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Optical properties of Sb-terminated CaAs and InP (110) surfaces
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The dielectric function and the Raman scattering cross section for surface vibrations on InP
and GaAs (110) surfaces terminated with an antimony monolayer were calculated using the em-
pirical tight-binding method. The calculations reproduce well the surface dielectric function and
its anisotropy. The Raman cross section for surface vibrations was determined for deformation-
potential-induced scattering by calculating the changes in the dielectric function caused by the sur-
face phonon eigenmodes. In agreement with the experimental results, the di8'erent surface phonon
modes exhibit diferent resonance profiles since the coupling to the surface electronic states strongly
depends on the respective atomic displacements. The results demonstrate that, as for the bulk case,
resonant Raman scattering can be used to probe the surface electronic properties.

I. INTRODUCTION

Antimony forms a well-ordered epitaxial (1 x 1) mono-
layer on the (110) surfaces of a number of III-V com-
pounds such as GaAs, InP, and InAs. The interfaces
between the Sb monolayer and the (110) substrate are
abrupt and the Sb-terminated III-V surfaces, hereafter
denoted as III-V (110):Sb, represent an ideal system for
the investigation of the electronic structure of monolayer
adsorbates. The most accepted model for the structure
of the III-V (110):Sb surfaces is the epitaxial continued
layer structure model. According to this model, the
surface Sb monolayer grows pseudomorphically on the
(110) substrate forming chains along the [110] direction.
The relaxation of the Sb and substrate atoms leads to a
small displacement with respect to the crystalline posi-
tions, as illustrated in Figs. 1(a) and 1(b).

III-V (110):Sb surfaces have been intensively inves-
tigated by electron spectroscopy and by tunneling
microscopy. ' More recently, experimental and theoreti-
cal techniques have been developed to probe the optical
properties of III-V (110):Sbsurfaces in the visible and ul-
traviolet energy range. Most of the experimental in-
vestigations have been based on reHection difference and
reHection anisotropy spectroscopy of Sb-covered GaAs
and InP (110) surfaces. The Sb monolayer introduces
surface states and resonances near the band edges of the
(110) III-V semiconductor surfaces: an extensive descrip-
tion of the surface band structure is found in Refs. 14 and
15. The near gap states are very similar for all III-V sub-
strates and arise from the bond between the Sb chains
and the first substrate layer.

The vibration of surface Sb atoms has been the
subject of several theoretical and experimental
investigations . Hunermann et a/. have demon-

strated. that the surface vibrational modes can be de-
tected by Raman spectroscopy. Since the scattering in-
tensity depends on the excited electronic states, the
investigation of the resonance Raman profile of the dif-
ferent vibrational modes provides a powerful probe of the
surface electronic structure. Until now, the technique
of resonant Raman scattering has only been applied to
some of the surface vibrational modes of InP (110):Sband
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PIG. l. Atomic structure of Sb-covered (110) III-V surface

viewed along the (a) [011] and (b) [011] directions. In the
convention used here, the x, y, and z axis are parallel to the
[110], [001], and [110] directions, respectively.
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GaAs (110):Sb. A theoretical understanding of the cou-
pling between the surface vibrations and the electronic
states is still lacking.

In this paper we use the empirical tight-binding
method (ETBM) to calculate the dielectric function
and the energy-dependent Raman cross section of GaAs
(110):Sband InP (110):Sbsurfaces. Due to its computa-
tional simplicity, the ETBM can handle structures with
a large number of atoms per unit cell, such as those nec-
essary for the determination of the surface band struc-
ture and optical properties. The dielectric function and
its orientation anisotropy are compared to experimen-
tal results. The Raman cross section was determined
for deformation-potential-induced scattering by calculat-
ing the changes in the dielectric function caused by the
surface phonon eigenmodes. In agreement with the ex-
perimental results, the different surface phonon modes
exhibit different resonance profiles since the coupling to
the surface electronic states strongly depends on the re-
spective atomic displacements. The tight-binding calcu-
lations reproduce well the measured Raman cross sec-
tion. The calculated Raman resonance profile and its
polarization dependence can be understood using a bond
polarizability model for the Raman cross section.

