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Abstract. Ab initio self-consistent total energy calculations using second order Møller-Plesset perturbation
theory and Hay-Wadt effective core potentials with associated basis sets (HWECP’s) for gallium and
arsenic have been used to investigate the chemisorption properties of atomic aluminum on the Ga-rich
GaAs(100)-(2 × 1) and β(4 × 2) surfaces. Finite sized hydrogen saturated clusters with the experimental
zinc-blende lattice constant of 5.654 Å and the energy optimized Ga dimer bond length of 2.758 Å have
been used to model the semiconductor surface. To investigate the effects of the core electrons of aluminum
in the adsorption process, we have represented the Al adatom with both HWECP’s and an all electron
6-311++G** basis set. Detailed energetics of chemisorption on the (100) surface, including chemisorption
energies, nearest surface neighbor bond lengths, and Mulliken population analysis, have been reported for
all considered sites of chemisorption.

PACS. 36.40.-c Atomic and molecular clusters – 71.15.-m Methods of electronic structure calculations –
71.15.Nc Total energy and cohesive energy calculations

1 Introduction

The technological applications of GaAs due to its high
electron mobility and direct band gap make it an impor-
tant system for fundamental and applied research. The
industry standard for growing GaAs by molecular beam
epitaxy (MBE) is the (100) surface. This surface has the
highest aerial density of dangling surface bonds, greater
than the corresponding density of the (110) or (111) sur-
face and consequently, surface reconstruction is facilitated
by these bonds. In this work, we extend our previous
work on atomic hydrogen, oxygen, and cesium adsorp-
tions on the Ga-rich GaAs(100) surface [1,2] to study alu-
minum adsorption on the GaAs(100) surface. As is known,
metal-semiconductor interfaces have been of major inter-
est to both experimentalists and theoreticians for an un-
derstanding of Ohmic and Schottky barrier contacts and
also for extensive industrial applications of semiconductor
devices [3–9]. Al-GaAs, in particular, is used extensively in
the electronics industry in integrated circuitry and opto-
electronic devices. This Al-GaAs interface has been the
subject of ongoing research for several decades and at
room temperature over time, it is believed that Al under-
goes an exchange reaction with surface Ga atoms on the
GaAs surface. Ludeke et al. [8] used Auger spectroscopy
to study the interface behavior and crystallographic re-
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lationships of aluminum on the GaAs(100)-c(2 × 8) and
the Ga-rich (4 × 6) surfaces. They observed notable dif-
ferences in the degrees of interface reactivity and crys-
tallographic relationships to Al over-layers on the recon-
structed surfaces. No replacement reaction was detected
for the c(2 × 8) surface at room temperature and only a
partial exchange reaction was observed for the (4×6) sur-
face. Chen et al. [9] studied ultra thin films of aluminum
deposited on GaAs(100) using positron annihilation in-
duced auger electron spectroscopy and electron induced
auger electron spectroscopy. They found direct evidence
that Ga substitutes for Al in the top layer after Al de-
position and that Ga diffuses into the Al over-layer faster
than As. The sensitivity of PAES allowed them to directly
monitor the time evolution of the changes in the top layer
of an Al layer deposited on GaAs.

Apart from the Al-GaAs interaction, the Ga-rich
GaAs(100) surface and possible reconstructions and relax-
ations thereof have also been the focus of ongoing research
and controversy for several decades [10–19]. Bacharach
et al. [10] have shown experimentally that a (2×1) period-
icity on the GaAs(100) surface is observed when a fraction
of a monolayer of Al is deposited on the surface. As noted
by Lee et al. [17], the GaAs(001)-c(8 × 2) surface is built
from (4 × 2) structural units. In this study, we consider
several (2×1) reconstructions and the β(4×2) reconstruc-
tion of which the (2 × 1) reconstructions can be consid-
ered structural sub-units. Kumpf et al. [18] studied the
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structure of metal-rich (001) surfaces of III-V compound
semiconductors with X-ray diffraction using direct meth-
ods. They found that the atomic structure of the c(8× 2)
reconstruction, as related to the GaAs-(001) surface, is
characterized by subsurface dimerization of Ga-atoms in
the second bi-layer and Ga-dimers in the top layer. Re-
cently, Seino et al. [19] investigated the structure and ener-
getics of Ga-rich GaAs(001) surfaces. Their first-principles
total-energy calculations, based on a real-space finite dif-
ference implementation of the density functional theory
in the local-density approximation using norm-conserving
pseudo-potentials, suggest the occurrence of the Ga-rich
(4 × 2) surface. However, they found that the (4 × 6) re-
constructions proposed to explain STM experiments were
unstable.

