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Local-field effect in the second-harmonic-generation spectra of Si surfaces
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We calculate the second-harmonic-generation spectra(d®@iand(111) surfaces introducing the nonlin-
ear surface local-field effect. Our model consists of four interpenetrated fcc lattices of polarizable bonds, each
of which is centrosymmetric, but responds nonlinearly to the spatial inhomogeneities of the polarizing local
field. The gradient of the field induced at a bond due to the dipole moment of a neighbor leads to a second-
order polarization that is canceled out in the bulk after summing over all other bonds, but it is not compensated
at the surface, where it leads to a large nonlinear macroscopic response. Our model parameters are fitted to the
nonlinear anisotropy measured at 1.17 and 2.34 eV. The linear anisotropy spectra calculated fdrithe Si
surface are in accordance with reflectance difference measurements. The same parameters yield a nonlinear
spectrum that has peaks at 1.65 eV for a straii®@) surface and at 1.75 eV for(a11) surface, in agreement
with recent experimental resulfsS0163-182@06)53516-2

Surface optical second-harmonic generati®HG) is a  bulk transitions and the crystalline symmetry. A previous
useful nondestructive surface probe, since the electricsuccessful theory for the surface linear response of natural Si
dipolar quadratic response within the bulk of centrosymmetincorporated the geometrical arrangement of the atoms at the
ric systems is symmetry forbidden. Therefore a large portiorsurface through the surface local-field efféctn this paper
of the light with frequency @ reflected from an interface we extend that theory to the nonlinear response. We expect
illuminated with monochromatic radiation aé is surface the local-field effect to have large consequences in SHG
originated. An added advantage is the possibility of accesghrough the following mechanism: Consider a localized po-
ing surfaces such as buried interfaces, out of ultrahigharizable entity and a semi-infinite crystal made up of its
vacuum conditions and within arbitrary transparent ambientgieplicas. If each entity is centrosymmetric it would have no
However, the efficiency of the surface SHG is extremelyelectric-dipole-allowed SH transition, though it may have
low, typically of the order of 102° cm?/W, and therefore e€lectric-quadrupolar and magnetic-dipolar contributions pro-
very powerful laser systems are required for its observationportional to;V#; , whereZ; is the local field acting at site
For this reason, most experiments have been performed atiaThe external field has a very slow spatial variation whose
few selected frequencies such as the intense 1.17-eV line gtale is of the order of the wavelength although the field
the Nd-YAG (yttrium aluminum garnetlaser and its second induced by a nearby entifymay have a very large variation,
harmonic, emphasizing the polar and azimuthal angular dewith a scale determined by the distance frpto i, r;; which
pendence of the signal for different crystal surfaces and comof course is of atomic dimensiors. Different neighbors
binations of incoming and outgoing polarizatiénS overits  oniribute to the gradierff #; along different directions, so
frequency dependence. The possible angular dependence gk; it he sitei is itself centrosymmetric, these large gradi-
SHG is well understood in terms of the independent COMpOg s \ill cancel out among themselves, leaving only a small
nents of the bulk and surface nonlinear susceptibilities an esidual gradient of ordef/\. This cancellation is no longer

their symmetry originated constrairits:*4 ) Pl .
Recently, the development of high power tunable laser ossible at the sgrfape, whe||’§(5]7c’/a., yielding a large
H surface polarization. When written in terms of the mac-