II. CALCULATION METHOD

A. Dielectric function

The structural model used in the ETBM calculations
consists of a slab of 15—30 III-V atomic planes oriented
perpendicularly to the [110]direction and terminated on
both surfaces by Sb monolayers. As mentioned before
(see also Fig. 1) the atomic positions near the surface
differ from the bulk due to relaxation effects. In the
ETBM calculations, we have used the atomic positions
determined by means of total energy minimization us-

ing the first-principles pseudopotential method described
in detail elsewhere. ' The atomic positions, which are
reproduced in Table I, are in good agreement with low-

energy electron diffraction results. ' For the clean sur-
faces, we used the atomic positions from Ref. 25. The
same first-principles pseudopotential method was used
to determine the vibrational properties of the antimony

covered surfaces. The eigenvalues and eigenvectors were
obtained by diagonalizing the dynamical matrix K and
are listed for different surface modes in Table III. (See
the discussion in Sec. IIA. ) The matrix elements k'~&

were obtained by displacing atom i &om its equilibrium
position in the direction o. and calculating the forces act-
ing on atom j in the direction P. Here n, P = (x, y, z)
and i, j = 1,N, where N is the number of atoms in the
three uppermost layers.

The ETBM calculation used a basis consisting of five
sp s* orbitals per atom and did not include spin-orbit
coupling. The slab calculations require the knowledge
of the tight-binding matrix elements between anion and
cation, anion and Sb, and Sb and cation. The parameters
for GaAs and InP were obtained by a fit to the exper-
imental energies at high-symmetry points of the band
structure near the band gap. The parameters describ-
ing the interaction between the Sb atoms and between
the Sb and substrate atoms were obtained &om those
in GaSb (for GaAs substrates) and InSb for (InP sub-
strates) following the procedure described in Ref. 15. The
tight-binding parameters are summarized in Table II.
The intersite parameters shown in the table were scaled
using a 1/d law2r so as to correspond to an effective
crystal with the same bond length as the substrate. For
this reason the Sb-Sb parameters for GaAs:Sb are differ-
ent than those for InP:Sb.

The imaginary part of the dielectric function was cal-
culated by integrating the matrix elements for optical
transitions between the valence and conduction bands
over the superlattice Brillouin zone of the repeated slab
system. The optical transition elements were obtained
directly &om the tight-binding Hamiltonian using the
procedure described in Refs. 28 and 29. In this way, no
additional parameter other than those used to obtain the
band structure is needed to determine the optical prop-
erties. The integration was performed by randomly sam-
pling over many Ir. points in the Brillouin zone (typically
750 k points for a slab of 30 atomic planes, corresponding
to a unit cell containing 60 atoms).

It is convenient to express the optical properties of
the surface layer in terms of the surface excess function
(SEF).so The SEF has units of length and corresponds
to the product of the dielectric function of the surface

TABLE I. Structural parameters for the clean (from Ref. 25) and for the Sb-covered (from Ref.
17) for GsAs (110) and InP (110) surfaces. The different displscements in units of A. sre defined
in Fig. 1. The J and ]] subscripts denote displscements along the [110] and the [001] directions,
respectively.

Surface
Ao

+~, ll

d~3, &

423,J

Clean GsAs (110)
5.654
0.684
1.205
2.036
4.38
0.0

1.414
1.999
2.827

GsAs (110):Sb
5.654
0.05
2.0
2.37
4.52
0.09
1.41
2.01
2.73

Clean InP (110)
5.869
0.753
1.215
2.048
4.502
0.0

1.467
2.075
2.934

InP (110):Sb
5.869
0.16
1.98
2.44
4 44
0.07
1.46
2.04
2.77
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TABLE II. Tight-binding parameters (in eV) used in the surface dielectric function calculations
of GaAs (110):Sband InP (110):Sb. The parameters for GaAs and InP stem from Ref. 26. The
parameters describing the interaction between the Sb and substrates atoms were obtained from those
in GaSb (for GaAs substrates) and InSb for (InP substrates) following the procedure described in
Ref. 15. In this case, the intersite parameters shown in the table were scaled using a 1/d law so
as to correspond to an effective crystal with the same bond length as the substrate (for this reason
the Sb-Sb parameters for GaAs are ditferent than those for InP). The notation used corresponds to
that of Ref. 29.

