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We report results obtained by a systematic study of Sb chemisorption on the relaxed GaAs(110) sur-

face, using density-functional theory within the local-density approximation and norm-conserving, fully

separable, ab initio pseudopotentials. The GaAs(110) surface is simulated by a slab geometry wherein

the atomic structure of the Sb atoms at the preferred adsorption positions and the top three substrate

layers is optimized by minimizing the total energy. Sb coverages of 8= —,
' and 8= 1 are considered, cor-

responding to one or two Sb atoms per surface unit cell, on the average. We study nine different bonding
con5gurations in detail. The results are interpreted in terms of the strong adsorbate-substrate bonds and
the Sb-Sb interaction. For the energetically favored epitaxial continued layer structure in the 8= 1 case,
the atomic positions are found in good agreement with results of low-energy electron diffraction and x-

ray standing wave analyses. However, the epitaxial on top structure, which seems to St somewhat better
to the scanning tunneling microscopy (STM) data, is some tenths of an eV higher in energy. In the 8=

z

case we give a detailed analysis of the total-energy surface of the Sb/GaAs(110) system and identify
stable and metastable adsorption sites. The resulting adsorption energies and equilibrium geometries in-

dicate a tendency to form two-dimensional Sb clusters for submonolayer coverage. The accompanying
electronic properties (surface band structure, photothreshold, etc.) are discussed within the context of
experimental data available from STM, photoemission spectroscopy, etc.

I. INTRODUCTION

The study of the structural, electronic, and vibrational
properties of group-V elements chemisorbed on polar
III-V compound semiconductors has attracted much in-
terest in the last decade. Among the most extensively
studied interfaces, antimony on cleaved GaAs(110)
represents a prototypical system. The chemisorption of
column-V sernimetals on III-V compounds gives ordered,
unreactive, and nondisruptive interfaces for monolayer
overlayers, where one monolayer (1 ML) corresponds to
8.85X10' atoms/cm or to an effective coverage 8=1.
The relationship between structural and electronic or vi-
brational properties can be sketched already in the initial
stages of the interface formation. More strictly speaking,
Sb/GaAs(110} appears as a model system for studying the
relationship of growth, structure, chemical bonding and
resulting properties, e.g. , the Fermi-level pinning.

Antimony strongly binds to the (110) surface of GaAs.
In the submonolayer coverage regime, i.e., 8&1, an-
timony adsorbates on GaAs(110) tend to cluster together,
forming islands. ' The islands have a height corre-
sponding to 1 ML, i.e., about 2.5 —2.8 A. The island size
is of the order of 10—100 A. Most of these islands
represent ordered clusters along the zig-zag chains of cat-
ions and anions in the [110]direction. They have a 1X 1

unit cell which matches that of the clean GaAs(110).
However, around the edge of the Sb islands defects exist.
As the islands grow in size these defects persist, generally
maintaining their positions at the edge of the Sb terraces.
At about 0.7 ML the islands merge together and form a
1 X 1 continuous network over the surface. The overlayer

resulting within this two-dimensional growth is not per-
fectly ordered. The disorder can be substantially reduced
by annealing the film. ' At the completion of 1 ML, Sb
atoms build up a structure with high chemical stability
and local order, probably periodically arranged so as to
resemble the geometry of a GaAs(110) topmost layer.
Both properties of the structure are due to the formation
of strong covalent bonds between the adatoms and the
substrate Ga and As atoms along the zig-zag chains. At
higher coverages, three-dimensional growth of the semi-
metal Sb occurs without any exchange reaction with the
substrate.

The most widely studied Sb/GaAs(110) interface is the
ordered structure with a p (1 X 1) symmetry and 1 ML Sb
on GaAs(110). Besides scanning-tunneling microscopy
(STM} studies' and older structural analyses by low-

energy electron diffraction (LEED), there are also care-
ful recent LEED and x-ray standing wave (XSW) inves-
tigations. To explain the experimental data, various
structural models have been suggested for the monolayer
Sb coverage, i.e., 8=1. The geometry most widely ac-
cepted until 1990 was the epitaxial continued layer struc-
ture (ECLS). It was proposed heuristically by Swarts,
Goddard and McGill assuming that the Sb atoms occu-
py the "next lattice layer" on a nearly unrelaxed
GaAs(110) surface. The resulting Sb chains bridge the
GaAs chains of a nearly unrelaxed surface. Therefore,
sometimes it is also called bridging-chain model. Starting
from the LEED data, their own photoemission results,
and a fully relaxed surface with completely filled or emp-
ty dangling bonds, Skeath and co-workers' ' suggested
a p structure model, where the Sb atoms form chains
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similar to that of Ga and As and every second Sb is
strongly bound to a Ga substrate atom donating two p
electrons into the empty p-type dangling orbital of Ga
and one p electron into an Sb-Sb bond orbital. These
chains are therefore 180' out of phase in comparison
with the corresponding layer of the zinc-blende structure.
The Sb s electrons remain in tightly bound lone-pair or-
bitals. The epitaxial on top structure (EOTS)' is a special
case of the p structure. However, the adatoms are as-3

sumed to be situated in positions nearly on the top of the
unrelaxed surface zig-zag chains of Ga and As atoms. Sb
chains in the right phase are considered in the epitaxial
overlapping chain structure (EOCS). However, they are
displaced in the [001] direction to overlap laterally with
the underlying substrate chains. Another conceivable
model is a dimer structure with Sb dimers oriented in the
[001]direction above Ga atoms.