with a wide spectral range has stimulated experiments i -
nonlinear surface spectroscopy. In particular, SHG spectrepscopic fieldE this surface polarization is then proportional
have been measured for different clean, oxidized ando EE/a which corresponds to a large surface-allowed dipo-
adsorbate-covered surfaces of'&t® These spectra show a lar SH processes. In this paper we develop the model above
well developed peak close toh2=3.3 eV, whose position into a full calculation for Si surfaces, building upon a previ-
and relative insensitivity to surface conditions suggests thabus paper by Schaich and Mendd?a.
it is originated from a bulk transition between the valence The semiconductor that we study has a simple diamond-
and conduction bands which becomes SH electric-dipolarlyike structure, with a tetrahedron as the basic unit. This unit
active due to distortions in the crystalline structure close thean be viewed as a cube with one atom at the center linked
surfacet® through four bonds to atoms sitting at alternate corners. The
The purpose of the present paper is the development of diamond structure is constructed by replicating these four
simple quantitative theory for the SHG spectra of semiconbonds into four intercalated fcc lattices. The polarization in-
ductor surfaces accounting in an approximate way for theluced in the semiconductor originates from the displacement
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of its charge distribution, which has strong maxima at the
middle of each bond. Therefore, we model the crystal as a 6
collection of lattices of anisotropic cylindrically symmetric

centrosymmetric polarizable bonds. The nonlinear polariza- —

tion p{Y’(2w) of thenth site of the fcc lattice corresponding =& *f
to the\th bond orientationX=1, . . . ,4) isgiven by 5{‘ sk
= (o0 () o) Is . .gm =
Phv’(20) =P (20) + @ (2w) | 52 N Qi (20) 5|
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where[ p§(2) 1i= (xR + X0 £V is the nonlinear
polarization at 2 due to the interaction of a single bond
with nonlinear electric and magnetic dipolar susceptibility

tensorsy (P and (™ with the spatially varying linear local

field £ evaluated at the cente?t;m of the bond,&™ is the

linear anisotropic polarizability of .the bond, with c,omp(.)— (CM) relation to the diamond structure. Close to the visible
nentse and«, along and perpendicular to the bond’s axis,

and the term within the square brackets is the local field a%pectrum, we expect that the main contributionsrf@an be

2w and it contains a quadrupole originated field and the fiel elated to bonding-antibonding transitions, while is due

induced by the total nonlinear dipole moments of the othe o transitions involving atomic states with different symme-
try. We assume the latter have a larger resonant frequency

bonds. The quadrupole moment @T)(ZQ)._ZY(Q)X:%/ than the former. Therefore we assume tha{w) may be
where x(@* is the quadrupolar susceptibility of theth  gescribed by a Lorentzian centered at some relatively high
bond, and the dipole-dipole and quadrupole-dipole interacresonance frequency, with a weight characterized by a
tion tensors are frequency parameten,. Having chosen these parameters,
we solve the generalized CM relation for each frequency to
, ) obtain ¢|(w) in terms of the experimentally measured bulk
dielectric functione(w).® Having determined the polariz-
ability, and therefore also the nonlinear susceptibilities, we
solve the local-field equations to obtain firﬁ,tx(w), then
@) 5(20) and OM(2w), which substituted into Eq(1)
yields the total nonlinear polarizatigs'®(2w). The details
The linear local field is of this procedure will be described elsewh&inally, av-

eragingp{®(2w) we obtain the bulk and surface polariza-

. (@ tion P®(2w) andP®(2w) per unit volume and unit area,
respectively, and from them the nonlinear surface and bulk
susceptibilities and the SHG efficien&®?)(w), defined as

. . . - e . (/" " ) h
whg(r)? thaenl'nzﬁirsgglgr'éat'ﬁgr?nb:rﬁ?(‘gg;lgtérw) tf:@rxe. arethe quotient of the reflected intensity(2w) to the square
P l;(w)? of the incident intensity.

izr;)pleH(eﬂzgpressmg@relatmg the nonllnegr s_u_scept|b|llt|es We chose the parametetso, =7.17 eV andiw,=1.68
X, X, and }7 to the linear polarizability at the o\, i order to reproduce the anisotropy of the SHG of
fundamental and at the second-harmonic frequengiés) ° P Py L

