
PHYSICAL REVIEW B, VOLUME 63, 165325
Optical second-harmonic spectra of Si„001… with H and Ge adatoms:
First-principles theory and experiment
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We present calculated second-harmonic-generation~SHG! spectra of the Si~001! surface based on a first-
principles description of eigenvalues and eigenvectors usingab initio pseudopotentials. We also present SHG
spectra for Ge-covered Si~001!. The theoretical results explain all essential features of recent experimental
SHG spectra of the Si(001)-(231) surface with low coverages of hydrogen and/or germanium, which alter the
E1 resonance in contrasting ways. The strong adatom specificity of the spectra results from redistribution of the
adatom-related electronic states on the surface.
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I. INTRODUCTION

The interaction of adatoms with semiconductor surfa
underlies key technological processes such as epitaxial
growth and etching, and is one of the most fundamen
problems in surface science. Recently, surface-specific o
cal spectroscopies, such as second harmonic gener
~SHG! ~Refs. 1–4! and reflectance difference~anisotropy!
spectroscopy~RDS/RAS! ~Refs. 5–7! have been applied to
numerous semiconductor-adatom systems because of
noninvasive nature, high sensitivity to submonolayer adso
tion, and strong dependence of the spectroscopic respon
the adatom species. Such features are useful for real-timin
situ monitoring of surface dynamical processes involvi
adsorbates.8 On the other hand, microscopic explanation
the rich variety of adsorbate-specific spectroscopic respo
through first-principles theory remains a challenge. Accur
spectroscopic SHG data on well-characterized surfa
adsorbate systems3,4,9–12 have become available only re
cently. The microscopic calculations have been compa
with SHG spectra only for the Si~001!:H system,13 and have
been limited to the semiempirical tight-binding meth
~SETBM!.13–15 Early SETBM calculations14 predicted that
adsorption of 1 ML hydrogen would remarkably modify th
surface susceptibilityxzzz

(2)(2v) of Si~111! and Si~001! sur-
faces in the spectral region (1.5,2\v,2.0 eV) where sur-
face states dominate, but would barely change it nearE1
~3.3–3.4 eV! and E2 ~4.2 eV!, in contradiction to
experiments.3,4 A more recent SETBM study of Si~001! ~Ref.
13! included all nonvanishingx (2) components into the SHG
efficiency,Rpp(2v), but still did not explain the strong ef
fect of monohydride termination on the surfaceE1 reso-
nance.

In this paper, we present first-principles calculations
SHG spectra of Si~001!-adsorbate systems, and compa
0163-1829/2001/63~16!/165325~8!/$20.00 63 1653
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them to SHG experiments on clean and H-termina
Si~001!,4 and to new data for Ge-terminated Si~001!, in the
range 3.1,2\v,3.5 eV. This expanded database tests
theory more stringently than a single adsorbate, becaus
and Ge alter the SHG spectrum of clean Si(001)-231 in
very different ways.

II. SURFACE SHG

Within its penetration depth beneath the surface, the in
dent light field at the frequencyv (Ev) induces second-
harmonic bulk (b) polarization densities of the form

Pi
b,2v5x i jk

(2)bdEj
vEk

v1x i jkl
(2)bnlEj

v¹kEl
v . ~1!

In semiconductors and insulators, the nonlinear respo
originates from anharmonic bond polarizabilities. The lea
ing bulk dipole term in Eq.~1! vanishes in centrosymmetri
Si and Ge crystals. The second term, which is proportiona
¹W E, is the electric quadrupole component.16