The atomic geometry of the semimetal overlayer as
well as the underlying substrate are extensively deter-
mined for the ECLS model by means of the minimization
of the total energy within a tight-binding scheme. ' ' For
this structure results of an ab initio pseudopotential cal-
culation' ' and of a many-body linear combination of
atomic orbitals (LCAO) method' exist as well. Recent
theoretical work' using a slightly modified tight-binding
scheme has shown that the total energies of the ECLS
and EOTS structures are comparable within the accuracy
of the method used. On the other hand, the EOCS is
computed to be substantially lower in energy than both
the ECLS and EOTS. This energetically favored struc-
ture is, however, incompatible with both LEED and STM
data. STM micrographs have been satisfactorily inter-
preted using the ECLS as well as the EOTS. ' The EOTS
seems to give a better fit to the data than the ECLS.
MA. rtensson and Feenstra have also found that the pro-
posed p model is only marginally incompatible with the
experimental data. This is somewhat in contrast to
LEED and XSW studies which have strongly supported
the ECLS model. We mention that the structural data
derived from ab initio total-energy calculations also favor
the ECLS model over the p structure' and the EOTS, '

respectively.
The comparison of experimental results obtained by

STM spectroscopy, ' ' angle-resolved photoemission
spectroscopy (ARPES), ' and inverse photoemission
(IP) for the electronic structure with band-structure cal-
culations' ' ' may be a good indicator for the validity
of a bonding model. Core-level spectroscopy" indicat-
ed the existence of at least two chemically distinct Sb
species at the interface, while valence-band photoemis-
sion spectroscopy' ' revealed Sb-induced surface states
just below the GaAs valence-band maximum (VBM).
Additional information follows from the measurement of
band bending by work-function, ' surface-photo-
voltage, Raman scattering ' and photoemission ' ex-
periments. Furthermore surface-sensitive high-resolution
electron energy loss spectroscopy (HREELS) measure-
ments on the system Sb/GaAs(110) grown at room
temperature exist. The conclusions about the interface
structure are rather limited. However, in recent
HREELS a low-energy surface-state transition around

1.55 eV is observed in agreement with reAectanee
difference measurements. Despite the various studies,
there is no clear connection between structural and elec-
tronic properties. Empirical tight-binding results' for
electronic states using both the ECLS and EOTS have
been found to be in good agreement with photoemission
data. On the other hand, the self-consistent ab initio cal-
culations' within the ECLS model give rise to band
states which better fit to direct and indirect photoemis-
sion experiments.

In this paper we present accurate self-consistent calcu-
lations for the atomic geometry, the adsorption energies,
and the electronic structure of the Sb/GaAs(110) system.
In Sec. II the theoretical method based on the density-
functional theory (DFT) is described. In Sec. III we cal-
culate the equilibrium atomic structure for the five

geometry models mentioned above in the monolayer-
coverage case, i.e., 6=1. The models are discriminated
according to the adsorption energy, and the resulting
band structures are compared with experimental data
from STM, ARPES, IP, PES, and HREELS. As an ex-
ample for the submonolayer adsorption we study the case
6= —,

' in Sec. IV. In addition to the homogeneous cover-

age of 1 X 1 symmetry we also investigate chain and di-
mer structures of 2 X 1 or 1 X 2 symmetry. The preferred
adsorption sites of Sb on GaAs(110) and the tendency for
clustering are studied. The interface states are discussed
in the context of the Fermi-level pinning. Finally a brief
summary is given in Sec. V.

II. COMPUTATIONAL METHOD

The parameter-free electronic structure, total energy,
and force calculations are performed within the density-
functional theory. ' The electron-ion interaction is
treated by using norm-conserving, ab initio, fully separ-
able pseudopotentials in the Kleinman-Bylander form
as given in Ref. 39. They are based on relativistic all-
electron calculations for the free atom by solving the
Dirac equation self-consistently. ' ' ' The exchange-
correlation functional of the electron-electron interaction
is approximated by its local version. Explicitly the
electron-gas data of Ceperley and Alder are taken into
account in the form as parametrized by Perdew and
Zunger.

In order to describe clean and covered semiconductor
surfaces we use the repeated-slab method. Each slab
contains eight atomic (110) layers of GaAs. Sb atoms are
placed on both sides of the slab. We use a vacuum region
which has a thickness of six atomic layers. The wave
functions are expanded in terms of plane waves. An ener-

gy cutoff of 8 Ry is used for the plane-wave basis set,
which corresponds to about 1500 plane waves for the
1 X 1 systems. To make sure that the results are well con-
verged, some of the results are checked by using a cutoff
of 18 Ry corresponding to more than 5000 plane waves.
The summation over four special k points in the irre-
ducible part of the surface Brillouin zone was used to re-
place the Brillouin zone integrations. To improve the k-
space sampling we use partial occupation numbers ac-
cording to a Fermi function with an effective electron



49 CHEMISORPTION OF ANTIMONY ON GaAs(110) 4733

temperature of k~ T=0.01 eV.
The GaAs lattice constant is optimized for a

GaAs(110)1X 1 slab to a value of 5.5 A. All results re-
ported hereafter are obtained with this theoretical lattice
constant that is somewhat smaller than the experimental
value of 5.65 A. In order to determine the equilibrium
atomic positions, the atoms of the three outermost sub-
strate layers and the adatoms on both sides of the slab are
allowed to relax to geometries given by the calculated to-
tal energies and forces, using a steepest-descent method
for the atomic displacements together with a Car-
Parrinello-like approach for bringing the wave function
to self-consistency. We apply the computer code cp93fhi
of Stumpf and SchefBer. The equilibrium geometry is
identified when all forces are smaller than 0.05 eV/A.
This corresponds to an uncertainty of the atomic posi-
tions of less than 0.01 A.

In several cases we also derive adsorption energies per
Sb atoms. For this purpose we do not only need the total
energies of the slab with and without adsorbate. In addi-
tion, the energy of free Sb atoms has to be known. It is
also calculated by the method described above, but spin-
polarization effects are taken into account. Despite the
inclusion of spin effects the adsorption energies seem to
be overestimated using such a scheme by about several
tenth of eV per bond. At the very least, such a value can
be derived comparing the theoretical values for the
cohesive energy per bond of 2.05 eV (GaAs) or 2.00 eV
(GaSb) obtained for fcc structure and 18 Ry cutoff with
the corresponding experimental values, 1.63 and 1.48
eV. This overestimation results mainly from the
different calculation methods for atomic and solid-state
energies. The overestimation of the chemical bonding is
indeed another reason as can be seen from the theoretical
bond lengths of 2.41 A (GaAs) and 2.61 A (GaSb) which
are 0.04 A smaller than the experimental ones. We
mention that the overestimation of cohesive energies of
semiconductors by roughly 0.5 —1.5 eV per atom is well
known for the typical DFT-LDA procedures of calcula-
tion. Nevertheless, we can use these values since we
only consider differences comparing different structures.
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0.7 eV per surface GaAs pair, strong covalent Sb-Sb

bonds follow with a similar strength as the Ga-As and

Ga-Sb bonds. In the case of the ECLS the covalent

bonds can be seen clearly from Fig. 2. We note that for
this structure the Sb atoms are linked to the substrate by
directional bonds. The total valence-electron density
around the atomic connection lines is very similar for
Sb-As, Sb-Sb, and Ga-Sb. However, for the Sb-As
(Ga-Sb) bond the center of gravity is somewhat shifted

from midbond towards the As (Sb) atom, indicating the
minor ionic character of these bonds. The direction of
these shifts follows the electronegativities 1.81, 2.05, and