- ® a Si(112) that has been measured for all possible combinations
and & (2w),  namely, Xi%kl(w)_[ail(zw)ajk(w) of incoming and outgoings and p polarizations at
+aj(2w)a; (w)]/(2€), X (0)=3[@(20) @j(®)  £u=1.17 eV and 2.34 e¥-* Our value ofw, is of the
—a(2w) e (0)]/(2e), and x{P(w)=[ai(w)ajx(®)  order of the transition energy between the atomic states of Si
+aj (o) aj(0)]/(2€). We assume these relations to hold 3p? 3p with J=0 and 31°D° with J=1, in qualitative
approximately for the bond susceptibilities of a Si crystal andagreement with our argument abddtaNe have calculated
further assume that is independent of position. Therefore, with these parameters the surface-induced anisotropy of the
in our model we incorporate only the surface modification tolinear reflectance of $110 and found the result in agree-
the local fields, and we ignore any other surface modificatiorment with experimeﬁf and with a previous calculation
to the linear and nonlinear response such as those due {ghich employed only one fcc lattice of tetrahedral isotropic
transitions involving surface states. polarizable entitied’

Due to the long wavelength of light, within the bulk the  |n Fig. 1 we showR(®)(w) calculated for light incident on
linear polarizationp,,, (w) is almost independent af. This  Si(100 at an angled=45° with the plane of incidence at
allows an analytical solution which relates the bulk dielectric¢y=30° from the[ 001] direction withp(in)P(out) polariza-
function e(w) to the principal polarizabilitiesy; and «; . tion. To account for strain within the first few layers, we
This relation is a generalization of the Clausius-Mossottihave introduced a parametar=d, /dg— 1, wheredg is the

FIG. 1. SHG efficiencyR®® as function of frequency for
Si(100). The angle of incidence i8=45°, the azimuthal angle is
¢=30°, and we chos@— P polarization. We presenR® for
A=+0.05,0,-0.025,-0.032,—-0.042,-0.05.
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FIG. 2. SHG efficiencyR® as a function of frequency for FIG. 3. Surface nonlinear susceptibility Iwf} ,) as a function
Si(111). The angle of incidence i8=45°, the azimuthal angle is of frequency for Si100 corresponding taA=+0.05,0, —0.025,
¢=30°, and we chosp— P polarization. In this caseR® is for ~ —0.032,—0.042;-0.05.

the unstretchedl111) surface.
is diminished. A very large change, such as that expected for

. : . fully hydrogenated surface, would be necessary to remove
separation between consecutive fcc planes in the bulk, a %15,23

d, the corresponding separation between the first and second In summary, we developed a model for the surface SHG
layers. For the bulk-truncated crystdl € 0) we find a struc-  of ¢rystals with the structure of diamond which takes into
tureless spectrum, which is barely modified by stretchingaccount the nonlinear polarization induced by the micro-
d;. However, if we shrinkd, by as little as 5% a very well  scopic spatial variation of the linear local field. The inputs to
developed peak appears Aw=1.65 eV, with a width  our calculation are the bulk dielectric function, the geometry
héw~0.14 eV, in excellent agreement with experiment. Forof the crystal, and two parameters describing the response of
even larger contractions the height of the peak increases ban individual bond in the direction normal to its axis. The
its position remains mostly unchanged. Therefore, it seemhkatter were fitted to several SHG anisotropy measurements
that the surface local field alone is able to explain the experion the (100 and (111) surfaces and we verified that they
mental findings on the flat, oxidized, strained1®0) sur- yield a linear reflectance difference spectrum for (h&0)
faces. Experiment shows a similar SHG spectrum for thesurface in agreement with experiment. We remark that a
clean (2x1) reconstructed surfad@ A SHG spectrum cal- Similar model with only one fcc lattice of isotropic polariz-
culation for a reconstructed surface would be desirable t@ble entities;'®each representing a tetrahedral arrangement
understand the robustness of its structure. However, it woul@f bonds, cannot reproduce either the bulk SHG anisotropy
be impossible within our present formalism without intro- Which is evident in the experiments on t{00 surfacé or
ducing an unacceptable number of additional parameters :‘g‘e peak at 3.3 eV. Although we have neglected all effects
describe the polarizability of the topmost reconstructed laye ueto the_surface mod|f|cat|c_)n of the electronl_c structure, we