At a surface or interface, inversion symmetry is broken
~i! the structural discontinuity, including strain and chemic
modifications unique to the surface/interface; and~ii ! the dis-
continuity in the normal component of the electric field. Bo
discontinuities occur over a thickness of only a few atom
layers, and are thus sources of second-order nonlinearity.
macroscopic calculations, they are often combined into
effective surface dipole polarization density:Pi

s,2v(r )
5x i jk

(2)s,effEj
v(r )Ek

v(r )d(z), whered(z) represents an infini-
tesimally thin radiating dipole sheet placed either just abo
or just below the surface.17 Alternatively, the interface region
can be approximated as a discrete thin film of finite thickn
©2001 The American Physical Society25-1
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d, to which a local nonlinear susceptibilityx i jk
(2)s,eff , and lin-

ear dielectric constants with either bulk values or ‘‘interm
diate’’ values unique to the surface region, are assigned.18 In
the latter case, the usual boundary conditions for continu
tangential electric and magnetic fields across the upper
lower interfaces must be applied in calculating harmo
fields.

Our treatment of boundary conditions for microscop
calculations of Ps,2v, as in other recent SHG
calculations,13,15 most closely resembles the latter approa
Specifically, the surface region is modeled as a slab of fi
thickness~typically 8 to 10 ML!. For electric fields in the
slab, we use the external fields corrected by the relev
Fresnel factors. Spurious SHG from the back surface of
slab is suppressed by incorporating a smoothed step func
S(z) ~equal to 1 at the front surface and 0 at the back s
face! into the quantum-mechanical operators when evalu
ing matrix elements that contribute tox i jk

(2)s .13 The Fresnel
coefficients are determined using dielectric functions cal
lated for bulk Si. For comparison with experiment, it is im
portant to realize restrictions of the model used. The m
important is the neglect of the electric field discontinuity a
additional screening on the surface. This will result in err
of predicted absolute SHG intensities. These errors will
greatest for contributions tox (2)s that involve excitations of
surface states, less for those related to the back bonds. I
present work, we are primarily interested in calculatingrela-
tive SHG spectral intensities for different adsorbates, a
spectral regions where back bond contributions domin
For these cases, we find that the predicted SHG beha
agrees reasonably well with experiment.

Below we calculate this surface second-harmonic po
ization for Si or Si/Ge slabs of 8–10 ML thickness. Th
functions ofx i jk

(2)(22v,v,v) are calculated in the indepen
dent particle picture, neglecting local field corrections a
the nonlocality of the velocity operators in the polarizati
function.19 In the length gaugex i jk

(2)(22v,v,v) is given in
atomic units (e51, \51) by20

x i jk
(2)~22v,v,v!5E dk

4p3
@x II

i jk~22v,v,v!

1h II
i jk~22v,v,v!1s II

i jk~22v,v,v!#,

~2!

x II
i jk~22v,v,v!5(

nml

r nm
i $r ml

j r ln
k %

v ln2vml

3S 2 f nm

vmn22v
1

f ml

vml2v
1

f ln

v ln2v D , ~3!
16532
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h II
i jk~22v,v,v!5(

nml
Fvnmr nm

i $r ml
j r ln

k %

3S f nl

v ln
2 ~v ln2v!

2
f lm

vml
2 ~vml2v!

D
12

f nmr nm
i $r ml

j r ln
k %~vml2v lm!

vmn
2 ~vmn22v!

G
28i(

nm

f nmr nm
i $Dmn

j r mn
k %

vmn
2 ~vmn22v!

, ~4!

s II
i jk~22v,v,v!5(

nml

f nm

vmn
2 ~vmn2v!

3@vnlr lm
i $r mn

j r nl
k %2v lmr nl

i $r lm
j r mn

k %#

2 i(
nm

f nmDnm
i $r mn

j r nm
k %

vmn
2 ~vmn2v!

, ~5!

whereDnm
i [pnn

i 2pmm
i , $r ml

j r ln
k %[ 1

2 (r ml
j r ln

k 1r ml
k r ln

j ), vnm

is the energy difference between levelsn and m, and f nm
[ f n2 f m , with f i the Fermi occupation factor for clean Si
zero temperature.20 @The expression~5! is corrected for a
factor
2 i ~Ref. 21! that was erroneously missed in Ref. 20.# Matrix
elementsrnm were determined byrnm5pnm / imvnm through
momentum matrix elementspnm ,20 which were calculated
only in the upper half of the slab15 to avoid contributions
from the back surface. SHG reflectance efficiencyRpp
was calculated using all nonvanishingx (2) tensor
components.13,15 Weak quadrupole contributions were n
considered.