2.18 of the atoms Ga, Sb, and As. ' The electrostatic
forces associated with the partially ionic character of the
bonds seem to be responsible for the small counter-

III. MONOLAYKR COVERAGE (e= 1)

A. Adsorption energies and chemical bonds
(d)

Proceeding from the five structural models mentioned
above for the monolayer Sb coverage and schematically
presented in Fig. 1, we find that indeed they give rise to
at least local minima in the total-energy surface. Al-
though constraint of symmetry is assumed, these minima
indicate the stability of the structures with certain atomic
geometries. From the energetical point of view, however,
they are of different importance, even when the accuracy
of the adsorption energies in Table I is limited. On the
other hand, the adsorption energies per additional
adsorbate-adsorbate or adsorbate-substrate bond of about
2 eV are of the same magnitude as the cohesion energies
found for bulk GaAs and GaSb (cf. Sec. II). Taking into
account the typical values for the energy gain due to lat-
tice relaxation from the clean GaAs(110)1X1 surface of

d23

(e)

~As OGa Sb
FIG. 1. Schematic representations of side and top views for

the five classes of surface geometries for the Sb/GaAs(110)1 X 1

system with one monolayer antimony: (a) epitaxial continued

layer structure (ECLS), (b) p structure, (c) epitaxial on top
structure {EOTS), {d) epitaxial overlapping chain structure

(EOCS), and (e) dimer model. The notation of atoms is valid

throughout the paper.
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TABLE I. Adsorption energies per Sb adatom and bond lengths in the first two atomic layers for
monolayer Sb/GaAs(110)1X1 systems. The shortest bond length is taken if more than one distance
comes into question. The second values for ECLS result from a calculation with the energy cutoff of 18
Ry.

Geometry
model

Adsorption
energy (eVj Sb-Sb

Bond length (A)
Ga-Sb Sb-As Ga-As

ECLS

EOTS
EOCS

Dimer structure

4.48
4.42

4.13
4.23
3.43
3.55

2. 79
2. 79

2.83
2.82
3.00
2.81

2. 55
2. 57

2.61
2.67
2.81
2.76

2.64
2.64

2.79
2.77
3.14
2.96

2. 39
2.40

2.39
2.38
2.46
2.43

relaxation in the first GaAs layer, although Ga and As
are nearly sp hybridized in the ECLS. Together with
the covalent radii ' it also explains the subsequent buck-
ling in the Sb-Sb chains.

The ECLS model, considered theoretically in detail in
Refs. 13 and 16—18, is clearly the structure of choice.
The EOTS model which perhaps better fits to the STM
images' as well as the original p structure are only 0.25
and 0.35 eV higher in energy. On the other hand, the
EOCS and dimer models seem to fail considering the en-
ergetics. It is striking, that the structures, which nearly
conserve the bond length close to the sum of covalent ra-
dii ' of 2.80 A (Sb-Sb), 2.66 A (Ga-Sb), 2.60 A (Sb-As),
and 2.46 A (Ga-As), are lower in energy. This holds espe-
cially for the three structures, being most favorable from
the energetical point of view, although the ordering of
the bond lengths Ga-Sb and Sb-As is reversed. In the
case of the EOCS and dimer bonding the interface is re-
markably expanded, resulting in a lowering of the adsorp-
tion energies. A similar argument holds for the energy
lowering in the case of the EOTS and p structure. There
the Sb-As bond length is much larger than that for the
ECLS. It is noteworthy to mention that the Sb-Sb bond
length of about 2.8 A is nearly the same in all structures,
apart from the EOCS.

Another interesting insight in the bonding behavior
arises from the comparison of the p structure and the
EOTS. According to LaFemina, Duke, and Mailhiot, '

the bonding between the GaAs surface layer and the Sb-
Sb chains is also best characterized as a p hybridization,
which is responsible for both the intrachain and the
overlayer-substrate interactions as already discussed for
the p structure. We believe that within the p structure
only a strong Ga-Sb substrate-adsorbate bond occurs
whereas the bond angles for the Sb p orbital and the near
As sp hybrids are unfavorable for a strong bond. In the
case of the EOTS Sb atoms can regularly bind to Ga as
well as As. Of course, these bonds are somewhat weaker
than the Ga-Sb bond within the p structure. Indeed, the
Ga-Sb bond length of the p structure is smaller by 0.06
A than in the EOTS, whereas the Sb-As distance changes
by —0.02 A between these two structures. In our
opinion this bonding picture may also explain the missing
counter-relaxation for the p structure (cf. Table II). The
bonding of the Sb-Sb chain to the As atom is so weak
that As tends to occupy a relaxed position similar to that
at the clean GaAs(110) surface.