Atom 1-2
K

g
V„
V
V„

V"p
1

V,1

2

As-Ga
-8.343
1.041
-2.657
3.669
-6.452
1.955
5.079
4.480
5.783
8.591
4.843
6.739
4.808

Sb-Ga
-7.321
0.855
-3.899
2.915
-7.208
1.850
4.833
5.808
5.465
6.635
5.843
5.985
4.938

Sb-Sb (GaAs)
-7.321
0.855
-7.321
0.855
-7.212
1.851
4.835
5.639
5.639
6.635
5.395
6.635
5.395

As-Sb
-8.343
1.041
-7.321
0.855
-7.212
1.850
4.837
5.813
5.469
8.591
5.848
6.635
4.941

P-In
-8.527
0.873
-1.483
4.047
-5.775
2.026
4.560
2.399
6.014
8.264
3.?30
7.067
4.830

Sb-In
-8.016
0.674
-3.464
2.916
-7.246
1.840
5.090
4.972
6.024
6.454
4.681
5.936
4.469

Sb-Sb (InP)
-8.016
0.674
-8.016
0.674
-7.272
1.847
5.107
5.516
5.516
6.454
4.592
6.454
4.592

P-Sb
-8.527
0.873
-8.016
0.674
-7.273
1.846
5.108
4.990
6.045
8.264
4.697
6.454
4.484

layer (including the modification of the substrate dielec-
tric properties iiear the surface) by its effective thickness.
In the slab calculations, the SEF is obtained from the
dielectric function of the clean (xiii v) and of the Sb-
covered substrate (ssb. iii v) through the expression

2 (ssb:III—V sIII—V)dslab

(2)

with respect to the principal optical axes [011]and [100].
Modes with A" symmetry destroy the mirror plane and
have an off-diagonal Raman tensor:

where d, ~ b is the slab thickness and the factor I/2 ac-
counts for the existence of two surfaces for each slab.

B. Raman cross section of surface phonons

Calculations of the Raman cross section of the sur-
face phonons associated with the Sb monolayer require
the knowledge of their vibrational eigenmodes. In the
simplest approximation, these eigenmodes (and corre-
sponding eigenfrequencies) are obtained by assuming the
substrate atoms to be &ozen. Since there are two Sb
atoms per surface unit cell, there are four vibration eigen-
modes corresponding to the six degrees of freedom of
the Sb atoms minus the two translational modes parallel
to the surface. This approximation was used by Godin
et al. to calculate the vibrational frequencies and dis-
placements, as displayed in Fig. 2 (left panel) for GaAs
(110):Sb. Despite its simplicity, this model reproduces
well the observed vibrational frequencies.

The surface unit cell has a mirror plane parallel to the
[001] direction (point group C, ). The vibration modes
in Fig. 2 are denoted according to the symmetry with
respect to the mirror plane (A' and A"). Modes with
A' symmetry do not break the mirror symmetry and are
thus expected to have diagonal Raman tensors, i.e.,

The observed selection rules for Raman scattering is in
agreement with Eqs. (2) and (3).is

Due to the large mass of the Sb atoms, the mode &e-
quencies in Fig. 2 lay within the vibrational continuum
of the substrate and strongly mix with the III-V bulk-
like vibrations. This effect was investigated recently by
Schmidt and Srivastava, ' who calculated the surface
eigenmodes allowing the topmost (one to three) substrate
atomic layers to vibrate. The number of eigenmodes in-
crease with the number of vibrating atoms. We will con-
centrate throughout this paper only on the three lowest
frequency A' modes (1A' to 3A') and the A" mode con-
fined to the Sb and first substrate monolayers, which rep-
resent the surface phonons with strongest Raman cross
section. The eigenvectors for these modes, such as de-
termined by the first-principles pseudopotential method
described in Sec. IIA, are listed in Table III and com-
pared to those of Godin et al. i in Fig. 2 (right panel).
Although the vibrational &equencies are not substan-
tially affected for most of the A' modes, the vibrational
eigenmodes are considerably different in the two cases.
The A" mode, on the other hand, remains unchanged
and strongly confined to the Sb monolayer.