A. Numerical details

The surface structures were optimized by the C
Parinello molecular-dynamics method based on dens
functional theory~DFT! with ab initio pseudopotentials.22

The electron-ion interaction was treated by norm-conserv
fully separable pseudopotentials in the Kleinman-Bylan
form,23 based on relativistic all-electron calculations for t
free atoms by solving the Dirac equation self-consisten
Initially the pseudopotentials were generated by
Bachelet-Hamman-Schlu¨tter ~BHS! scheme24 using the gen-
eralized gradient approximation~GGA! with exchange and
correlation~XC! interaction as described in Ref. 25, and no
linear core-valence XC as in Ref. 26. For structural rela
ation, an energy cutoff up toEcut512 Ry was used. Our
calculated clean Si(001)(231) and Ge/Si~001! structures
have asymmetric dimers with buckling of 0.76 Å, 0.79 Å~1
ML Ge!, and 0.805 Å~2 ML Ge!, respectively. Correspond
ing monohydride surfaces have symmetric dimers. Th
values agree well with previous findings,7,27 but differ
slightly from LDA values. For example, our GGA value o
the bulk Si lattice constant slightly exceeds, and our LD
5-2
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OPTICAL SECOND-HARMONIC SPECTRA OF Si~001! . . . PHYSICAL REVIEW B63 165325
value slightly underestimates, the experimental value. S
face atomic structures@e.g., dimer buckling 0.76 Å~GGA!,
0.71 Å ~LDA ! ~Ref. 28!# also differ slightly. For a given
atomic structure, however, test calculations indicated that
SHG functions were insensitive to the method~GGA or
LDA ! of pseudopotential generation.29,30

Calculations of electronic-structure and optical propert
were also based on the GGA.22 Eigenvalues and wave func
tions were obtained by direct diagonalization of the Ham
tonian after full convergence of the self-consistent char
density calculations, using the calculated equilibrium atom
structure as input. We modeled the surface by a slab ofNsl
512 ML, and used up to 48k points (Nk) in the irreducible
2D Brillouin zone~BZ!, with Ecut515 Ry. Our GGA values
of bulk Si optical transitions agree much better with expe
ment than our LDA values@e.g.,E153.41 eV~experiment!,
3.1 eV~GGA!, 2.75 eV~LDA !#. To match calculated optica
transition energies to experimental values in fullyab initio
calculations, one should use quasiparticle~QP! ~e.g., GW!
corrections. In the present calculations, quantum size eff
in the surface slab further blueshift the conduction band
;0.3 eV, shifting our calculatedE1-related SHG structure
very close to the measured value~3.35 eV!. Thus for these
particular systems no further QP shifts were used.

B. SHG measurements

The SHG measurements were performed in an ultrah
vacuum ~UHV! chamber with capabilities describe
previously.4 Ge was deposited on Si~001! at 410 K using
atomic layer epitaxy cycles with a gas mixture of 4% Ge4
or Ge2H6, followed by H desorption. SH signals were ge
erated by 90-fs fundamental pulses tunable from 1.5 to 1
eV in a p-in/p-out reflection configuration enabling 2\v to
be tuned through the SiE1 resonance. Further experiment
details are being reported separately.11