B. Atomic energy

The most important parameters of the atomic
geometry of the Sb monolayer and the underlying relaxed
GaAs(110) surface are listed in Table II. The structures
according to the five different local minima of the total
energy are in a qualitatively good agreement with the
predictions of Duke et al. We find counter-relaxation of
the outermost GaAs layer with the only exception of the

p structure. The buckling of the Sb chains or dimers is

one important structural parameter. This vertical dis-
placement between the two inequivalent Sb atoms per
surface unit cell, 6, ~, of 0.05 or 0.06 A is in good agree-
ment with the LEED analysis ' and other calcula-
tions. ' ' ' The other structural models give, in general,
rise to much larger buckling parameters, with the excep-
tion of the EOCS. The lateral distance of two Sb atoms
in the I001] direction is another parameter of the Sb over-

layer. The agreement with LEED results is excellent.
However, similar lengths follow also within the EOTS
and p structure. An interesting question concerns the
buckling b, ~ ~ in the first GaAs layer. It is reversed (apart
from the p structure) but somewhat smaller compared
with the clean GaAs(110) surface for reasons discussed

FIG. 2. Contour plots of the valence pseudocharge density

for the 8=1 adsorption of Sb on GaAs(110) in the ECLS. The
plots are drawn along the three planes perpendicular to the sur-

face containing the As-Sb, Sb-Sb, and Sb-Ga bonds as indicated

by the lines in the upper part of the drawings. The contour step
is 0.005 bohr
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in Sec. III A. Within the ECLS our value of about 0.1 A
approaches that found by LEED. However, the other
structural modes also yield small buckling in agreement
with the general tendency of reduction of the GaAs sur-
face relaxation during coverage. ' Such an agreement
is also stated for the [001] lateral distance hz of Ga and
As atoms within the zig-zag chains parallel to the [110]
direction. This is more or less valid for all structural
models, even if the ECLS should also be favored in this
case.

A clear distinction between the structural models
arises from the vertical distance d &2 j of the outwards dis-

placed atoms in the Sb overlayer and the first GaAs
plane. Only within the ECLS can the LEED value be
reproduced. We mention that the value d&2 ~=2.35 A is
also close to the XSW findings of 2.27+0.05 A for the
average vertical distance of Sb atoms from the GaAs sur-
face.

A direct comparison of the data in Table II derived

from total-energy minimizations with results of STM is
rather toilsome. The experimentalists are not able to ob-
serve the lateral position in the [110]direction for the Sb
atom closer to the As atom or even bonded to the As
atom. Thus, there is an uncertainty which extends over
the entire surface unit cell. Nevertheless, one is in a posi-
tion to compare STM data with results for the lateral
distances from total-energy calculations or other
methods, e.g. , LEED. ' Such a comparison is shown in

Fig. 3. We see that the epitaxial overlapping chain struc-
ture (EOCS) and the dimer model completely fail such a
comparison. Both the ECLS and the EOTS cannot be ex-
cluded by such a comparison, although the EOTS seems
to be somewhat more reasonable. However, the p struc-
ture can also be a structural candidate, even if the agree-
ment is poorer. These conclusions are in agreement with
the findings of Mkrtensson and Feenstra3 as well as
LaFemina, Duke, and Mailhiot. ' Nevertheless, we have
to mention that, although STM measurements suggest

TABLE II. Structural parameters (cf. Fig. 1) in A for the five geometries of the system
Sb/GaAs(110)1X1 in the monolayer case. The present results obtained for —,', Ry cutoff energy are

compared with results of the LEED analysis by Ford et al. (Ref. 7), the tight-binding calculations of
LaFemina, Duke, and Mailhiot (Ref. 13), the ab initio pseudopotential calculations by Srivastava (Ref.
17), and the XSW studies of Kendelewicz et al. (Ref. 8).

Present results 61,&

LEED
Tight binding'

ab initio"

ECLS

0.05
0.06

0.08
0.04
0.04

p structure

0.70

0.66

EOTS

0.15

0.33

EOCS

0.08

0.13

Dimer model

1.25

Present results 61y
LEED

Tight binding'
ab initio'

2.00
2.00

1.99
1.86
1.91

1.94

1.93

2.04

1.83

2.28

2.11

2.52

Present results d12

LEED
Tight binding"

ab initio"
XSW8

2.35
2. 36

2.34
2.35
2.36
2.27

2.89 2.73

2.93

2.43

2.11

2.76

Present results d12y

Tight binding"

4. 51
4.50

4.47
0.52 1.41

1.25

1.41

1.74

s.s6

Present results h2 j
LEED

Tight binding'
ab initio'

0.08
0. 10

0.11
0.03
0.09

0.23 0.03

0.27

0.04

0.16

0.06

Present results 62y
LEED

Tight binding'
ab initio'

1.38
l.40

1.40
1.41
1.43

1.37 1.36

1.32

1.50

1.69

2.74

Present results d23 J
1.96
2.00 1.73 1.95 1.96 2.00

Present results d23
„

2.71
2.70 2.76 2.71 2.80 2.76



4736 %. G. SCHMIDT, B. %ENZIEN, AND F. BECHSTEDT

the atomic positions as in Fig. 3, carefully speaking, these
experiments probe the local density of electronic states
and not necessarily the positions of cores.

C. Surface band dispersion and orbital character

& (~)

(e) Uncertainty in the
position[ of Sb as
determined by STM

FIG. 3. Comparison of the spatial locations of the topo-
graphic features observed in the STM images by MArtensson

and Fenstra' with the fully relaxed positions derived by total-
energy minimization for different structural models: (a) ECLS,
(b) p' structure, (c) EOTS, (d) EOCS, and (e) dimer model.

In Fig. 4 we show the surface band structures comput-
ed for the five different overlayer models given in Fig. 1

and described in more detail in Table II. More strictly
speaking, we show the dispersion of the surface bound
states along high-symmetry lines in the surface Brillouin
zone together with the bulk band structure projected
onto the (110) plane.

