features: fsceptibility components of other($11) surfaces, i.e., the
is highly sensitive to the symmetry of surface structures, anginreconstructed case as well as a hydrogen covered surface
it results in spectra of surface electronic levels which dependVere also derived. Our_call%uzlia_t?ed results are consistent with
on the transition energy. Experimental studies on Surfacg)rmzelrzgﬁggoretlcall studie$'®?*"*°as well as experimental
SHG spectra were so performed for metafs and data®™ In particular our calculated SHG response of the
semiconductors:’ Furthermore, Mizutani and Sano mea- (2X1) Si111) surface agrees well with the experimental
sured SHG responses of TiGurface$:® gold thin-film sur- _resglt of the SHG Ilght_lntens_lty as a function of the polar-
faces and interfacé&™ and Ge/oxide interfacé€.The in-  ization angle of the incident ligtf:
terpretation, however, of the observed SHG resonant peaks
is—without any further knowledge—rather difficult. There- Il. COMPUTATIONAL ASPECTS
fore reliableab initio data are needed in order to understand
the results of measured SHG.

The intensity of the SHG response of matter is described For modeling the surfaces we applied a repeated slab con-
by the second order nonlinear optical susceptibility tensostruction. The slabs contained 14 Si atomic layers for the
x®). Calculations of components gf?) were performed for unreconstructed and reconstructedx(®) Si(111) surfaces,
bulk system&~'°as well as for surface$?%in particular ~and 14 Si atomic layers plus 1 atomic layer of H on each slab
for various surfaces of Si. boundary for (2xX1) H/Si(111). For the reconstructed (2

Calculations of polarization angle dependence of surface<1) surface, we adopted the geometrical structure of the
sensitive SHG response are the main task of our study. As-bonded chain model, which has a buckling of 0.38 A in
indicated by experiments of T. F. Hei al, the polariza- the outer chain® For H/Si(111) the atomic relaxations were
tion angle dependence shows symmetry properties of the sudletermined by minimization of atomic forces.
face atomic and electronic structuffeand it is also sensitive The calculations of the ground state and the optical prop-
to the phases of the nonlinear optical susceptibility compoerties were made by application of the FLAPW method
nents. For a comprehensive interpretation of all these aspectgthin the local-density approximatiof DA) of Hedin and
of the measured polarization angle dependence of the SHGundqvist*:* The number of basis functions was restricted
intensity, a phenomenological approach is not sufficient, anthy momentum cutoffs of 4.0 a.ut for the (1x 1) surfaces,
therefore an accurate calculation based on microscopiand 3.85 a.u.l for the (2x1) surface. Density, potential,
theory of the SHG response is required. and basis functions inside the atomic spheres were expanded

In the present study, we show calculated data of nonlineainto spherical harmonics up 1,,,=38. For the (X 1) and

A. Electronic structure
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the (2x 1) surfaces regular meshes of 60 and 66 spdcial S(z)
points in the irreducible part of the two-dimensional surface _d
Brillouin zone excludingz reflection (SBZ) were chosen, 0052<7T(Z_)> for d<z<L (vacuum region
generated by 1717x1 and 11X 11x1 Monkhorst-Pack 2(L—d)
parameters? respectively. Reciprocal-space integration was - o
performed with the Gaussian smearing technique applying a Siﬁ(ﬁ) for O<z=d (inside slab,
width of 0.1 eV.

3

B. Optical susceptibility whered andL are the thickness of the slab and length of the
unit cell, respectively. Therefore=d and 0 indicate the
positions of the top and bottom layers of the slab, respec-
tively. In order to simplify the calculation, we assume that
the value ofS(z) inside each atomic sphere is a constant
P=xME+ xEE, (1) valueS(z), wherez is thez position of the center of thigh
sphere. The functio®(z) not only picks up the surface con-

where Y™ and x® are linear and second-order nonlinear tribution but also breaks a possible inversion symmetry of
optical susceptibilities, respectively. In the present styéf),  the bulk response, so that some bulk originated contribution
was calculated referring to the formalism of Refs. 16 and 17to the SHG intensity might also occur. Since this side effect
The imaginary part of the surface nonlinear susceptibility isoecomes weaker as the thickness of the slab increases, a
defined by sufficiently thick slab has to be used in the calculation re-
quiring demanding calculations. For slab thicknesses practi-
cable for theab initio approach we cannot fully exclude such
an effect.