III. REFLECTANCE DIFFERENCE SPECTRUM

As a preliminary test, we calculated th
well-studied28,31–33 linear reflectance difference spect
~RDS! DR(v)/R5(DR@110#2DR@11̄0#)/Ro ~Ref. 33! of
clean Si(001)(231) using 64k points in the irreducible par
of the BZ for the integration in reciprocal space. Our GG
result agrees reasonably well with experiments on sin
dimer Si(001)(231) surface,32 as shown in Fig. 1. The
overall magnitude ofDR(v)/R agrees better than previou
calculations,28,31,33and our calculated RDS peaks at 1.4, 2
and 2.9 correspond to measured peaks at 1.6 and 3.1
which can be clearly identified as optical transitions betwe
(231) dimer-related bonding and antibonding surfa
states.28 In a previous LDA study of RDS on Si(001)(2
31),33 we used thek-dependent QP corrections (DK) cal-
culated for bulk Si,34 taking the corresponding data of th
lowest conduction bands forDK values of the surface state
Despite differences at low frequencies attributable to t
correction to the surface states, the overall agreement
tween the present GGA results, our previous LDA-QP da
16532
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and LDA-QP data of Refs. 31 and 28~where scissorslike QP
corrections were used! is very good.

IV. SHG RESULTS

In Figs. 2–6, the calculated spectra of five nonequival
components ofx i jk

(2)(22v,v,v) for (231) geometry are
shown for the spectral range between 0 and 6.0 eV. Thy

axis is oriented along (110̄) direction. The (xxz) and (zxx)
components appear less intense, however the (zzz) compo-
nent provides a strong contribution to the polarization on
the surfaces studied. Adsorption of Ge and/or H atoms
sults in quite complicated interplay between different co
ponents. The previous SETBM study of the SHG

FIG. 1. Calculated RD spectrum~solid line! of clean single do-
main Si(001)(231) surface. Experimental RDS data of Ref. 32 a
shown by dots.

FIG. 2. Calculated nonequivalent components of the seco
order optical susceptibilityx i jk

(2)(22v,v,v) of bare Si(001)(2
31) surface. The real and imaginary parts are shown by dashed
solid lines, respectively.
5-3
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Si(001)(231) surface, however, reported the dominance
the (yyz)1(xxz) components only.13

In Fig. 7~a!, the calculated SHG spectra o
clean Si(001)(231) ~solid curve! and monohydride
Si(001)(231):H ~dashed curve!, and the corresponding
measured spectra~open and filled circles, respectively! are
presented for 2.8,2\v,3.7 eV. For clean Si(001)(2
31), our calculations show a pronouncedE1 peak at 3.35

FIG. 3. The same as Fig. 2 but for monohydride Si(001)
31):H surface.

FIG. 4. The same as Fig. 2 but for Si(001)(
31):Ge (1 ML) surface~with one monolayer of Ge!.
16532
feV with shoulders at 3.24 and 3.06 eV, as also predicted
SETBM.13 The 3.35- and 3.06-eV features agree well w
observed features~the 3.24 eV feature is not resolved!, as
also pointed out by Mendozaet al.13 Significantly, the
present calculation quantitatively explains the strong quen
ing of these peaks by monohydride termination, which w
not explained by SETBM.13 It also reproduces the H-induce
redshift of theE1 feature, but overestimates its magnitud

FIG. 5. The same as Fig. 2 but for Si(001)(
31):Ge (2 ML) surface~with two monolayers of Ge!.

FIG. 6. The same as Fig. 2 but for monohydride Si(001)
31):Ge (2 ML):H surface~with two monolayers of Ge!.
5-4
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This discrepancy may originate from increasing bulk qu
rupole character as the surface dipole contribution weak
evidenced by strong azimuthal anisotropy of SHG fro
H-Si~001!.35 The observed 3.25-eV peak is consistent w
convolution of bulk~3.4 eV! and redshifted~3.15 eV! sur-
face dipoleE1 features.