Because of the different bonding behavior in the
different models there are only a few similarities in the
band structures shown in Figs. 4(a) —4(e). The first three
model structures give rise to semiconducting interfaces.
Occupied and empty surface bands appearing within the
fundamental gap of the projected band structure are well
separated energetically. On the other hand, the band
structures in Figs. 4(d) and 4(e) indicate a metallic char-
acter of the interfaces if EOCS or dimer geometries
occur. The s-type interface states S, and S2 appear for
all structures (apart from the EOCS) in the ionic gap of
the projected band structure. On the other hand, the
higher-lying energy bands S3 to S8 exhibit a stronger p-
type character. This holds especially for the Sb contribu-
tions to the corresponding orbitals independent of the
overlayer model, whereas the substrate contribution to
the interface bonds is nearly represented by sp dangling

hybrids, at least for models with an almost unrelaxed first
GaAs plane. The pronounced changes for the Sb contri-
butions more concern the hybridization degree. For in-

stance, the ECLS is characterized by p bonding within
the Sb chains and Sb p„contributions to the interface
bonds. In the EOTS, however, the intrachain and
overlayer-substrate bondings are characterized by a p

'

hybridization of Sb atoms.
As an example, the orbital character of the two-

dimensional Bloch states at (or near) the M point of the
surface Brillouin zone is plotted in Fig. 5 for the ECLS.
Indeed the S& and S2 states are almost localized at one of
the two differently bonded overlayer atoms. The orbitals
are essentially s like, even if there is also a small back-
bond character. The states S3 and S4 appear in the pock-
et of the projected band structure. They belong to bond-
ing combinations of Sb states with As or Ga sp dangling
hybrids. However, there are also remarkable contribu-
tions to As or Ga states within the corresponding vertical
zig-zag chains parallel to [110]. The states S& and 56 ex-

hibit a strong p character, where the p orbitals are nearly
parallel to the surface normal. These p orbitals are not
only localized at a Sb atom. Rather, there are also con-
tributions from substrate As and Ga atoms. The inter-
pretation of the S7 and S8 states is somewhat more com-
plicated. They seem to be characterized almost by anti-
bonding combinations of Sb-As and Sb-Ga states. The
principal interpretation of these surface states is similar
than that previously given on the base of tight-binding or
DFT-LDA calculations. ' ' ' The discrepancies prob-
ably arise from the slightly different geometries used in

the electronic-structure calculations.
The most important features in the electronic struc-

tures are the Sb-related surface energy bands S, to S8
within the fundamental gap. The energy location and
dispersion of the bands vary with the overlayer structure
(cf. Fig. 4). Here we focus our attention to the ECLS and
EOTS, i.e., the most favorable structures from the ener-
getical and structural point of view. Unfortunately, ex-
perimental results for the unoccupied surface states are
available only for few k points. Therefore, it is not
clear if the S7 band exhibits a minimum near X and if the
strong dispersion along the I X line is an artifact of the
calculation. In any case, the ECLS gives rise to a pro-
nounced dispersion of S7 and S8 along I X whereas this
dispersion is remarkably reduced in the EOTS case. A
more detailed comparison with experimental results
is possible in the case of the highest occupied surface
states S3, S4, A2, S„andS6, as shown in Fig. 6. We find

that the photoemission results agree better with the
band-structure calculation for the ECLS geometry. The
dispersion of the nearly degenerated S3 and S4 bands is

perfectly reproduced. In the case of S5 and S6 the princi-
pal behavior is comparable, especially when the anion-
related band A2 is taken into discussion. However, it is

worth mentioning that the theory underestimates the
dispersion found experimentally. In particular, the split-
ting between the S~ and S6 bands near X and X' seems to
be underestimated. On the other hand, our resu1ts seem
to fit better the experiment than previous band-structure
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FIG. 4. Surface band structure (bound states) for Sb/GaAs(110)1X1 (I ML) plotted over the projected bulk band structure of
GaAs (dotted region). Five different structures are considered. (a) ECLS, (b) p structure, (c) EOTS, (d) EOCS, and (e) dimer model.
Sb-related surface bands are labeled by S„,whereas substrate anion-(As) and cation-(Ga) derived surface states are denoted by A„and
C„,respectively. The index n counts the bands according to their energetical position. All energies are referred to the valence-band
maximum.
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calculations. ' ' ' This holds especially for the S3/S4
bands, the dispersion of which is excellently reproduced.
We trace this fact back to the use of a geometry opti-
mized by ab initio total-energy calculations. The most
important fact, contradicting the validity of the EOTS, is
the strong dispersion of Sz 6 near X'. The appearance of
the valence-band maximum (VBM) at X' is not in agree-
ment with experimental findings.

Sy S2

D. Energy levels and excitation energies

For Sb monolayers on GaAs(110) a variety of experi-
mental studies including STM spectroscopy, spectro-
scopic ellipsometry, HREELS, reflectance di6'erence
spectroscopy, as well as resonance Raman scattering
have reported electronic transitions between surface
bands. Table III presents a collection of these results.
The experimental results are energetically ordered and
arranged in groups of similar values. The transition ener-
gies of about 2.25, 2.65, 3.2, and 3.75 eV are reproducibly
observed within the di6'erent excitation spectroscopies.
They should therefore be attributed to maxima in the
combined density of states of the monolayer Sb/GaAs
(110) system. Considering the band structures in Fig. 4
the listed energies can be assigned to transitions between
the filled (S~ and S6) and empty (S7 and Ss ) surface
bands, that essentially originate from the Sb-As (S5,S7)
and Ga-Sb (S6,Ss) backbonds or antibackbonds. A de-

tailed identification between the transitions and the
specific surface bands is, however, difficult since the sym-
metry of the initial and final states involved in the experi-
ment is unknown or on1y average positions follow from
the experiment (cf. STM). Looking at the theoretical
band structures in Fig. 4 only direct transitions at critical
points on the boundary of the surface Brillouin zone
should occur. Within the ECLS the bands S6 and S7
really describe surface bands at these k points. S~ (Ss)
gives rise to pronounced bound states only near X' (X).
Considering this fact and the orbital character of the
states we give in Table III only calculated energies for the
transitions S~~S7 at X', X, and M as well as S6~SS at
X and between X' and M. The theoretical values cover
the most important experimental transition range be-
tween 1.9 and 3.75 eV. The onset of transitions found in
HREELS of 1.55 eV is rather small. It can only be relat-
ed to weak S6~S7 transitions on the XI line. However,
the experimental finding should better be related to
surface-state-bulk-band transitions. The inclusion of
strong excitonic efT'ects shifting optical transition energies
by the electron-hole-pair binding energy to smaller values
could be another possibility for lifting the conflicting con-

FIG. 5. Contour plots of the squared wave functions for the
ECLS of Sb/GaAS(110)1 X 1 at (or near} the M point in the sur-

face Brillouin zone for the bound surface states S, to S8. Con-
tours are spaced in units of 10 bohr . The plots are drawn

along the 3 planes containing the As-Sb, Sb-Sb, and Sb-Ga
bonds as indicated by the vertical lines in the upper part of each

panel. Large patterned circles indicate Sb atoms, As are
marked by dots, and Ga atoms are represented by small circles.
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FIG. 6. Comparison of the dispersion of surface bands for
Sb/GaAs(110)1X1 (8=1) computed for (a) ECLS and (b)
EOTS models with ARPES values of Refs. 21, 22 (squares), and
23 (triangles). Solid lines indicate bound states whereas dashed
lines denote resonance states. The theoretical and experimental
values are aligned at the highest occupied surface state at 0 eV
at I .

clusions. The comparison between theory and experi-
ment is also complicated because of the quasiparticle
problem involved in the excitation spectroscopies.
However, in our DFT-LDA slab calculation this problem
is of minor importance since we start already with a near-
ly correct gap for bulk GaAs.