The above brief summary indicates that various
possible reconstructions and relaxations of the Ga-rich
GaAs(100) surface have been proposed in the literature
and to some extent, the models of reconstruction and
relaxation depends on the experimental and theoretical
techniques used. Here, we investigate the possible Al ad-
sorption sites and the nature of the GaAs surface upon
adsorption on the (2× 1) and β(4× 2) surface reconstruc-
tions which, as previously mentioned, can be considered as
structural subunits of the c(8×2) surface as an initial at-
tempt towards a better understanding of Al-GaAs interac-
tions. As such, we have not considered surface and subsur-
face relaxations in the present study. The semiconductor
surfaces in this study, as in our previous works [1,2], are
represented by a three-layer cluster model. A similar three
layer cluster approach has recently been used by Kunsági-
Máté et al. [20] to study the As-Ga surface exchange on the
As-rich GaAs(001) reconstructed surface. We note that
clusters are well suited for the study of metal and semi-
conductor surfaces and adsorptions on them and in general
can yield accurate results of such properties as the chem-
ical nature of the bond, bond length, chemisorption ener-
gies and other electronic and geometric structure proper-
ties [21–24]. Our study as reported here is, to the best of
our knowledge, the first ab initio cluster study of atomic
Al adsorption on the Ga-rich GaAs(100) surface using
cluster models. Specifically investigated are the adsorption
sites, chemisorption energies, possibilities of charge trans-
fers between the adatom and the Ga and the As atoms and
also the highest occupied molecular orbital-lowest unoc-
cupied molecular orbital (HOMO-LUMO) gaps. We first
comment on the computational methodology followed by
results.

2 Computational methodology and results

Both the unrestricted Hartree–Fock (UHF) theory and the
many-body perturbation theory (MBPT) as used in this
work are well documented in the literature [25–29]. In this
work, because of severe demands on computational re-
sources, we have carried out complete unrestricted second-
order many-body perturbation theory (UMP2) calcula-
tions, which consist of all single and double-excitation

terms for both the bare clusters and the chemisorbed sys-
tems. One of the primary considerations involved in ab ini-
tio calculations is the type of basis set to be used [30]. Ba-
sis sets used in ab initio molecular-orbital computations
usually involve some compromise between computational
cost and accuracy. Keeping in mind the tremendous cost
of ab initio calculations, specifically for large systems like
gallium, and arsenic, we have elected to represent them
by effective core potentials or pseudopotentials. In partic-
ular, we have used the Hay-Wadt effective core potentials
(HWECP) and associated basis sets for aluminum, gal-
lium, and arsenic atoms [31]. These core potentials are
known to provide excellent agreement with all electron
results. To further improve the accuracy of our calcula-
tions, one d function was added to the Hay-Wadt basis
sets. The exponents of the d functions were chosen to pro-
vide minimum energy for the Ga2, As2, and Al2 dimers
with the bond lengths fixed at experimental values [32].
The values for the exponents for gallium and arsenic were
found to be dGa = 0.170 and dAs = 0.280 respectively.
This procedure has been previously used in our studies of
alkali adsorptions on the GaAs(110) surface. The value of
the exponent for aluminum is found to be dAl = 0.218. For
hydrogen, a [2s, 1p] basis set was used. With these basis
sets, we have also estimated the basis set superposition er-
ror (BSSE), using the methods Dimon et al. and Boys and
Bernardi [33]. The BSSE for a Ga2As2 system is found to
be 0.0025 a.u. and that for a GaAlAs system is 0.0028 a.u.
As such, the upper bound to the BSSE for the GaAs and
AlGaAs systems is estimated to be 0.003 a.u. The effect on
the total energies is, at most, in the second decimal place.
However, since the adsorption/chemisorption energies are
calculated as differences in total energies, we believe that
the effects on these energies due to BSSE is basically negli-
gible. All computations were carried out using the parallel
version of Gaussian 98 [34] on Compaq Alpha ES20 and
ES40 parallel supercomputers at the University of Texas
at Arlington.