In Fig. 7~b!, calculated SHG spectra for clean Si(001)
31) ~solid curve!, Si(001):Ge(1 ML) ~dot-dashed!,
Si(001):Ge(2 ML) ~dotted!, and H-terminated
Si(001):Ge(2 ML) ~dashed!, and corresponding measure
spectra~open circles, diamonds, open and filled squares,
spectively! are presented for the same spectral range.
calculated and observed spectra agree very well in b
trends: in contrast to H, adsorption of 1~2! ML Ge intensifies
the 3.35 eV peak threefold~fivefold! without spectral shift;
subsequent H adsorption on the Ge-covered surface sh
quenches this feature. Agreement is best for Ge-indu
trends,~where surface dipole contributions dominate! but it
is poorest for the H-terminated surface, where quadrup
contributions are significant. Significant discrepancies in l
shapes also remain. Nevertheless, the present theory r
duces the main observedadsorbate-specifictrends of the
SHG spectra.

FIG. 7. Calculated and measured SHG efficiency spe
Rpp(2v) near E1 peak. ~a! Clean Si(001)-(231): theory ~solid
curve!, experiment ~open circles!; Si(001)-(231):H (1 ML),
theory ~dashed curve!, experiment ~filled circles!. ~b! Clean
Si(001)-(231): theory~solid curve!, experiment~open circles! as
in ~a!; Si~001!:Ge ~1 ML!, theory ~dot-dashed curve!, experiment
~diamonds!; Si~001!:Ge ~2 ML!, theory ~heavy dotted curve! and
experiment~open squares!; Si~001!:Ge ~2 ML! with saturation H
coverage, theory~dashed curve!, experiment~filled squares!. Units
for calculatedRpp are 10218 W cm22.
16532
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Figure 8 presents calculated SHG spectra over the
panded range 0,2\v,6 eV for comparison with RDS and
other linear optical spectra. Bare Si SHG peaks near 3.3
4 eV @Fig. 8~a!# are related toE1 and E2 bulk resonances
respectively, although their energies are significantly low
than the bulk Si values ofE153.41 eV andE254.3 eV.36

These features cannot arise directly from bulk bonds si
SHG vanishes in the centrosymmetric bulk. However, th
appearance in the SHG spectrum and the ‘‘softening’’
their energies can both be explained by deformation of ba
bonds located near the surface, together with the strong
calization of the SHG response at the surface. The m
intense, lower-frequency~2\v<3.0 eV! peaks in Fig. 8~a!
originate from surface states associated with dimers and
gling bonds. This assignment is supported by the calcula
result that SHG peaks at 0.68, 1.2, 1.45, 1.7, and 1.85 eV
eliminated by monohydride adsorption@Fig. 8~a!, lower solid
curve#, which symmetrizes and depolarizes the surface dim
and passivates dangling bonds, but strengthened and b
shifted by Ge adsorption@Fig. 8~b!, upper two solid curves#,
which increases the asymmetry and polarization of
dimer. This assignment is further supported by studies of
linear optics of the Si(001)(231) surface, which attribute
RDS features in this spectral region to surface states.37 Spe-

a

FIG. 8. Calculated SHG efficiency spectraRpp(2v) for ex-
tended spectral range. Curves have been displaced vertically
clearer viewing.~a! Clean Si(001)-(231) ~upper solid curve!,
Si(001)-(231): H ~1 ML! @fully relaxed structure~lower solid
curve!; structure held artificially to that of the clean Si(001
(231) ~dotted curve!#. Inset shows calculated equilibrium struc
tures for clean Si(001)-(231) and Si(001)-(231):H surfaces
viewed along @110#. ~b! Clean Si(001)-(231), fully relaxed
Si~001!:Ge ~1 ML!, and Si~001!:Ge ~2 ML! ~solid curves!;
Si~001!:Ge ~2 ML! with saturation H coverage~lower dotted
curve!; Si~001!:Ge~2 ML! with buckling reduced artificially to 0.70
Å ~upper dotted curve!. Inset shows calculated structure for th
Si~001!:Ge ~2 ML! surface.
5-5
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V. I. GAVRILENKO et al. PHYSICAL REVIEW B 63 165325
cifically, the cluster of peaks at 1.2, 1.45, and 1.7 eV, on
one hand, and the 2.6-eV SHG peak, on the other, sha
common origin with RDS peaks at 1.4 and 2.6 eV, resp
tively, in Fig. 1. The low-frequency part of the predicte
SHG spectra, however, should be considered cautionar
comparison with experiment. As it has been pointed
above, the reason for this is neglect of the discontinuity
the electric field normal component and additional screen
on the surface. These points should be addressed in th
ture SHG studies.