Despite the absence of the bulk-gap problem, an indi-

cation of quasiparticle effects results from the considera-
tion of the lowest empty surface states. Inverse photo-
emission observes these states at 2.1 eV above VBM at
I within the projected bulk bands. In our DFT-LDA
calculation we find this energy level only 1.8 eV above
VBM. The calculated S7 band along the I X line seems

to be too low in energy. Especially, the appearance of S7
and S8 near X in the fundamental energy gap in all DFT
calculations' ' ' should be interpreted as an artifact of
the calculations. Such levels are not observed within the
measurements of the Fermi-level pinning.

Another interesting energy level is the valence-band
maximum (VBM). Relative to the vacuum level (given by
the effective potential outside the slab} it gives the ioniza-
tion energy of the system under consideration. This
quantity was found to be sensitive with respect to the
thickness of the vacuum. In order to avoid interactions
through the vacuum region, the length of the supercell
was taken to be 90 bohr. The reduction of the ionization
energy during monolayer Sb coverage can be simply de-
rived studying the highest occupied band state. Relative
to the clean GaAs(110)1X1 surface we derive changes of
—0.56 (ECLS), —1.11 (p structure), —0.72 (EOTS},
—1.32 eV (EOCS), and —1.19 eV (dimer). These values
are indeed smaller than the difference of the
GaAs(110)1 X 1 ionization energy of 5.47 eV and the Sb-
semimetal work function of 4.05 eV. The reduction of
the ionization energy is due to the changed surface di-
pole. In Fig. 7 we have shown the difference of the elec-
trostatic potentials of the clean GaAs(110)1X1 surface
and the 1 ML Sb/GaAs(110)1X1 system (ECLS). The
variation of the potential difference from the vacuum re-
gion through the interface into the bulk corresponds to a
surface dipole of about 0.4 eV. The difference of this
value to the reduction of the ionization energy calculated
via the VBM indicates the limited accuracy of the slab
calculations. However, we think that even from the con-
sideration of the changes of the ionization energies the
ECLS should be favored. The theoretical value for the
change of the ionization energy AI of about —0.5 eV is
closer to the experimental value of —0.3 eV (Ref. 26)
than the numbers evaluated for the other structures.

TABLE III. Transition energies (in eV) derived from various experimental techniques as STM spec-
troscopy (Ref. 20), spectroscopic ellipsometry (Ref. 27), reflectance difference spectroscopy (Ref. 35),
HREELS (Ref. 34), and resonance Raman scattering (Ref. 30). They are compared with results of
band-structure calculations (ECLS model) for several direct transitions between near surface bound
states localized at the same atoms.

Method Transition energy

STM
Ellipsometry
Reflectance
H REELS

Raman
1.55

2.2

2.25
2.3

2.2-2.4

2.7
2.65
2.65
2.6

3.1

3.2

3.2

3.7
3.75

3.6

Band structure
(ECLS)

S, S, (X)
1.82

SS~S7 (X)
2.20

S5~S7 (X')
2.32

S6~SS (X'M)

3.1-3.8

S5~S7 (M)
3.69
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FIG. 7. Difference of the averaged electrostatic potential

AV(z) for 1 ML Sb/GaAs(110) (ECLS) and the clean relaxed
GaAs(110)1X1 surface versus the coordinate perpendicular to
the surface. Dashed lines mark the averaged positions of the Sb
and GaAs layers, respectively.

IV. SUBMONOLAYER COUERAGE (6=—')

A. Born-Oppenheimer energy surface and diffusion

In this section we study a class of structures that are
defined by half-rnonolayer coverage of atomic Sb on
GaAs(110). The examination of such structures is
motivated by different reasons. One concerns the inevit-
able uncertainties in specifying the absolute surface cov-
erage. Among other things this holds, for example, for
the coverage within the islands appearing in the first
stages of the interface formation. A second point arises
from the possibility that one adsorbed Sb species ob-
served in experiment was ordered but the second one was
disordered at room temperature. The physical reasons
for the observed tendencies for clustering and disorder
are unknown. A third question concerns the preferred
equilibrium adsorption positions in the low-coverage re-
gime.

In order to answer these questions we evaluate the ad-
sorption energy (or total energy of the system) for more
than thirty adatom positions within the irreducible part
of the two-dimensional 1X1 surface unit cell for 8=—,',
i.e., one Sb atom per GaAs surface pair. Thereby the ad-
sorbate coordinates are fixed parallel to the GaAs(110)
surface whereas both the adsorbate-surface distance and
the atomic positions of the top three substrate layers are
fully relaxed. The resulting Born-Oppenheimer energy
surface of a surface Sb atom is shown in Fig. 8. For a
clearer presentation the energy is plotted versus an area
of two surface unit cells, together with the surface Ga-As
atomic chains, in the lower panel of the figure. A con-
tour plot of this energy surface is given in the upper panel
of Fig. 8. The most pronounced feature of the total-
energy surface is the deep channel which is quite rectilin-
ear and parallel to the [110]direction, i.e., the direction
of the GaAs zig-zag chains. The absence of minima lo-
calized in front of the Ga and As dangling bonds, respec-
tively, is somewhat unexpected. In the case of sodium on
GaAs(110) such minima have actually been found. We

relate these findings to the simpler electronic structure of
the alkali atoms. Because of the five valence electrons Sb
tends to adsorption sites with higher coordination.
Indeed we find two equivalent energy rninirna in between
an As atom and the two opposite Ga atoms from the
neighbored zig-zag chain. These long-bridge-bond posi-
tions of an Sb atom between Ga and As atoms of different
surface chains are also somewhat in contrast to the self-

consistent LCAO studies of the same overlayer struc-
ture, ' which found a somewhat displaced adsorption site

giving rise to a threefold coordination of Sb between two
Ga atoms of one chain and the corresponding As atom of
the neighbored chain.