In this work the Raman scattering efBciency from sur-
face phonons was calculated in the &ozen phonon ap-
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FIG. 2. Displacement eigenmodes for surface phonons in GaAs (110):Sbsurfaces determined assuming that only the Sb atoins
vibrate (left panel, from Ref. 18) and that the topmost three atomic layers vibrate (right panel). The vibration eigenmodes

for the latter case were determined using the 6rst-principles pseudopotential calculations described in Sec. IIA and are also
listed in Table III. [The atoms 1—6 are labeled according to (b) in the right panel. ] The A" mode is confined to the Sb top
atoms and exhibits the same displacement pattern in both cases. This mode breaks the mirror symmetry plane of the surface
unit cell, indicated by m in (a). The eigenmode for the A' modes, on the other hand, are considerably different in the two

cases. The corresponding eigenmode frequencies are also indicated in the 6gure.

proach using the eigenmodes listed in Table III and
displayed on the right side of Fig. 2. In this ap-
proach, the Stokes scattering efficiency S (in units of
[length] i[solid angle(sr)] ) is related to the change
in the dielectric function Le induced by a phonon eigen-
mode of amplitude 4( bys

(4vrc2) 2 2(u„
V (rinE+ 1) e, e;

where u, (us, ) is the light (phonon) frequency, ngE is the
Bose-Einstein factor, V, is the unit cell volume, and e;
and e, are the polarizations of the incident and scattered
light.

In order to determine the derivative Os/8(, the dielec-
tric function was calculated for three values of the mode
amplitude (. These three values were then fitted to a
parabola in order to extract the linear term Bs/8(. The
amplitudes ( were chosen to be sufficiently small so as to
yield maximum atomic displacements smaller than 2% of
the bond length.

Equation (4) is well suited to describe the Raman ef-
ficiency of bulk materials. For the surface modes it is
more convenient to express the Raman efBciency in terms
of the total scattering efficiency (i.e. , ratio between the
scattering intensity per unit of solid angle and the in-
cident light intensity), IJr. In the slab calculations, the
latter is simply given by IIr ——(I/2)d, i bS, where the
factor 1/2 again takes into account the existence of two
Sb-covered surfaces for each slab.

III. RESULTS AND DISCUSSIONS

In Sec. III A we compare the tight-binding pre-
diction for the surface dielectric function and dielec-
tric anisotropy with experimental results. The tight-
binding method reproduces relatively well the experi-
ments, thereby justifying its use in Sec. IIIB for the
determination of the energy-dependent Raman cross sec-
tion of surface vibrations of InP:Sb and GaAs:Sb sur-
faces. The calculated cross sections are compared to ex-
perimental values and analyzed in terms of a bond po-
larizability model.

A. Dielectric function and anisotropy

The lines in Fig. 3 display the calculated imaginary
part (s2) of the dielectric function of the clean (thin
lines) and for a Sb-covered (thick lines) InP surface. The
symbols show for comparison the same quantity mea-
sured at room temperature on a UHV cleaved (110) InP
substrate. The experimental spectrum is dominated by
peaks at 3.15 and 4.7 eV associated with the bulk Ei (and
the spin-split component Ei+ Ai = 3.3 eV) and Eo tran-
sitions, respectively. These transitions are reproduced
in the calculated spectra, which, however, underestimate
the amplitude of the high-energy structures. Also, the
calculated E~ transition is redshifted by 0.25 eV with
respect to the experimental values. These discrepancies
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cu„(cm ')
79

z I

-0.258
-0.258
0.189
0.484
0.096
0.207
-0.211
0.199
0.084
-0.171
-0.084
-0.022
-0.41
0.179
0.008
0.441
-0.055
-0.141

0
0
0
0
0
0

2A' 89.6

169

A II 161

TABLE III. Eigenfrequencies and eigenmodes of the first three atomic layers for surface modes of

GaAs (110):Sband InP (110):Sbsurfaces. The atomic positions 1—6 are indicated in Fig. 1(b) (right

panel). The z', y', and z' axes correspond to the [110], [011],and [001] directions, respectively.

GaAs (110):Sb [[
InP (110):Sb

Mode Atom x' 'Q z (dp cm x
1A' 1 -0425 0 -019 888 0601 0

2 0.42 0 -0.173 -0.374 0

3 -0.324 0 0.163 0.136 0

4 0.359 0 0.197 -0.159 0

5 0.197 0 0.295 0.017 0

6 -0.229 0 0.315 0-.022 0

1 -0 43 0 0 268 143 0 294 0

2 0.414 0 0.312 0.328 0

3 -0.108 0 -0.381 -0.113 0

0.103 0 -0.395 -0.356 0

5 -0.015 0 -0.265 -0.182 0

6 0.07 0 -0.273 -0.217 0

3A' 1 187 -0084 0 -0594 -0.248 0

2 0.027 0 0 488 0.43 0

3 -0.048 0 -0.002 -0.046 0

-0.145 0 0.375 -0.423 0

5 0.316 0 -0.211 -0.006 0

6 0.248 0 -0.177 0.393 0

1 0 -0 705 0 158 0 -0.711
2 0 0.708 0 0 0.703
3 0 -0.021 0 0 -0.008
4 0 0.009 0 0 0.003
5 0 -0.004 0 0 -0.002