Convergence of RDS and SHG spectra with respec
Ecut, number of empty electron states,Nsl , andNk was care-
fully analyzed. Neither RDS nor SHG changed remarka
for Ecut>15 Ry, nor by including empty states with energ
>1 Ry. On the other hand, our SHG spectra conver
very well with Nsl58, while the low-frequency (\v
<3 eV) RDS converged within 10–15% only forNsl>12.
Higher-frequency RDS peaks at 4.3 and 5.3 eV continue
change significantly with increasingNsl . Previous RDS cal-
culations of Si(001)(231) with Nsl516 ~Ref. 31! and Nsl
532 ~Ref. 33! confirm these trends. The faster convergen
of SHG with Nsl stems from its stronger surface localizatio
in covalent cubic materials. Finally, convergence of RD
and SHG spectra was checked forNk<96. In the region of
present experiments~2.8 eV<2\v<3.7 eV!, the SHG spec-
trum with Nk548 converged within 15–20 %, a reasonab
compromise in view of computational complexity. Analys
of low-frequency spectra, and representation of line sha
however, should improve with higherNk in future computa-
tions.

Compared to SETB calculations, our SHG spectra w
relatively insensitive to small deviations from calculat
equilibrium structure. For example, the calculated sp
trum of a surface with the atomic structure of cle
Si(001)(231) but with H-saturated dangling bonds@Fig.
8~a!, dashed curve# shows a greatly weakened SHG r
sponse, qualitatively similar to that of fully relaxed Si(00
3(231):H. As asecond example, the calculated spectr
of Ge ~2 ML!/Si~001! with dimer buckling reduced artifi-
cially to 0.700 Å@Fig. 8~b!, upper dashed curve#, particularly
near 3.35 eV@Fig. 2~b!, light dotted curve#, does not differ
greatly from that of the fully relaxed surface. Such calcu
tions demonstrate that adsorbates change surface SHG
tra primarily by altering surface chemical bonds, rather th
by altering surface atomic structure.

An important remaining question is the underlying reas
for the strong sensitivity of the ‘‘bulklike’’ 3.3-eV peak to
monohydride and Ge surface adsorption. In light of the o
gin of this feature in deformed backbonds, it is tempting
attribute this sensitivity to adsorbate-induced structu
changes in the backbond region. For example, symmetr
tion of the surface dimer by monohydride terminati
slightly alters atomic positions in lower layers, which mig
quench theE1 SHG intensity. Moreover Ge termination in
duces a tensile strain gradient in the Si backbonds becau
the 4% mismatch in lattice constant between Ge and
which could conceivably enhance theE1 SHG intensity.
However, such ‘‘structural’’ explanations are inconsiste
with experimental trends. The change in backbond struc
16532
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induced by mono-H termination is slight compared to t
massive strain relief induced by dimer-breaking dihydri
termination, yet the former affects the observed SHGE1
intensity more strongly. Moreover, hydrogen termination
the Ge-covered Si surface barely affects the lattice misma
strain, yet it completely quenches the SHGE1 intensity.