The bonding properties of the Sb adatom in one of the
two equilibrium positions are shown in Fig. 9 in more de-

tail. From the side view of the valence electron density

[Fig. 9(a)] the long bridge bond consisting of a Ga-Sb and

a Sb-As bond with bond lengths of 2.88 and 2.74 A is ob-

servable clearly. They form an angle of about 101' at the
Sb adatom indicating that a mixture of Sb p and sp'
bonds are involved. The lower panels [Figs. 8(b) —8(d)] in-

dicate two facts. First, the adatom position is not situat-
ed on a straight line between Ga and As. The adatom is

slightly displaced in the [110]direction towards the [001]
connection line of two As atoms. Second, there is a cer-

OG
~ A

FIG. 8. Total-energy surface of the (6=
2 ) Sb/GaAs(110)

system is plotted over an area of two GaAs surface unit cells as

a contour plot (a) and as a three-dimensional perspective view

(b) ~ The two flat equivalent minima per unit cell between As

and Ga atoms are marked by arrows in the upper panel.



49 CHEMISORPTION OF ANTIMONY ON GaAs(110) 4741

tain overlap of Sb p orbitals localized in different unit
cells. The Sb atoms are in the [110]direction in a dis-
tance of 3.9 A. This overlap might explain the relatively
large adsorption energy of about 2.7 eV even on the pla-
teaulike barrier regions of the energy surface on top of
the Ga-As zig-zag chains.

The particular form of the energy surface allows im-
portant conclusions concerning a highly anisotropic
diffusion of the Sb atoms at the GaAs(110} surface. The
variation of the total energy along the channel is small.
The equivalent minima are separated by barriers of 0.18
eV between two As atoms in the [001] direction and 0.35
eV between two Ga atoms in this direction. Perpendicu-

(b)

lar to the channel, i.e., in the [001] direction, the energy
barrier is calculated to be about 1.2 eV. Since the energy
barriers E~~ ~ strongly modify the temperature depen-
dence of the diffusion coefficient Di i exp( E—

i i/k&'r)
one expects widely different diffusion lengths I

(~
J

=(D~~ ir)' parallel and perpendicular to the channel
within a certain diffusion time interval ~. For room tem-
perature the ratio of the two lengths should therefore be
nearly 11/li =10 . We mention that the STM images in

the low-coverage regime seem to indicate islands the ex-
tent of which in the [110]direction is larger than in the
[001]direction.

Another conclusion follows from the two equivalent
adsorption sites for the single Sb atom per unit cell. This
fact can be related to a tendency for disorder effects dur-
ing the submonolayer coverage, more strictly speaking,
for a nonhomogeneous distribution of the Sb atoms over
the GaAs(110) surface. The existence of two energetical-
ly equivalent minima may cause a symmetry break lead-
ing to a lowering of surface translational symmetry, i.e.,
reconstruction or even a destroying of the translational
symmetry, i.e., clustering. This conclusion is also sup-
ported by the relatively small adsorption energy of 3.89
eV in comparison to the corresponding value of 4.48 eV
for the 8= 1 coverage (ECLS model} which makes other
structures more favorable from the energetical point of
view.

B. Overlayer reconstruction

Based upon the results presented in Fig. 8 we have ad-
ditionally studied three 2 X 1 or 1 X 2 reconstructed
Sb/GaAs(110) surfaces for the half-monolayer coverage
in more detail. They are shown in Fig. 10. The three

aE 4s Ig
%ilk

FIG. 9. Contour plot of the total valence-pseudocharge den-
sity for the system Sb/GaAs(110)1X1 with (6=

2 ). In (a) the

upper panel, the density is plotted along a plane vertical to the
surface containing the bonds from the adatom to both the As
and Ga atoms. In the lower panels the density is drawn along
{b) (110)planes 0.6 A above, (c) 0.5 A below, and (d) 1.1 A below
the Sb adatom cores. The contours are spaced by 0.005 bohr

(b)
FIG. 10. Considered reconstructed geometries for the

Sb/GaAs(110) with 6= —,
' (top view) with (a) 2X 1 or (b) and (c)

1 X 2 symmetry.
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structures considered consist of Sb chains of different
form, orientation and Sb-Sb bond length. Figure 10(a)
represents an ECLS model where every second Sb-Sb
zig-zag chain parallel to the [110] direction is missing.
Zig-zag chains parallel to the [001]direction with Sb ada-
toms bonded to the Ga and As dangling bonds are drawn
in Fig. 10(b). Linear chains of Sb atoms grown in [001]
direction on top of each second row of Ga atoms are as-
sumed in the geometry of Fig. 10(c). All structures give
rise to local minima in the total energy. The adsorption
energies per Sb atom resulting for the three structures are
4.25, 3.83, or 3.46 eV. That means the 2X1 zig-zag chain
structure turns out to be remarkably more favored from
the energetical point of view over the two 1 X 2 structures
under consideration. However, this also holds with
respect to the 1 X 1 structure studied for the same cover-
age 8=—,'. The energy gain compared with this structure
is about 0.4 eV.