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

The polarizatiorP induced by the incident electric fieH
is given as a power series in the field by
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X[0(Ens—iw)—26(En—2fiw)] In order to obtain the real part of the linear optical suscepti-
' _ bility, the Kramers-Kronig transformation was used. The op-
+[Blsl{plr(15'pfn}/(Ens+ En)18(Ens—fiw)) |, 2) tical response was calculated within the electric dipole ap-

proximation, and excitonic and local-field effects are not
considered in the present calculation.
where the braces indicate a symmetrization of the compo- Since the unreconstructed(811) surface has a metallic
nentsj andk, € is the volume of the slab in the unit cef, character, intraband transitions within the surface states must
andm are the electronic charge and mass, andenotes the also contribute to its optical properties. However, these in-
frequency of the incident photon. The notatians, n, andl traband transitions are not taken into account in our calcula-
indicate electronic states of the valeridg or conductionC)  tion, because the resulting Drude tail appearing in the very
bands.E,s denotes the direct energy gap between the onéw-energy region in the optical spectrum is not important
electron energy levela ands. The symbolp! (k) denotes for our present concern.
the matrix element of the momentum opergtodefined by

pl=—iA(W(K)|V;| ¥, (k). The symbopy,, marks the ma- Ill. RESULTS AND DISCUSSION
trix element of the modified momentum operator for the

emission of SHG radiation defined bp=1/2S(z)p
+pS(z)], where $2) is a function which decays inside the
slab: it is unity at the top layer of the slab and zero at th . :
bottom layer. By introducing the modified momentum opera-(1><1_) H/Si(111), and reconstructed (21) Si11)) as a

tor into the calculation one can avoid destructive interferencdUNction of the photon energy. The curves repre(slt)::nt the av-
of the SHG polarizations possibly induced by the two sur-129€s of the three susceptibility componexfs, x{y , and
faces of the finite slab, and thus the SHG response of just onesy» and they contain both bulk and surface contributions.
surface is obtained selectivelyl” We applied the continu- The coordinate axes y, andz represent th¢211], [011],

ous functionS(z), and[111] directions, respectively. The measurgd) of Si

A. Linear optical properties

Figure 1 shows the calculated linear optical susceptibility
efor all the three studied surfaces, for unreconstructétilg),
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FIG. 1. Calculated linear optical susceptibiligy*) as a function (C)5 : BEE H
of the photon energy: unreconstructed13l) (solid lines, (1 T H l ! I i
X 1) H/ Si(111) (dashed lines and reconstructed (21) Si(111) — ] l l ! . "
(dotted lines. Gray lines: experimental bulk data of Ref. 27. E T ! 1 ! ! t
> 0 Jreies . = :
bulk?®” is also shown as gray curves, in order to confirm the 2 It i 1 surface state
validity of our calculation through the bulk contribution of W i I | i { L
the calculatedy). The prominent structures in the energy 381 l ! H ! l
range from 3 to 5 eV are due to the bulk optical transitions of i . ' DU B I I ’ Y
the gapsE; (3.4 eV) andE, (4.3 eV). As can be seen the -5—a2 = i1 i %

calculated susceptibilities roughly reproduce these structures,

though there are some small discrepancies. Despite the limi- FiG. 2. Surface electronic band structuresa@funreconstructed
tation of Kohn-Sham theory to ground-state properties, thej111), (b) (1x1) H/Si111), and (c) reconstructed (1)
band topology of valence and conduction bands are for mosgj(111).

cases rather well represented by standard density-functional

theory(DFT) calculations. Band gaps, however, are typicallyis 2 ey It is suggested to ascribe these structures to optical
smaller than experimental data. As is well known, DFT—asyansitions of surface states due to the dangling bonds, be-
usually applied—describes the ground state only, but band,yse these states arise close to the Fermi level as shown in
gaps are derived from excitational properties. The DFT bandrig  2(a). Furthermore, transitions between this occupied
gap problem is the main reason for the discrepancies bgynoccupiedisurface state and the corresponding unoccupied
tween measured and callculated optl_cal properties in Fig. 1(occupied bulk state are allowed. In the case of HASil),