A more consistent explanation is that adsorbates ‘‘che
cally’’ influence underlying bonds via orbital rehybridiza
tion, or charge transfer. In fact, the intensity of theE1 peak,
despite its backbond origin, is closely correlated with t
dimer asymmetry, which in turn is accompanied by a stro
charge transfer to the uppermost Si atom from underly
layers. In order to quantify this charge transfer, we calcula
charge distribution maps of bare and monohydr
Si(001)(231) surfaces. In Fig. 9, the charge difference
rbare2rmono, between these two surfaces are presented.@In
order to demonstrate only ‘‘chemical’’ mechanisms of t
charge transfer due to the H adsorption on the Si(001
31) surfaces, thermono is calculated for an unrelaxed~un-
symmetrized! dimer structure.# The 2D charge maps are cu
through the two vertical@ 1̄10# planes located atY50 @Fig.
9~a!# and atY5ay @Fig. 9~b!# in the unit cell. Adsorption of
hydrogen causes strong charge redistribution in the ato
bonds of the few topmost layers. The strong effect of H
theE1 peak can thus be attributed to charge transfer betw
the immediate subsurface backbonds and the adsorbate a
Stated equivalently, the sensitivity of theE1 peak to H re-
sults from strong hybridization of Si and H orbitals in th
backbond region. This explains the failure of SETB calcu
tions based solely on Sisp3s* orbitals—i.e., without explicit
inclusion of H orbitals—to predict the strong affect of mon
hydride on theE1 peak.

Similar conclusions regarding the dominance of ‘‘chem
cal’’ over ‘‘structural’’ mechanisms have been reached ind
pendently in two other recent SHG studies of adsorbate
teractions with silicon surfaces. Limet al.12 found that
incorporation of boron at second-layer substitutional sites
Si(001) strongly affected the SHGE1 feature. Even though

FIG. 9. Calculated valence charge-density differences betw
bare and unrelaxed monohydride Si(001)(231) surfaces,rbare

2rmono. The charge maps are cut through the vertical@ 1̄10# planes
located atY50 @panel~a!# and atY5ay @panel~b!# in the unit cell.

Contours start from6131023 e/a.u.3 and increase successive
by a factor ofA2. Dashed~solid! lines indicate charge accumula
tion ~depletion! in the electron density.
5-6
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OPTICAL SECOND-HARMONIC SPECTRA OF Si~001! . . . PHYSICAL REVIEW B63 165325
second-layer boron substantially reconstructs the surface
SHG changes were explained predominantly in terms
charge transfer from the surface Si atoms to the underly
boron acceptors. In fact, the principal trends were satisfa
rily reproduced by models that neglected the adsorb
induced structural change. In this case, H termination of
boron-reconstructed surfaceenhancedthe E1 intensity, be-
cause the strong boron acceptors then preferentially d
charge from underlying Si atoms. Mitchellet al.38 studied
the rotational anisotropy of SHG in reflection from Si~111!
surfaces with covalently attached monolayers of -H, -C10H21
~decyl!, -Cl, -O2C10H21 ~decyloxy!, and with a native oxide
film. The results showed that the dominant contributing co
ponent of the surfacexJ (2) increased in direct proportion t
the electronegativity of the surface species. The latter
characterized by measurements of chemical shifts in Sip
core-level photoelectron spectra, which have been show
provide a useful measure of the polarization of the Si
backbonds by the electronegativity perturbation of the s
face covalent bonds. The correlation between SHG and c
level shifts suggested that electronegativity perturbation
more important than strain in determining the SHG respon
This conclusion was corroborated by results with orga
overlayers, which yielded a relatively higher surface susc
tibility despite their nonrigid, strain-free structure.
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V. CONCLUSION

In conclusion, we present calculated second-harmo
spectra of Si~001! and its interaction with H and Ge adso
bates. Our results explain the strongly contrasting SHG
sponse of Si(001) to H and Ge adatoms observed near thE1
optical transition, and predict new adsorbate-specific S
spectroscopy near-infrared surface-state resonances. M
over, the calculations elucidate the strong sensitivity of
surfacex (2) to chemical hybridization of surface adatom a
substrate atomic orbitals, and provide a basis for impro
calculations of both linear and nonlinear spectra of a w
range of surface-adatom systems.
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2C. Meyer, G. Lüpke, U. Emmerichs, F. Wolter, H. Kurz, C. H
Bjorkman, and G. Lucovsky, Phys. Rev. Lett.74, 3001~1995!.
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