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The structure and composition of Sb-induced �2�4� reconstructions on the GaAs�001� surface have been
systematically studied using scanning tunneling microscopy, reflectance-difference spectroscopy, x-ray photo-
electron spectroscopy, reflection high-energy electron diffraction, and first-principles calculations. We show
that several types of Sb-induced �2�4� reconstructions are formed, depending on the Sb coverage. The �2
�4� surface with low Sb coverages has the structure with only one anion dimer at the outermost layer. For the
Sb-rich �2�4� phase, on the other hand, we propose the structure model consisting of anion dimers at the first
and third layers and three-coordinated As atoms at the second layer.
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I. INTRODUCTION

The adsorption of group-V atoms on �001� surfaces of
III-V compound semiconductors is technologically important
for the fabrication of heterostructures based on III-V semi-
conductors. In particular, the interaction of Sb with the
GaAs�001� surface has been the subject of a number of ex-
perimental and theoretical investigations. A variety of recon-
structions, such as �2�8�, �1�3�, and �2�4� are formed on
the Sb-terminated GaAs�001� surface.1,2 Among these recon-
structions, the atomic geometry of �2�4� has been most
extensively studied. It has been well established that the �2
�4� reconstructions, which are usually observed on the
GaAs and InAs surfaces, are not formed on InSb and GaSb
surfaces. Thus, the structure identification of the Sb-induced
�2�4� reconstruction is a key to understand the group-V
rich surface reconstructions of III-V semiconductors.

On the basis of photoelectron spectroscopy measure-
ments, Madea et al. proposed the structure model built up
with three Sb dimers on the Ga-terminated GaAs�001� sur-
face for the Sb-induced �2�4� reconstruction �Fig. 1�a��.1
While this structure model has been later supported by x-ray
standing wave measurements,3 first-principles calculations
have shown that the three Sb-dimer structure is energetically
unfavorable.4,5 Esser et al. proposed the �2 model �Fig. 1�d��
on the basis of tight-binding calculations and a comparison
of measured and calculated reflectance difference spectra.4

On the other hand, scanning tunneling microscopy �STM�
observations by Moriarty et al. revealed the �2�4� unit with
only one Sb dimer at the outermost layer �Fig. 1�e��.6 The
one-Sb-dimer structures, which are now referred to as the �
structures, have been supported by the first-principles calcu-
lations by Schmidt and Bechstedt: while the �23 structure
�Fig. 1�b�� is stable under the extremely Sb-rich condition, �1
�Fig. 1�e�� and �2 �Fig. 1�f�� structures become more favor-
able under more Ga-rich conditions.5 Although recent STM
and photoelectron spectroscopy experiments supported the �2
model,7 STM images incompatible with the �1 /�2 models
have been also reported.8,9 Judging from these results, it ap-
pears that the structure identification of the Sb-induced
GaAs�001��2�4� surface is not fully convincing.

This paper reports a systematic study on the �2�4� re-
constructions formed by the adsorption of Sb on GaAs�001�
using reflection high-energy electron diffraction �RHEED�,
reflectance-difference spectroscopy �RDS�, x-ray photoelec-
tron spectroscopy �XPS�, STM, and first-principles calcula-
tions. We carefully controlled the coverage of Sb on the
GaAs�001� surface, and found that there exist several types
of �2�4� reconstructions. We show that the �2�4� surface
with low Sb coverages has the �-type structure, in good

FIG. 1. �Color online� Structure models for the GaAs�001�− �2
�4� surface. Large, middle, and small circles indicate top-,
second-, and third-layer atoms, respectively.
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agreement with the results in Refs. 5–7. On the other hand,
none of the structure models shown in Figs. 1�a�–1�f� could
account for the experimental data from the �2�4� surface
with higher Sb coverages. We propose a structure model con-
sisting of anion dimers at the first and third layers and three-
coordinated As atoms at the second layer.

II. EXPERIMENTAL

The experiments were performed in a system of intercon-
necting ultrahigh vacuum �UHV� chambers for molecular-
beam epitaxy �MBE� growth and for on-line surface charac-
terization by means of STM and XPS.10 All the STM images
were acquired at room temperature using electrochemically
etched tungsten tips. XPS measurements were carried out by
using monochromatic Al K� radiation �1486.6 eV�. Photo-
electrons were detected at an emission angle of 10° from the
surface. The RD spectra were obtained using a modified
Jobin Yvon RD spectrometer. The RDS results are commonly
displayed in terms of �r̃ / r̃= �r̃11̄0− r̃110� / r̃, where r̃11̄0 and
r̃110 are the near-normal-incidence complex reflectances for

light linearly polarized along �11̄0� and �110�, respectively.
We present only the data in the form �r /r=Re��r̃ / r̃�.