In this work, as mentioned before, we considered
clusters representing two different reconstructed surfaces,
namely the (2× 1) and β(4× 2) surfaces [1,2]. Five differ-
ent clusters were constructed (Fig. 1), the smallest being
the Ga4As4H12 with two Ga atoms in the first layer and
the largest being Ga19As15H39 with nine Ga atoms in the
first layer. Each cluster was constructed with Ga and As
atoms located at the bulk lattice sites given by the zinc-
blende structure with an experimental lattice constant of
5.654 Å. Ga atoms terminated the first or the top layer
and the second layer was composed of As atoms while
the third layer was composed of Ga atoms. The cluster
sizes increased in transverse dimensions as well as num-
ber of layers, with the maximum number of layers being
three. Hydrogen atoms have been used to saturate the
dangling bonds, except above the surface, at an energy
optimized bond length of 1.511 Å. This is in agreement
with the work of Nonoyama et al. [35] who used a similar
approach for constructing Ga4As4H12 for chemisorption
of atomic and molecular hydrogen on the GaAs(100) sur-
face. The dangling bonds above the clean reconstructed
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Table 1. Total energy (in a.u.) and binding energy (in eV) of the (2 × 1) and β(4 × 2) bare clusters.

Cluster Etot(UHF) Etot(UMP2) Eb(UHF) Eb(UMP2)
Ga4As4H12 –38.65 –39.36 1.44 1.94
Ga5As6H16 –54.72 –55.75 1.29 1.85
Ga7As6H16 –58.82 –59.95 1.39 1.95
Ga7As6H19 –60.58 –61.71 1.48 2.00

Ga19As15H39 –149.26 –152.24 1.30 1.90

Ga4As4H12 (2 × 1)

Ga5As6H16 (2 × 1)

Ga7As6H16 (2 × 1)

Ga7As6H19 (2 × 1)

Ga19As15H39 β(4 × 2)

Fig. 1. GaAs(100) Clusters.

Ga-rich surface are then potential sites for chemisorp-
tion. Therefore, simple electron counting rules cannot
be applied to these clusters since their surface bonds
are not saturated. Due to severe demands on computa-
tional resources, total energy optimization was carried
out only for the smallest cluster, Ga4As4H12, by allow-
ing dimerization of the surface Ga atoms. From this pro-
cess, the reconstructed surface Ga-Ga dimer bond length
was found to be 2.758 Å. This dimer bond length was
then applied to the Ga5As6H16, Ga7As6H16, Ga7As6H19,
and Ga19As15H39clusters. Specifically, the Ga4As4H12,

Ga5As6H16, Ga7As6H16, and the Ga7As6H19 clusters rep-
resent the (2 × 1) surface and the Ga19As15H39 cluster
represents the β(4 × 2) surface [1,2]. Different sizes of
clusters are used to represent the same surface because
of non-uniqueness of a specific cluster to represent a sur-
face and to study dependence and convergence of cluster
properties with respect to cluster sizes [1]. However, for
the β(4 × 2) surface, only one cluster is used because of
the large size of the cluster. As a comparison, Guo-Ping
and Ruda [36] used a surface Ga-Ga dimer bond length of
2.80 Å in a similar ab initio cluster study of the adsorption
of sulfur on the Ga-rich GaAs(100) surface. They used a
Ga7As7H20 cluster to represent the (4 × 2), (4 × 6), and
(2×6) surfaces and found that S atoms chemisorbed pref-
erentially on bridge sites.

The total energies and binding energies of all the clus-
ters at the UHF and the UMP2 levels are shown in Table 1.
The binding energy per atom for a GaxAsyHz cluster was
calculated in the separated atom limit using the following
formula,

Eb = (xE(Ga) + yE(As) + zE(H)
− E(GaxAsyHz))/(x + y + z). (1)

We note that the binding energies oscillate with the num-
ber of atoms in the clusters at both levels of theory and the
binding energies at the UMP2 level of theory are consis-
tently higher than the corresponding energies at the UHF
level of theory. As expected, correlation effects typically
increase the binding or cohesive energy in a cluster.