In Fig. 2 we showR@(w) for Si(111) with 6=45° and have obtained agreement with the first experimental spectra
¢=30° from the[ 110] direction with p(in)P(out) polariza-
tion. In this case even the undistorted crystal presents a peak
atZw~1.75 eV. Notice the huge change of scale between
Figs. 1 and 2. The height of the latter peak is five orders of
magnitude larger than that of the former.

An analysis of the different bulk and surface components
of the nonlinear susceptibility reveals that the peak of
Fig. 1 originates from a corresponding peak i3,
=3?P{?(2w)/9E|JE, , which is displayed in Fig. 3 for dif- oL
ferent values ofA. A similar analysis shows that the peak in
Fig. 2 has contributions frog{¥ , , x|, andx{.

Finally, in Fig. 4 we show the polarization profile 1

[p{*(2w)]; corresponding to the efficiency maximum of

the 5.100) facel, |:e., .the _pelak of Flg' 1.hNot|ce tf(ljat the t?ﬁal FIG. 4. Dipole moment R¢ 5$f}?t)(2w)}u] corresponding to the
nonlinear po ar.|zat.|on Is largest in the Secc_)n. crysta Inepeak of Fig. 1 forA=—0.05 as a function of the positiar,, of
plane, after which it decays towards the negligible bulk po-neir centroid. We show results for each of the four bond orienta-
larization. This could explain the lack of sensitivity of this tions, A =1—-4 (diamond$ and for their sum(crosses The four
resonant peak to the surface condition. We have recalculategbnds of the first plane are displaced from their nominal position by
the SHG spectra modifying arbitrarily the surface polariz-5%. The vertical lines denote the nominal positions of the(160)
abilities and have found that the presence of the peak is verylanes. Notice that the maximum nonlinear polarization is at the
robust?® though its position is slightly shifted and its height second plane=2.
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available for different surfaces of Si. For a bulk truncatedface and is therefore allowed even for a centrosymmetrical
(100 face we obtained a structureless spectrum which acbond, but within the noncentrosymmetrical environment of
quired a well defined peak when we allowed for surface rethe surface. According to our model, the peak observed on
laxation. For the(111) face a much larger peak at a nearby the (111) surface is present even without surface relaxation,
frequency was found even without relaxation. In our calcu-so its observation should not be interpreted as evidence for a
lation, the position of the peak differs from that of the bulk lattice expansion. On the other hand, the peak on(10€)
interband transitions due to a local-field-induced shift. Ourface only arises within our model in the presence of a surface
results also suggest a possible explanation for the lack afontraction. We remark that with the same parameters our
sensitivity of the shape SHG spectra on the surface treatmodel yields agreement with linear optical anisotropy of
ment, since they show that the total SH polarization peak$i(110), with the surface and bulk anisotropy of the SHG
below the first crystalline plane, and it extends for a fewfrom Si(111) and S{100) at 1.17 eV and 2.34 eV, and with
other planes before vanishing into the bulk. Appreciablethe p— P SHG spectra of $111) and S{100. In this paper
modifications to the polarizability of the first layer change we have restricted our attention to the surface local-field ef-
the height of the resonant peak but shift only slightly itsfect, and further theoretical developments would be neces-
position. sary to find the contributions to SHG from other effects
In conclusion, our results yield a plausible explanation forwhich might also be present.
the experimentally found SHG resonance. The peak in our
model does not arise from a SH transition that becomes di- B.S.M. was partially supported by CONACyYGrant No.
polarly allowed due to a lattice distortidn Rather, it comes 3246-E9308 W.L.M. was partially supported by DGAPA-
from the large uncompensated local-field gradient at the sutJNAM (Grants Nos. IN102493 and IN104594
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