Nondoped and nominally on-axis GaAs�001� substrates
were used for the RHEED, RDS, and XPS measurements,
while the Si-doped �N�1–4�1018 cm−3� substrates were
employed for the STM experiments. Cleaned GaAs�001�
− �2�4� surfaces were first obtained by growing an undoped
homoepitaxial layer ��0.5 �m� on a thermally cleaned
GaAs�001� substrate. The GaAs�001�− �2�4� surfaces were
kept at 440 °C in a good UHV condition of �5
�10−11 Torr, and then exposed to an Sb4 flux with a beam-
equivalent pressure of 1�10−8 Torr. To control the Sb cov-
erage on the GaAs�001� surface, the substrate temperature
was changed between 440 °C and 640 °C in steps of 20 °C.
RHEED and RDS measurements were carried out at each
step, first with the Sb flux and then without the Sb flux, and
the temperature was kept until the RD intensities were satu-
rated in either case. After the measurements were completed
at a given temperature, the surfaces were exposed to the Sb
flux again and then the temperature was increased or de-
creased to the next step.

III. CALCULATIONS

First-principles calculations,15,16 based on the density
functional theory14 with the generalized gradient
approximation,17 were performed. A slab geometry was used
for the simple calculation, which has the supercell consisting
of seven atomic layers and of vacuum region �12 Å in thick-
ness�. The back side of the slab is terminated with 16 ficti-
tious H atoms which eliminate artificial dangling bonds and
prevent it from coupling with the front side. The wave func-
tions were expanded in plane waves with a kinetic energy
cutoff of 16 Ry. Four k points in the irreducible Brillouin
zone of the �2�4� surface were used for the integration in k
space. The top six layers were relaxed until all the forces
were less than 0.5 eV/nm.

The stability of a certain structure in the equilibrium can
be determined from the surface free energy and the chemical
potentials �i of the surface constituents i=Ga, As, and Sb.5

In the present study, the surface formation energy �Esurf is
defined as

�Esurf = Etot − Eref − nGa�Ga − nAs�As − nSb�Sb, �1�

where Etot is the total energy of the Sb-induced �2�4� re-
construction, Eref is taken as the total energy of the clean
GaAs�001�−�2�2�4� surface, and ni are the difference in
the number of the atomic species i=Ga, As, and Sb between
Sb-stabilized and As-stabilized �2�4� structures. The
chemical potentials �i are expressed as �i=�i

bulk+��i, and it
holds that

��Ga + ��As = �Ga + �As − �Ga
bulk − �As

bulk = �Hf�GaAs� ,

�2�

where �Hf�GaAs� is the formation enthalpy of GaAs.

IV. RESULTS AND DISCUSSION

We first examined whether the atomic structure of the
Sb-induced �2�4� reconstruction changes with the prepara-
tion conditions using RHEED and RDS. When the
GaAs�001�− �2�4� surface was exposed to the Sb flux at
440 °C, �2�8� RHEED patterns appeared. As the tempera-
ture was increased, the �2�8� reconstruction changed to the
�2�4� one at 520 °C. The �2�4� reconstructions are ob-
served in relatively wide temperature ranges of 520–640 °C
and 480–620 °C with and without Sb fluxes, respectively.
When the Sb flux was interrupted at 640 °C, the c�8�2�
RHEED patterns were observed, suggesting that Sb was
completely desorbed.

Figure 2�a� shows RD spectra obtained from GaAs�001�
surfaces under the Sb4 flux of 1�10−8 Torr. The solid and
dashed curves were measured when the substrate tempera-
ture was increased and decreased, respectively. The shape of
the RD spectrum significantly changes in the temperature
range of 520–640 °C, where �2�4� RHEED patterns were
observed. Specifically, a negative feature at �1.8 eV and a
broad positive feature at �3.9 eV in the spectrum measured
at 520 °C are shifted by �0.2 eV to higher energy as the
substrate temperature is increased. The observed peak shift is
in the opposite direction to those in the optical transition
energies in GaAs.11 Thus, the present result could not be
explained by the temperature dependence of optical transi-
tion energies. These results indicate that the Sb-adsorbed
�2�4� surface changes its structure and/or composition de-
pending on the substrate temperature. Similar changes in RD
spectra were observed in RD spectra measured without the
Sb flux �Fig. 2�b��. The spectra measured at 640 °C and
560 °C with the Sb flux �Fig. 2�a�� resemble those at 560 °C
and 480 °C without the Sb flux �Fig. 2�b��, respectively. As
we will show later, the amount of Sb atoms on the
GaAs�001� surface decreases with increasing substrate tem-
perature. Thus, the supply of the Sb flux compensates for the
desorption of Sb from the �2�4� surface at temperatures
higher by �80 °C. As can be seen in Figs. 2�a� and 2�b�, no
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hysteresis was observed, indicating that the structure change
is reversible.