A small but sharp optical-absorption peak is seef@t g syrface state in the band gap is created according to Fig.
=0.5 eV in Im(yY) for the (2x<1) reconstructed surface. 2(b) and no distinct structure is seen ) below 2 eV.
Accordi_ng to the analysis of our calc_ulated data this optical Summarizing the results for the linear optical properties,
absorption has a strong anisotropy in the surface plane bgge conclude that correct surface states and reasonable linear
cause Img{y) is much larger than Inx(})) at this energy. optical properties of the studied (511 surfaces were ob-
Our calculated data agree well with the experimental andained by the appliecb initio method. This check of reli-

calculated results reported in Refs. 24-26, 28, and 29.  apility is important for the calculation of nonlinear optical
Data of a tight-binding calculatiéh*® indicate that the properties.

optical absorption at w=0.5 eV for (2<1) Si(111) is due

to optical transitions between occupied and unoccupied sur-
face states. Ouab initio results support this interpretation,
because we have also found surface states with an energy Calculated nonlinear optical susceptibility tensor compo-
gap of~0.5 eV formed along directiodK of the electronic  nents for the (X 1) Si(111) and H/S{111) surfaces as a
band structure in Fig.(2). In Fig. 2 for the unreconstructed function of incident photon energy are presented by Fitf. 3.
surface, small structures are seen in the randgawfrom 0.5  Components not shown are zero due to the selection rules of

B. Nonlinear optical properties
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Incident photon energy #o (eV) ponentsy(7), (ijk=xxx, xyy, yxy) as a function of the incident
photon energy for (X1) Si(111). The unit of the vertical axis is
FIG. 3. Calculated nonlinear optical susceptibility tensor com-Rydberg atomic unit¢Ref. 34.
ponents x(7, (ijK=XXXXYyY,yXy,XXzyyzzxxzyy,zz) as a
fu_nctlon pf _the incident phot_on energy: unrecon_structedSHG peaks at w~4 eV occur for both (X 1) cases. Our
S'(lll)(.SO“d lineg a_md (1>.<1.) H/S(111) surche(dashed lines  ap initio results agree qualitatively with these findings.
The unit of the vertical axis is Rydberg atomic uniRef. 39. Figure 4 shows the incident photon energy dependence of
X2 X, and {3, of the (2x 1) Si(111) surface? These
the C3, symmetry of the (1) surfaces® The most re- components describe the nonlinear optical response with the
markable feature of the calculated?® for the unrecon- incident and output electric field parallel to the surface.
structed surface is the occurrence of large peaks in the randgeaks and shoulders p§®)| are seen at w~0.25 and 0.5
of 0.5<Aw<1.5 eV which are not seen for H(311). Re- eV. These structures result from two-photon and one-photon
ferring to the calculated band structures shown in Fig. 2, wéesonances with surface states forming the energy gap shown
can say that the peaks below 2.0 eV in Fig. 3 result fromin Fig. 2(c).
resonant optical transitions associated with the surface states
of the unreconstructed surface. C. Polarization angle dependence of surface SHG
In Fig. 3, peaks near2w=4.5 eV are observed for both
(1% 1) surfaces. Since the intensity of these peaks is inserE.
sitive to the surface conditiofi.e., clean or covered by )H i

Heinzet al?! measured the SHG light intensity for ¥21)
111) as a function of the polarization angle of the nor-

these peaks are presumably due to the optical transition bé‘]a"y |n_c:|dent pump beam h*’?‘V'”Q a photon energy of 1.17
tween bulk electronic states, namely a two photon transitior? V- Their rgsults are shown.m Fig(, -namelylx andly
in resonance with the bullE, gap of 4.3 eV. However, corresponding to the SHG signal polarized along[tA@1 ]
within the dipole approximation SHG is forbidden in bulk Si and[011] directions, respectively, and,, being the total
because of its centrosymmetric crystal structure. The mos$HG signal. Under their experimental conditions, only the
likely explanation of this bulk resonance effect is the sym-three componentg%),, x5, and x\?, are different from
metry breaking of bulk states due to the presence of a suizero. The measured signals are defined by
face. Another possible explanation could be a side effect of
the S(z) function described in the previous section. Since liotar=Ix+ 1y, (5)
S(z) breaks the inversion symmetry of the slab, the SHG
signal from the central part of the slétulk region may also
be generated. At present, these two symmetry breaking ef- Le=A | x ) 2cod® + [ 2| sinf'e
fects are difficult to separate.