In conclusion, comparing the 2X1 structure and the
1X1 geometry we find the energetical favoring of an in-
homogeneous coverage versus the homogeneous distribu-
tion of the adatoms in the submonolayer case, at least for
e= —,'. This can again be interpreted as a physical reason
for a tendency towards the formation of Hat clusters. In
order to discuss the structure of such clusters we first
compare the adsorption energies for the 6=1 and —,

'

cases. Taking into account only the most favorable struc-
tures, i.e., the ECLS model in the monolayer case and the
2X1 missing-chain structure for 8= —,', we find that the
adsorption energy in the first case is with 4.48 eV slightly
larger than the 4.2S eV calculated for the 2X 1 geometry.
This result can be interpreted in terms of practically
noninteracting Sb-Sb zig-zag chains parallel to the [110]
direction. Their distance in the [001] direction amounts
to nearly 5.5 A within the ECLS. The slight energy
difference arises from slightly differently relaxed surface
geometries as well. If changes in the energetics of the
clusters due to boundary effects can be neglected, the
theoretical results should be interpreted that in the
effective submonolayer case the formation of Hat islands
with local 1X1 symmetry and local 6=1 coverage is
favored. This conclusion is apparently in agreement with
the experimental findings. ' A clear discrimination of
the 2X1 missing-chain structure is seemingly possible.
The energy difference of 0.23 eV per atom is somewhat
larger than the uncertainty of the theory.

C. Geometry of the missing-chain structure

Since the appearance of the missing-chain structure
with 2X1 symmetry cannot be completely excluded in
the submonolayer regime, especially not for nominal
6= —,

' coverage, we present and discuss the resulting re-
laxed geometry. A more detailed schematic description
of this structure is given in Fig. 11(a). For completeness,
the 1 X 1 long-bridge-bond structure for the same average
coverage 8=

—,
' is also given [Fig. 11(b)]. The correspond-

ing geometry parameters as derived from the total-energy
optimizations are listed in Table IV.

We observe characteristic discrepancies between the
two 6=—,

' structures under consideration. For the 1X1

d12y

2, Y
'1.

FIG. 11. Side view of (a) the 2X1 missing-chain structure
and (b) the 1 X 1 long-bridge-bond structure for the
Sb/GaSb(110) (e=

—,
'

) system.

TABLE IV. Structural parameters (cf. Fig. 10) in A for the
1 X 1 long-bridge-bond structure and the 2 X 1 missing-chain
structure of the Sb/GaAs(110) (e= —,') system. Note that the

sign convention for 6, L is opposite to Fig. 1 and Table I.

1X1 structure 2X1 structure

~l, L

61 y

d12, L

d12, y

g())

(i)
23, L

(i)
23,y

1.74

3.50

0.07

1.56

2.07

2.62

0.42

1.22

1.61

2.64

0.14

1.97

2.68

4.38

0.18

1.32

1.80

2.50

0.32

5.49

geometry the relaxation of the first GaAs(110) layer is
lifted. The structure is characterized by a small counter-
relaxation of 0.07 A and a lateral displacement of the As
atom towards the Sb of about 0.22 A. In the 2X1 case
some features known from the free surface are repro-
duced in the outermost substrate layer. It is relaxed with
buckling parameters h~'~ =0.42 A and Az ~ =0.18 A
which are somewhat reduced with respect to the corre-
sponding parameter for the GaAs(110)1X1 surface. As
a consequence the reversed buckling is also observed for
Sb-Sb zig-zag chains in the 2X1 geometry, at least with
respect to the ECLS of the full monolayer coverage. In
contrast to the ECLS, now the Sb atom bonded to As is
displaced outwards, whereas the other Sb atom bonded to
Ga is shifted towards the substrate. Nevertheless, the
bond lengths are again nearly conserved. In the first two
atomic layers of the 2X1 structure we find the values
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dG, ~, =2.34 or 2.36 A. The corresponding values in the
1X1 case (8=—,') are do, sb=2. 88 A, dsb~, =2.74 A,
and dG, ~, =2.39 A. An Sb-Sb bond does not occur. It
is, in particular, evident that the Sb-Sb zig-zag chain pa-
rameters in the 1X1 ECLS (8=1) and the 2X1
missing-chain structure (e=—,') are actually the same.
The Sb-Sb bond lengths (cf. Table I) nearly agree. Only
the vertical distance of the Sb-Sb chains to the substrate
are slightly increased for the more open e=

—,
' system.

V. SUMMARY

We have applied the density-functional theory in its lo-
cal version to calculate the atomic geometry and the elec-
tronic structure for antimony-covered GaAs(110) surface
by total-energy minimizations using a Car-Parrinello-like
technique. It turns out that the atomic geometry of the
surfaces depends on the degree of the group-V semimetal
coverage.

For submonolayer coverages, for which the interaction
of the Sb atoms may be neglected, the relaxation of the
clean surface is lifted at the adsorbate nearest neighbors.
In this case Sb atoms should form long-bridge bonds with
Ga and As atoms of parallel zig-zag chains. The topolo-
gy of the total-energy surface in this case indicates that
the antimony atoms can move rather freely on the
GaAs(110) surface. However, the diffusion should be ex-
tremely anisotropic. More strictly speaking, an antimony
atom migrates along the [110] direction. In agreement
with STM observations' we find several energetical
reasons that a more or less inhomogeneous distribution of
the Sb atoms over the GaAs(110) is favorable. The two
equivalent adsorption positions derived for e= —,

' and
1X1 symmetry indicate a possibility for lowering the to-
tal energy by reducing the translational symmetry.

Another indication for favoring the formation of Hat clus-
ters with monolayer thickness is the fact that a 2X1
missing-chain structure gives rise to a higher adsorption
energy than a homogeneous Sb distribution. We recom-
mend more detailed experimental studies of the cluster
structure and the cluster growth in the submonolayer re-

gime.
After extensive studies of five structural models for

e= 1 we favor a structure of the full antimony monolayer
prefixed by a layer-by-layer growth, i.e., the epitaxial con-
tinued layer structure (ECLS). However, from energeti-
cal reasons the epitaxial on-top structure (EOTS) cannot
be completely excluded. Nevertheless, we find that the
geometry optimized within the ECLS model by the total-
energy minimization gives a good agreement with results
of the LEED analysis. Moreover, the resulting occupied
surface bands reproduce the dispersion found within
ARPES in a reasonable manner. Of course, the agree-
ment is not complete. Differences occur with respect to
the strength of the dispersion of the S56 bands. The
same holds for the optical excitation energies. Some but
not all features can be reproduced. Even in this case
more detailed studies of the frequency behavior and the
polarization dependence of the optical constants are
necessary.
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