In this study, we have also studied basis set effects
on the chemisorption process. In addition to the pseu-
dopotential basis set for Al, we have also used an all-
electron basis set, namely a 6-311++G** basis set for
Al [28,37]. We have considered five surface adsorption
sites of high symmetry (Fig. 2). All sites were chosen be-
cause of their associated point symmetries. The top and
bridge sites were chosen for their σV inversion symmetry
through a plane perpendicular to the surface dimer mid-
point. The cave, hollow, and trough sites were chosen for
their C4V point rotational symmetry about an axis normal
to the (100)-plane. On the top sites 1a and 1b, the adatom
is allowed to approach a path directly on top of a dimer-
ized Ga atom. On the trough sites, the adatom is four-fold
coordinated with second layer As atoms above the surface
Ga vacancy. Specifically, the Ga5As6H16(2 × 1) surface
has one point of four-fold symmetry and the Ga19As15H39

β(4 × 2) surface has two points, sites 5a and 5b, with the
5a site shown in Figure 2. To examine the relative stability
of chemisorption at the different sites, the chemisorption
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Ga19As15H39 + Al Top Site 1b.

Ga19As15H39 + Al Bridge Site 2.

Ga19As15H39 + Al Hollow Site 3.

Ga19As15H39 + Al Cave Site 4.

Ga19As15H39 + Al Trough Site 5a.

Fig. 2. GaAs(100) chemisorbed clusters.

energies are calculated from:

Ec = E(Al) + E(GaxAsyHz) − E(Al + GaxAsyHz). (2)

Thus, positive chemisorption energy indicates possibilities
for chemisorption. For all surface sites, the height of the
adatom above the top Ga layer was varied to yield the
maximum chemisorption energy (i.e. a minimum of the
Ec versus d curve, with the sign of the Ec changed). Typ-
ically, several data points, typically around ten, were gen-
erated with single point runs to obtain accurate values
of the Al adatom distance and the chemisorption energy.
Figures 3–8 show the Ec versus d curves with only a few
data points around the energy minima for the sites with
the highest chemisorption energy in each category.

The results at the at the unrestricted MP2 level of
theory for both the HWECP’s and associated basis sets
augmented by a d function and the 6-311++G** basis
set for aluminum are shown in Table 2. We note that
all sites are potential sites for aluminum chemisorption.

Fig. 3. Chemisorption energy vs. nearest surface neighbor
bond length for Ga19As15H39 + Al top site 1b.

Fig. 4. Chemisorption energy vs. nearest surface neighbor
bond length for Ga19As15H39 + Al bridge site 2.

 

 

Fig. 5. Chemisorption energy vs. nearest surface neighbor
bond length for Ga19As15H39 + Al hollow site 3.
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Table 2. Chemisorption energy (in eV) vs. cluster size and symmetry.

6-311++G** H-W
Site Symmetry Cluster Ec(UMP2) Ec(UMP2)
1 (top)
1a 2 × 1 Al + Ga4As4H12 1.20 1.63
1b 2 × 1 Al + Ga4As4H12 1.20 1.63
1a 2 × 1 Al + Ga7As6H19 1.41 1.18
1b 2 × 1 Al + Ga7As6H19 1.85 1.33
1b 4 × 2 Al + Ga19As15H39 2.38 2.16
2 (bridge) 2 × 1 Al + Ga4As4H12 2.33 2.25

2 × 1 Al + Ga7As6H19 2.61 2.80
4 × 2 Al + Ga19As15H39 2.77 2.84

3 (hollow) 2 × 1 Al + Ga7As6H19 2.62 2.58
4 × 2 Al + Ga19As15H39 3.47 3.17

4 (cave) 2 × 1 Al + Ga7As6H16 2.57 2.45
4 × 2 Al + Ga19As15H39 2.46 2.69

5 (trough) 2 × 1 Al + Ga5As6H16 4.10 3.97
5a 4 × 2 Al + Ga19As15H39 4.84 4.73
5b 4 × 2 Al + Ga19As15H39 4.66 4.56

 

Fig. 6. Chemisorption energy vs. nearest surface neighbor
bond length for Ga7As6H16 + Al cave site 4.