6 0 0 012 0 0 0.009

are not only a limitation of the simple nearest-neighbor
tight-binding model used here, which is only accurate for
states close (i.e. , a few eV away) from the band edges,
but also consequences of the neglect of local field and
excitonic effects.

The calculated spectra in Fig. 3 indicate that the
main contributions of the Sb monolayer to the dielec-
tric function occur for energies between 2 and 3 eV, i.e.,
below the bulk InP Eq transition. This effect is further

substantiated in Figs. 4 and 5, which compare the cal-
culated SEF and reHection difference spectra (RDS) of
clean and Sb-covered InP (110) surfaces with experimen-
tal values. The RDS data correspond to the difference

(r(qoo) —r(~Is))/r' between the comPlex reHection coeK-
cient r for polarization along the surface principal opti-
cal axes [001] and [110]. The calculations reproduce the
main features of the measured spectra. The agreement

clean

150
exp.

Q

g 20.
LI

~ 10.

exp.

caic. '

100-
o+

LL 50-
cO

E 0—
-50

. I
InP (110):Sb

1 2 3 4 5 6
Energy (eV)

FIG. 3. Calculated imaginary part of the dielectric function
for a clean (thin lines) and for a Sb-covered (thick line) InP
(110) surface. The calculations were performed for a 60-A
InP (110) slab. For comparison, the symbols reproduce the
imaginary part of the pseudodielectric function determined
by spectroscopic ellipsometry on a cleaved InP (110) surface
(Ref. 32).

2 3 4

Energy (eV)

FIG. 4. Comparison between the experimental (symbols)
and calculated (lines) surface excess function (SEF) for InP
(110):Sb surfaces. The calculated data were determined
from the di6erence between the dielectric functions of the
Sb-covered and the clean InP (110) surfaces (see also Fig. 3).
The experimental data were obtained from the changes in-

duced by Sb adsorption in the pseudodielectric function mea-
sured by spectroscopic ellipsometry (Ref. 32).
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0.02
(a) InP (110)

6$

CA

-0.02— 0

(b) InP (110):Sb

1 2 3 4

Energy (ev)
FIG. 5. Comparison between the real part of the experi-

mental (symbols, from Ref. 21) and calculated (symbols) re-
flection difFerence spectra [RDS signal = Re(r[ppi] —r[iip])/r]
for InP (110):Sb surfaces. The calculated data were deter-
mined from the difference between the dielectric functions
evaluated for polarizations along the [100] and [110] princi-
pal axes.

B. Raman resonances

Before applying the tight-binding method to surface
phonons, we used it to calculate the Raman efFiciency S

is better for the RDS results, indicating that some of
the errors in the surface excess function calculation can-
cel out in the determination of the dielectric anisotropy.
The surface excess function is dominated by maxima at
2.05 eV and at 2.65 eV, and by a minimum near the bulk
Ei transition at 3.15 eV (the corresponding structures in
the calculated curves are found at 2.15, 2.65, and 3 eV,
respectively). The RDS data indicate that the first tran-
sition is strongly polarized along the [001] direction (i.e. ,
perpendicular to the Sb chains), whereas the second is
stronger for the [110] polarization. Similar results were
also obtained for GaAs (110):Sb.