Gavrilenko et al. calculated the nonlinear susceptibility 1
componeniy{2), of the unreconstructed @il1) and H/S{111) +5Re X% X 1sinf20 1, (6)
surfaces by applying a semiempirical tight-binding
method*®!° According to their data a surface SHG peak at -
2hw~1.5 eV arises for the clean surface, and the bulklike ly=A|x{)sinf20, )
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tomt T T Iy polarization angle as shown in Figsbb-(f). These curves
(a)Exp ""‘v O W indicate that the calculated patterns, i.e., the anisotropy of the
ho= L,/ N X SHG response in the surface plane, depend drastically on the
1.17eV J incident photon energy. In the energy range from 0.15 to 4.0
eV the calculated pattern agrees well with the measured one
Baooe] total 2 Iy ly 2 only atAw=1.01 eV according to Fig.(6). At this energy
(b) E’m} the ratio of the calculated susceptibility components is
g%zvi ol 1 o 1 o 1:0.66 : 0.87 which is in reasonable agreement to the mea-
' sured ratio. Since the incident photon energy of 1.01 eV in
>0 5 =15 our Fig. §c) is close to the experimental value of 1.17 eV,
B0y Jrots 2 L ly 2 we argue that our calculation reproduces the measured SHG
(c) 5= response of (X 1) Si(111) very well. The difference of 0.16
ho= 5 Ve o 10 o 120 o eV of the two photon energies is probably due to the funda-
1.01eV mental error of applying ground-state DFT as already dis-
5 e s cussed.
Tany lom 2 I 2 ly % . According to Eqs(S)—(?) the phase of the complex non-
d 4001 % % linear susceptibility components could affect the shapes of
no=  § o 150 o 150l o the polarization angle pattern considerably. Thus the agree-
1.2eV ment between the calculated and measured polarization angle
as s s patterns indicates the correctness of the phase of our calcu-
Fomy o2 s , lated complex susceptibility tensor components.
() 2= % § @
';"ervi oran o 1o o 10 o IV. CONCLUSION
.. ks s By theab initio FLAPW m_e_thod we calculated linear and
PO | % | 00 nonlinear optical suspepubﬂmes of unreconstructed. i),
f) 5 5001 * Y reconstructed (X 1)Si(111), and (X 1) hydrogen covered
ho= £ o s o s 1 . Si(111) surfaces. Our results for the linear optical response
168V reproduce the measured bulk optical propetfiesd the sur-
L . il face optical absorption of the reconstructed surf4cé®2%-2°

The calculated nonlinear optical susceptibility of the unre-
constructed $i111) and H/S{111) surfaces are consistent
with  previously reported semiempirical theoretical
studies->° A polarization angle dependence of the SHG in-
tensity was calculated by aab initio approach, namely for
the reconstructed (21) Si(111) surface, the results being in
good agreement with experimeitFrom the quality of our
calculated data we conclude that both amplitude and phase of
the complex nonlinear optical susceptibility for thg13il)
where® is the polarization angle of the incident light with surface can be correctly described byaininitio approach.
respect to thex direction, andA is a coefficient including
Fresnel factors for incident and output fields. Hegtzal.
carried out a least-square fit of the calculated values of Eq.

(5) to the measured patterns in Figap and obtained the Work was supported by the Center for Computational Ma-
ratio of the three  susceptibility

components, terials Science(CMS; http://info.tuwien.ac.at/cmsfin Vi-
XX [ x{2)=1:0.75:0.73. By substituting our calcu- enna, Austria, and by a Grant-in-Aid for Scientific Research
lated complex susceptibility components into E¢9—~(7),  from the Ministry of Education, Culture, Sports, Science and
we obtained the SHG light intensity as a function of theTechnology of Japan.

FIG. 5. SHG light intensity of reconstructed X2.) Si(111) as a
function of the polarization angle of the incident ligli® experi-
mental data of Ref. 21(b)—(f) calculated patterns for several inci-
dent photon energies, |, : SHG signal polarized annng_l],
[01T], respectively. Total experimental intensityy,=1x+1,.

Note the agreement of the calculated patterngfor1.01 eV with
the experimental data.
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