Fig. 8. Chemisorption energy vs. nearest surface neighbor
bond length for Ga19As15H39 + Al trough site 5a.

Fig. 7. Chemisorption energy vs. nearest surface neighbor
bond length for Ga19As15H39 + Al cave site 4.

The chemisorption energies for the potential adsorp-
tion sites range from 1.20 eV to 4.84 eV with the 6-
311++G** basis set on Al and 1.18 eV to 4.73 eV with
the HWECP on Al. Also comparing the chemisorption en-
ergies of the two basis representations on the Al adatom,
we find no pattern that would suggest that either ba-
sis set selection for Al yields consistently higher or lower
chemisorption energies. In general, however, different basis
selections yield the same predictions as to the ability for
the Al adatom to chemisorb at a particular site. The high-
est chemisorption energies are found at the trough sites for
the Ga5As6H16 + Al and Ga19As15H39 + Al clusters rep-
resenting the (2×1) and β(4×2) surfaces, respectively. No-
table exceptions are the lowest energy chemisorbed sites.
The 6-311++G** basis on Al predicts that the Ga4As4H12

+ Al top sites have the lowest chemisorption energy
while the HWECP representation for Al predicts that the
Ga7As6H19 + Al top sites yield the lower chemisorption
energies. We note that the top site is rarely the preferred
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Table 3. Bond length (in Å) of the Al adatom vs. cluster size and symmetry.

Adatom- Adatom-
nearest surface nearest surface

Sites Symmetry Cluster neighbor bond neighbor bond
length length

6-311++G** H-W
1 (top)
1a 2 × 1 Al + Ga4As4H12 2.50 2.70
1b 2 × 1 Al + Ga4As4H12 2.50 2.70
1a 2 × 1 Al + Ga7As6H19 2.90 2.70
1b 2 × 1 Al + Ga7As6H19 2.50 2.70
1b 4 × 2 Al + Ga19As15H39 2.30 2.50
2 (bridge) 2 × 1 Al + Ga4As4H12 2.68 2.68

2 × 1 Al + Ga7As6H19 2.87 2.51
4 × 2 Al + Ga19As15H39 2.27 2.43

3(hollow) 2 × 1 Al + Ga7As6H19 2.80 2.80
4 × 2 Al + Ga19As15H39 3.02 3.12

4 (cave) 2 × 1 Al + Ga7As6H16 2.91 2.91
4 × 2 Al + Ga19As15H39 3.15 3.15

5 (trough) 2 × 1 Al + Ga5As6H16 3.12 3.12
5a 4 × 2 Al + Ga19As15H39 2.89 2.89
5b 4 × 2 Al + Ga19As15H39 2.89 2.89

Table 4. HOMO-LUMO gap (in eV) vs. cluster size and symmetry with 6-311++G** basis on Al.

Sites Symmetry Cluster Gap Cluster Gap ∆Gap
1 (top)
1a 2 × 1 Ga4As4H12 7.46 Al + Ga4As4H12 5.64 –1.82
1b 2 × 1 Ga4As4H12 7.46 Al + Ga4As4H12 5.64 –1.82
1a 2 × 1 Ga7As6H19 2.06 Al + Ga7As6H19 5.74 3.68
1b 2 × 1 Ga7As6H19 2.06 Al + Ga7As6H19 5.47 3.41
1b 4 × 2 Ga19As15H39 2.39 Al + Ga19As15H39 3.77 1.38
2 (bridge) 2 × 1 Ga4As4H12 7.46 Al + Ga4As4H12 5.50 –1.96

2 × 1 Ga7As6H19 2.06 Al + Ga7As6H19 6.06 4.00
4 × 2 Ga19As15H39 2.39 Al + Ga19As15H39 2.66 0.27

3 (hollow) 2 × 1 Ga7As6H19 2.06 Al + Ga7As6H19 6.03 3.97
4 × 2 Ga19As15H39 2.39 Al + Ga19As15H39 3.60 1.21

4 (cave) 2 × 1 Ga7As6H16 3.70 Al + Ga7As6H16 4.40 0.70
4 × 2 Ga19As15H39 2.39 Al + Ga19As15H39 2.53 0.14