The assigment of the structures in Figs. 4 and 5 to
transitions in the surface band structure is a difFicult
task since they involve excitations between unoccupied
(valence) and occupied (conduction band) states whose
energies depend on the k vector. We verified that it is
not possible to account for the spectral shape in Figs.
4 and 5 by only taking into account transitions at the
high-symmetry Brillouin zone points I, X, X'. Chiara-
dia et al. and Esser et. al. analyzed the experimen-
tal features by computing the contributions of transi-
tions involving surface states to the RDS spectra of GaAs
(110):Sband InP (110):Sbsurfaces. They attributed the
structures in the RDS spectra for energies below 2.7 eV
to transitions involving surfaces states (mainly the states
S6 to Ss associated with bonding and antibonding states
of the bonds between the Sb chain and the first substrate
atomic layer ). The structures at higher energies are
dominated by transitions involving bulk states modified
by the presence of the surface.

q p-10

10 13
P

q p-14

Energy {eV)

q p-10

10"'
Bulk GaAs (b)::

g Q-13 I

q
p-14

2 3

Energy {eV}

FIG. 6. Raman scattering efficiency, S [in atomic units,
(bohr sr) ] for bulk TO phonons in (a) InP and (b) GaAs.
The symbols reproduce the measured values for InP (Refs. 34
and 35) and GaAs (Refs. 37 and 36).

for bulk GaAs and bulk InP. The theoretical results are
compared to experimental ones in Figs. 6(a) and 6(b).
The absolute scattering intensity for GaAs was extracted
&om Refs. 34 and 35. The corresponding data for InP
were obtained by combining the relative cross sections
reported in Ref. 36 with absolute values determined near
the Eo gap by Kauschke and Cardona. The Raman efIi-
ciency strongly resonates near the Ei gap (2.95 and 3.15
eV in GaAs and InP, respectively). Except for the energy
shifts mentioned previously, the resonance line shape is
well reproduced by the calculated spectra (lines in Fig.
6). Note that the small shoulder in the GaAs curve at
2 eV is also present in the calculated data. As expected
from the one-electron approximation, the tight-binding
calculation cannot reproduce the excitonic enhancement
of the Raman intensity near the Eo gap.

After this reliability test, the tight-binding method
was used to calculate the resonance profile for the GaAs
(110):Sband InP (110):Sbsurface phonons (Figs. 7 and
8, respectively). In the calculations we used the phonon
eigenmodes listed in Table III, which were obtained un-
der the assumption that the three topmost surface layers
are free to vibrate (solid lines). The calculated Raman
scattering intensity IR represents the ratio between the
scattering intensity per unit solid angle for the surface
phonons and the incident laser intensity. The calcula-
tions were performed for the different modes displayed in
Table III. For the A" mode (upper left plots) the curves
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;:lVlode A"
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FIG. 7. Calculated Raman scattering intensity I~ (ratio
between the scattering intensity per unit solid angle and the
laser incident intensity), for InP (110):Sb surface phonons.
For the diagonal modes 1A', 2A', and 3A', the thick (thin)
lines correspond to the resonance behavior of the a (b) Raman
tensor component [see Eq. (2)]. The calculations were per-
formed for the different modes displayed in Table III, assum-
ing that the three topmost surface layers vibrate. The dashed
lines indicate the resonance profile for the 1A' and 3A' modes
calculated using the eigenmode obtained when only the two
topmost layers are allowed to vibrate. The solid triangles and
circles display the measured Raman intensities reported in
Refs. 21 and 32.

4 1

Energy (eV)

FIG. &. Calculated Raman scattering intensity I~ (ratio
between the scattering intensity per unit solid angle and the
laser incident intensity), for surface phonons in GaAs (110):Sb
surfaces. The calculations were performed for the difFerent
modes displayed in Fig. 2(b) and Table III, which were de-
termined assuming that the three topmost surface layers are
free to vibrate. For the diagonal modes 1A', 2A', and 3A'
the thick (thin) lines correspond to the resonance behavior of
the a (b) Raman tensor component [see Eq. (2)]. The solid
triangles and circles display the measured Raman intensities
reported in Ref. 21.

represent the resonance profile for the c component of
the Raman tensor [see Eq. (3)]. For the diagonal modes
(with respect to the principal axes [110] and [001]) 1A',
2A', and 3A' the thick (thin) lines correspond to the res-
onance behavior of the a (b) Raman tensor component
[see Eq. (2)].

The triangles and circles display experimental data for
the absolute Raman intensity obtained from Refs. 21 and
32, respectively. For the diagonal modes in InP (110):Sb,
the experimental data were recorded with incoming and
scattered radiation polarized along the [110] direction
and correspond thus to the calculated curves displayed
by the thick lines. There are presently no experimen-
tal data available for the other configuration, nor for the
Raman resonance of the A' modes in GaAs.