Shown in Fig. 2�c� are the spectra measured after the
sample was cooled to room temperature. While a small blue
shift of about 0.2 eV, together with sharpened and increased
anisotropies, occurs, the overall line shapes of the room-
temperature spectra are very similar to the corresponding
high-temperature ones. In addition, fine structures are clearly
observed at room temperatures. For example, the positive
feature develops at 4.4 eV as the temperature is increased
�Fig. 2�c��, which is observed as a peak shift in Fig. 2�b�, as
mentioned above. Thus, it is suggested that there exist more
than one �2�4� phase, the ratio of which varies as a function
of substrate temperature.

In order to obtain details of the structure change, the
samples were transferred from MBE chamber into another
UHV chambers for STM and XPS measurements. For this
purpose, the samples were quenched after the RDS and
RHEED measurements without the Sb flux at given tempera-
tures. Figure 3 shows photoelectron intensity ratios of As
3d/Ga 3d and Sb 4d/Ga 3d measured from the Sb-adsorbed
GaAs�001� surfaces. The changes in photoelectron intensities
are reversible, being consistent with the RDS results �Fig.
2�b��. The Sb/Ga ratio decreases with increasing temperature
by a factor of three, indicating that the saturation coverage of
Sb in the �2�4� reconstruction changes with substrate tem-
perature. Another noteworthy finding is that the Ga/As ratios
remain almost constant in the whole range of substrate tem-
perature: the change in the As coverage is estimated to be
below 0.2 ML. Since Ga atoms are hardly desorbed below
640 °C, the present result shows that the desorption of As is
negligible. From these results, we conclude that the structure

change in �2�4� reconstruction is closely related with the
adsorption/desorption of Sb and is not accompanied by the
drastic change in the surface As coverage.

Figures 4�a�–4�d� show filled-state STM images taken
from the Sb-induced �2�4� surfaces prepared at 480, 520,
560, and 600 °C. The �2�4� unit cells observed in these
images can be classified into types A, B, and C, as indicated
in the figure. The type-A feature is interpreted as the unit cell
having two anion dimers at the surface layer. Although sev-
eral possible structure models, such as �23 �Fig. 1�b��, �22
�Fig. 1�c��, and �2 �Fig. 1�d��, could account for the type-A

FIG. 2. �Color online� RD spectra measured from the Sb-adsorbed GaAs�001�− �2�4� surfaces �a� with and �b� without the Sb4 flux of
1�10−8 Torr. Solid �dashed� curves are measured when the substrate temperature was increased �decreased� from 440 °C �640 °C�. �c� RD
spectra measured after the sample was cooled to room temperature.

FIG. 3. Photoelectron intensity ratios of As 3d/Ga 3d �circles�
and Sb 4d/Ga 3d �squares� plotted as a function of substrate tem-
perature. Open and closed symbols correspond to the data obtained
from the samples prepared by increasing and decreasing the sub-
strate temperature, respectively.
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feature, further studies are needed to determine the atomic
geometry of the type-A feature.

Previous first-principles calculations4,5 have predicted that
the �23 structure is stable under Sb-rich conditions. How-
ever, as shown in Fig. 4�e�, where relative coverages of
types-A, -B, and -C units are plotted as a function of the
temperature, the majority of the �2�4� unit cells have
type-C features ��90% in coverage�, and the density of the
�2�4� unit with the type-A feature is less than 5% on the
most Sb-rich �2�4� surface �Fig. 4�a�� prepared at 480 °C.
On the other hand, type-B units are dominant on the surface
prepared at 600 °C �Fig. 4�d�� ��95%�.

As shown in Figs. 5�a� and 5�b�, the types-B and -C fea-
tures could be distinguished within the trenches between top-
layer dimer rows: bright features corresponding to the atoms
at the second layer are clearly seen in type-C units. Since
cation atoms are hardly imaged in filled-state STM images,
the type-B features are interpreted in terms of �1 /�2 models.
Shown in a part of Figs. 5�e� and 5�f� are topographic line
profiles for the types-B and -C features, respectively. While
shoulders are clearly seen at �1.5 Å lower from the outer-
most surface in Fig. 5�f�, such characteristic features are not
present in Fig. 5�e�. Since the height difference between the
first and second layers is �1.4 Å, it is likely that anion