5 (trough) 2 × 1 Ga5As6H16 4.58 Al + Ga5As6H16 5.27 0.69
5a 4 × 2 Ga19As15H39 2.39 Al + Ga19As15H39 2.69 0.30
5b 4 × 2 Ga19As15H39 2.39 Al + Ga19As15H39 2.68 0.29

adsorption site on a semiconductor surface [1,20,23,24].
As previously mentioned, some of the research suggests
a surface exchange reaction between Al and Ga at room
temperature. Here, the primary consideration is whether
or not atomic aluminum will in fact chemisorb on the Ga-
rich GaAs(100) surface and at which sites chemisorption
occurs preferentially.

Table 3 lists the nearest surface neighbor adatom bond
lengths for all sites considered in this study. Although
there is slight variance at some sites, the geometrical pre-
dictions are the same for both the 6-311++G** and the
HWECP representations of the Al adatom. The Al-Ga
bond length of 3.15 Å at the Ga19As15H39 + Al cave site
is the largest bond length for both representations and
the 6-311++G** representation of the Ga19As15H39 + Al
bridge site has the smallest Al-Ga bond length of 2.27 Å.
Table 4 lists the effects on the HOMO-LUMO gaps of

the GaAs(100) surface due to adsorption of aluminum.
Given the relevance of these gaps in the type of calcu-
lations performed here, we however believe that a rea-
sonable qualitative picture can be obtained by observing
the trends found in these gaps. With the exception of the
Ga4As4H12 + Al sites, all the HOMO-LUMO gaps in-
crease in value, from 0.14 eV for Al adsorption on the
Ga19As15H39 cluster at the cave site to 4.00 eV for Al ad-
sorption on the Ga7As6H19 cluster at the bridge site for
the 6-311++G** representation of the Al adatom. The
same trend is observed with the HWECP representation
of the Al adatom, with the lowest value of 0.24 eV for
Al adsorption on the Ga19As15H39 cluster at the cave site
to the highest value of 4.36 eV for Al adsorption on the
Ga7As6H19 cluster at the bridge site. Our results thus sug-
gest, in general, a possible transition to insulating behavior
for the GaAs(100) surface due to aluminum adsorption.
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As observed by Bachrach [10] and by Chadi [11], the
GaAs(100)-(2 × 1) surface is non-metallic upon deposi-
tion of a fraction of a monolayer of Al. There appears
to be no correlation between chemisorption energy and
HOMO-LUMO gap for Al adsorption on the GaAs(100)
surface.

We have also carried out an analysis of the atomic
charge distributions using Mulliken population analy-
sis [38]. While the magnitudes of the charge exchange
between the two representations of the Al adatom vary,
the general trends between the two treatments are the
same. The 6-311++G** treatment of the Al atom predicts
that the sites with the largest transfer of charge from the
Al adatom are the Ga19As15H39 + Al 5a and 5b trough
sites with 0.81e and 0.82e of charge transfer respectively.
These sites are then followed by the Ga5As6H16 + Al
trough site with a charge transfer of 0.53e from the
Al adatom. Similarly, for the HWECP treatment of the
Al adatom, the Ga19As15H39 + Al 5a and 5b trough sites
yield the greatest charge transfer from the Al adatom with
0.63e and 0.61e charge transfer respectively, followed by
the Ga5As6H16 + Al trough site with 0.43e of charge
transfer from the Al adatom. In general, for all consid-
ered clusters, the surface Ga atoms tend to gain charge
near the site of chemisorption and second layer As atoms
tend to gain charge as well. The charge transfer to the
third layer is negligible. The negligible charge transfer to
the third layer Ga-atoms of the remaining chemisorbed
clusters suggests that the three layer cluster models used
in this study are sufficient to study the surface adsorption
properties of the GaAs(100) surface and possibly other
III-V compound semiconductor surfaces.