The resonance behavior of the surface phonon modes
difFers considerably &om that of the bulk materials (see
Fig. 6) and exhibit maxima in the energy range from
2 to 3 eV, where the dielectric properties are dominated
by transitions involving surface states. The A" mode has
a simple displacement pattern involving the vibration of
only the top Sb atoms. In the calculations this mode res-
onates in InP (110):Sbat 2.7 eV, with a shoulder at 2

eV. These two energies correspond closely to the maxima
in the SEF and RDS spectra. The experimental reso-
nance data, on the other hand, shows a pronounced peak
at 2 eV. These discrepancies, which are also observed for
GaAs, are presently not understood. We note, however,
the remarkable ability of the calculations to predict the
order of magnitude and the line shape of the experimental
scattering efFiciencies. One can speculate that the over-
estimation of the Raman cross section in the high-energy
range is related to an incorrect description of the optical
matrix elements by the tight-binding parameters.

The three A' modes exhibit difFerent resonance profiles
for the a and b components, with the first dominating at
2.7 eV and the second at 2.0 eV in both InP and GaAs.
Note that this polarization dependence mimics that ob-
served in the RDS spectra with stronger intensities for
polarization along the [110] and [001] around 2.7 and 2
eV, respectively. The calculated profiles for the 1A' and
2A' mode reproduce relatively well the measured data in
InP (110):Sb.The calculated intensities, however, under-
estimate the experimental values by a factor of 2—10. We
recall here that the single-particle tight-binding method
also underestimates the absolute cross sections of the InP
bulk phonons [see Fig. 6(a)], since the Coulomb enhance-
ment of the oscillator strengths is not taken into account.
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c(1A") +0.00163,asb sb+0.01604o~, ~
—0.0585LO'gb Ga —0.05464O'gb ~s

+0.2085+o'll, ~b-~b 0.0096+o'll, A

0 0043AM
ll ~b c Oo0046L(1

ll

a(1A') —0.0098Aasb sb + 0.0123An~, ~~
+0.0042+o'll ~b-~b 0.0058+o'll A

b(1A') —0.0012Ansb sb —0.0245AnA, a~
+0.0625LO'Sb-Ga —0.05152 Eo'Sb-As

+0.0055Lo.
ll ~b ~b + 0.0077Ao.

ll ~, G

+0.0100~o.
ll ~b Ca —0.01094O'll ~b ~s

(5)

(6)

For the 3A' mode, the difference between calculated
and measured intensities are more pronounced than for
the 1A' and 2A' modes. As indicated in Fig. 2 (right
panel, see also Table III) the eigenmodes for the three A'

modes penetrate considerably in the bulk and we trace
this discrepancy to the errors introduced by neglecting
the vibration of the deeper substrate layers. This effect
is illustrated by the dashed lines for the 1A' and for the
3A' modes in Fig. 7, which display the resonance profile
for the a-Raman tensor component under the assumption
that only the two (instead of three for the thick solid line)
topmost layers vibrate. The 1A' mode is not considerably
affected but large differences are seen for the 3A' mode,
whose eigenmode strongly depends on the number of vi-
brating atoms. This result illustrates the importance of
using realistic phonon eigenmodes in the calculation of
the Raman scattering intensities.

In the following, we present a simple argument based
on the bond polarizability model to explain the line shape
of resonance Raman profiles displayed in Figs. 7 and
8. We will focus the discussion on the GaAs (110):Sb
system: Due to the similarity in the band structure,
the same conclusions also hold for InP (110):Sb. In the
bond polarizability model, the susceptibility is expressed
as a sum of local contribution from single bonds. For
each bond we associate energy-dependent polarizabilities
o.

ll
and o.~ for electric fields parallel and perpendicular

to the bond axis, respectively. The dielectric function
is obtained by adding the polarizability of the different
bonds. The Raman scattering intensity can then be de-
termined from the change in the total polarizability o.z
induced by the phonon eigenmodes, i.e. , IR ~Bnz /B(~
The phonon-induced modulation of the bond polariz-
ability depends to first order on the modification of the
bond angle and of the bond length R by the atomic dis-
placements. The former is proportional to the difference
Lo. = o.

ll

—o.~ between the polarizability perpendicular
and parallel to the bond. The bond length contribution
depends on the variation of o.

ll
and o.~ with the bond

length, described by the parameters AnI~ ——Bn~~/Bin R
and An& ——On~/Oln R, respectively. In the follow-

ing we will assume that Ao.
ll
)) Lo.~, an approximation

that holds for germanium, silicon, and diamond. In this
case, the following expression for the Raman tensor com-
ponents of the GaAs surface modes is obtained from the
eigenmodes of Table III:

a(2A') —0.01594asb-sb 0.02444a~, G~

+0 ~ 0071LAll gb gb + 0 ~ 0123LAll

b(2A') ~ +0.00616nsb sb + 0.0000Act'Aq Q~
—0.1320LO'gb Ga + 0.1186LO'gb ~s

+0 ~ 0105Lct',
ll gb gb +

0.0140Lnll Sb-Ga + 0.01184all ~b

a(3A') - —0.2772Easb-sb + 0.1766An~, ~~

+0.1173+o'll ~b ~b
—0.0871+o'll A

b(3A') +0.2758Ansb sb —0.05436,a~, ~~
—0.01364O.gb Ga —0.07744O.gb ~s

+0.2033+o'll ~) -~b 0-0446+o-'ll A

+0.0068Ao'll &b « —0.0163Lo'll, gb-As .

(8)

(9)

In each of these equations, the first and. second lines cor-
respond, respectively, to the first-order contributions of
bond angle and bond length variations to the Raman
components.

An interesting aspect of Eqs. (5)—(11) is the indepen-
dence of the diagonal Raman tensor component a (modes
1A' to 3A') on the polarizabilities of the Sb-Ga and Sb-
As bonds and their derivatives. This effect, which strictly
holds only under the assumption of Lo.& ——0, can be
understood by considering the displacement patterns of
Fig. 2(b) —2(d) (left panel). The Sb-Ga and Sb-As bonds
and the eigenmode for the diagonal modes lie in the [110]
plane (the plane of the figure). As a result, the vibrations
do not modulate the polarizability in the direction per-
pendicular to that plane (i.e. , along the [110] direction),
leading to a vanishing a component. This result will be
important in understanding the resonance behavior of
the Raman profile, as discussed in the following.

The bond polarizability model provides a local descrip-
tion of the optical properties and predicts maxima in the
Raman intensity when the laser energy matches the tran-
sition energy between bonding and antibonding states of
the bonds modified by the phonons. In a solid, however,
there can be transitions involving states associated with
different bonds. One then expects a resonance whenever
at least one of the states involved in the transition is
associated with a bond that has been modified by the
phonon. As a result, the resonance behavior is consider-
ably more complicated than that given in Eqs. (5)—(11),
which implicitly assumes constant bond polarizabilities.
Nevertheless, we show below that the bond polarizabil-
ity model can qualitatively explain most of the features
of the resonance profile.

The bonds between the Sb chain atoms and the first
substrate layer (Sb-As and Sb-Ga bonds) are responsible
for the states lying close to the bulk valence and conduc-
tion band edges (states Ss, S4, S~, and Ss, see Ref. 15).
Transitions involving the corresponding bands lead to the
SEF and RDS structures at 2 eV. Accordingly, the
Raman tensor components c(1A") and b(1A') —b(3A'),
which are affected by these bonds [Eq. (11)], also res-
onate in the same energy range (see thin lines in Figs.
8 and 7). In the bond polarizability approximation de-
scribed above, these bonds do not contribute to the a
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Raman tensor components. As a result, the a component
exhibits small values for energies below 2.7 eV (thick lines
in Figs. 8 and 7).

The SEF and RDS resonances around 2.7 eV, on the
order hand, are dominated by transitions involving states
of the Sb-Sb (states Ss and S4) bonds and of the Ga-As
bonds (states A& and A2). Since the Ss and S4 states
lie at least 4 eV below the conduction band, the reso-
nance of the a, 6, and c Raman component is probably
determined by the contributions &om the states of Ga-As
bond located near the surface. The bond polarizability
model thus provides a qualitative explanation of the po-
larization dependence and of the resonance behavior of
the Raman cross section.

InP (110):Sb surfaces. Despite its simplicity, the tight-
binding method reproduces reasonably well the experi-
mental results, including the absolute scattering intensi-
ties. The theoretical results are interpreted in terms of
a simple bond polarizability model for the Raman cross
section, which qualitatively describes the resonance be-
havior and the polarization dependence of the Raman
cross section.
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