3 Conclusions

In summary, we have carried out ab initio cluster
calculations to study aluminum chemisorption on the
Ga-rich GaAs(100) surface. Comparison with the ex-
perimental binding energy value of 2.06 ± 0.05 eV for
bulk GaAs [39] suggests that the Ga7As6H19 cluster
with Eb(UMP2) = 2.00 eV is the optimal cluster for
the (2 × 1) surfaces considered in this study followed
by the Ga7As6H16 cluster with Eb(UMP2) = 1.95 eV,
Ga4As4H12 with Eb(UMP2) = 1.94 eV, and the
Ga5As6H16 cluster with Eb(UMP2) = 1.85 eV. As the
Ga19As15H39 cluster was the only representation of the
β(4 × 2) surface considered, it is the optimal cluster for
the representation of the β(4 × 2) surface in this study
with Eb(UMP2) = 1.90 eV. The binding energies, as ex-
pected, oscillate with the number of atoms. It was ob-
served that for the five high symmetry sites considered,
all sites are possible candidates for chemisorption. For the
(2 × 1) and β(4 × 2) surfaces considered in this study,
the trough site appears to be the most favored site for
chemisorption with Ec(UMP2 )(Ga5As6H16 + Al) = 4.10 eV
and Ec(UMP2 )(Ga19As15H39 + Al) = 4.84 eV at the all-
electron level of theory for the Al adatom. Same conclu-
sions prevail at the pseudopotential basis set level, with

chemisorption energies of 3.97 eV and 4.73 eV, respec-
tively. The distance of the adatom from the nearest sur-
face neighbor was found to lie between 2.27 to 3.15 Å and
the HOMO-LUMO gap was found to vary between 2.53 to
6.06 eV at the all-electron basis set level for the Al adatom.
At the pseudopotential level, the distance of the adatom
from the nearest surface neighbor was found to lie between
2.43 to 3.15 Å and the HOMO-LUMO gap was found to
vary between 2.63 to 6.42 eV. As a result of adsorption,
with the exception of the smallest Ga4As4H12 clusters, the
gap increased for all sites considered suggesting a possible
transition to insulating behavior of the Ga-rich GaAs(100)
surface. Mulliken population analysis indicates that in all
cases the Al adatom loses charge. This charge loss is gen-
erally gained mostly by surface Ga atoms followed by the
second layer As atoms. Further investigations including
surface and subsurface relaxation coupled with possibly
an increase in the number of layers is warranted to gain a
more complete understanding of the complex interactions
of Al with the GaAs(100) surface. Obviously, the compu-
tational costs will rise dramatically for such studies, specif-
ically for large clusters. Preliminary studies for the (2×1)
surface with complete reconstruction and relaxation indi-
cates that the optimal position of the Al adatom is 2.7 Å
as compared to 2.5 Å in this study and the chemisorption
energy is 1.39 eV to be compared with 1.20 eV obtained
here. It is expected that similar shifts will occur for all
positions and at least, the qualitative trends in this work
will be valid in future studies.
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20. S. Kunsági-Máte, C. Schür, T. Marek, H.P. Strunk, Phys.
Rev. B 69, 193301 (2004)

21. G. Pacchioni, P.S. Bagus, F. Parmigiani, Editors, Cluster
Models for Surface and Bulk Phenomena (Plenum, New
York, 1992)

22. Physics and Chemistry of Finite Systems: from Clusters
to Crystals, edited by P. Jena, S.N. Khanna, B.K. Rao
(Kluwer Publishing, The Netherlands, 1991), Science and
Technology of Atomically Engineered Materials, edited by
P. Jena et al. (World Scientific, Singapore, 1996)

23. K.M. Song, An Ab Initio Study of Alkali Metal Adsorption
on Gallium Arsenide (110) Surface, Ph.D. Dissertation,
The University of Texas at Arlington (1994); K.M. Song,

D.C. Khan, A.K. Ray, Phys. Rev. B 49, 1818 (1994); K.M.
Song, A.K. Ray, Phys. Rev. B 50, 14255 (1994); K.M.
Song, A.K. Ray, J. Phys: Condens. Matter 6, 9571 (1994);
K.M. Song, A.K. Ray, J. Phys: Condens. Matter 8, 6617
(1996)

24. M. Panda, Interactions of Alkali Atom with the GaAs
(110) Surface: A Density Functional Approach, M.S.
Thesis, The University of Texas at Arlington (1997); M.
Panda, A.K. Ray, J. Vac. Sci. Tech. A 17, 2647 (1999)

25. J. Goldstone, Proc. R. Soc. Lond. A 239, 267 (1956)
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