FIG. 4. Filled-state STM images obtained from the Sb-induced �2�4� reconstructions prepared at 480 °C �a�, 520 °C �b�, 560 °C �c�,
and 600 °C �d�. Image dimensions are 80 Å�96 Å. The images were taken with a sample bias of −2.5 V. �e� Relative coverages of
types-A, -B, and -C units plotted as a function of the preparation temperature.
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atoms at the second layer are observed as shoulders in Fig.
5�f�. Thus, for the type-C features, we proposed structure
models shown in Figs. 1�g� and 1�h�, which are denoted by �
structures. This � structure results from the replacement of
the three-coordinated Ga atom at the second layer of the �
structure by the Sb atom, and agrees with the electron count-
ing heuristics.12

Figures 5�a�–5�d� compares the measured and simulated
STM images. Simulated images were extracted from first-
principles calculations: after structural relaxation, extracting
isocontour surfaces of a suitably defined local density of
states generated numerically simulated constant current STM
images. For the Sb-deficient �2�4� structure �Figs. 5�a� and
5�b��, the observed STM image could be well reproduced
either by �1 �Fig. 1�e�� or �2 �Fig. 1�f�� models. On the other
hand, �2 �Fig. 1�g�� and �3 �Fig. 1�h�� models could account
for the observed features of the Sb-rich �2�4� surface: as

shown in Figs. 5�c� and 5�d�, bright features corresponding
to the three-coordinated anion atoms at the second layer are
clearly observed in both observed and calculated images. In
addition, the topographic line profile �solid curve� in Fig. 5�f�
is quite similar to that simulated from the �2 and �3 models
�dotted curve�. Our analysis, however, still remains to assign
the anion atom to As and Sb atom types, because Sb and As
atoms in the �- and �-type structures were hardly distin-
guished in simulated STM images.13

The Sb coverages of the �1, �2, �2, and �3 structures are
0.25, 0.5, 0.5, and 0.75 ML, respectively. Since, as discussed
earlier, our XPS analysis show that the amount of Sb atoms
in the �2�4� structure at 480 °C is three times larger than
that at 600 °C, the �1 �Sb=0.25 ML� and �3 �Sb
=0.75 ML� models are suggested for the less and more Sb-
rich �2�4� structures. In addition, both �1 and �3 models
contain 0.25 ML of As, which is consistent with the XPS
result: the As/Ga XPS intensity ratio for the Sb-deficient �2
�4� surface nearly equals the value for the Sb-rich one. At
this stage, therefore, the �1 and �3 models can be proposed as
possible candidates for the Sb-deficient and Sb-rich �2�4�
surfaces, respectively. Here, we note that our first-principles
calculations and RHEED rocking-curve analysis suggested
the possible coexistence of Sb-Sb, As-As, and Sb-As dimers
in the Sb-induced �2�4� reconstruction, as we will show
later part in this paper. This means that various combinations
of Sb-Sb, As-As, and Sb-As dimers in the �- and �-type
structures could also results in the measured XPS intensity
ratio and that further studies are needed to assign atomic
species of anion atoms.

We have examined the relative stability of the �1 �Fig.
6�a�� and �3 �Fig. 6�b�� models. Because of the different
numbers of Sb and Ga atoms per unit cell, the comparison of
the total energies for different models has to take into ac-
count the chemical potentials of Sb ����Sb�� and Ga
����Ga��. The phase diagram in dependence upon ���Sb�
and ���Ga� is shown in Fig. 7�a�. The �1 structure is the
most stable for lower ���Sb� and higher ���Ga�, in good
agreement with the results in Ref. 5. On the other hand, for
higher ���Sb� and lower ���Ga�, we found the �3 structure
to be most stable, while the �23 structure becomes more
favorable as ���Ga� is increased.

Another interesting finding is the emergence of the �22
structure in a very small range between the �- and �-type
structures, which were not observed in the previous

FIG. 5. �Color online� Filled-state STM images obtained from
the Sb-induced �2�4� surface prepared at 560 °C �a� and 480 °C
�b�. The images were taken with a sample bias of −2.5 V. Simu-
lated STM image of the �1 �c� and �3 �d� models using a filled state
bias of 2 V below the valence band maximum. The image dimen-
sion is 32 Å�32 Å. Solid curves in �e� and �f� show the topo-
graphic line profiles for the sample prepared at 560 °C and 480 °C,
respectively, in the �110� direction. Dotted curves are obtained from
the simulated images for the �1 �e� and �3 �f� models.

FIG. 6. �Color online� Optimized �1 �a� and �3 �b� models.
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calculations.5 As mentioned earlier, our STM observations
have revealed that the �- and �-type structures emerge at low
and high Sb coverages, respectively, and �2-type unit cells
are locally observed at an intermediate stage �Fig. 4�c��. If
we assume that the experimentally observed �2-type feature
corresponds to the �22 structure, we can explain why the
�2-type feature is observed only in the limited range. How-
ever, it remains an open question why the �2�4� surfaces
mainly consisting of �2-type features were not observed ex-
perimentally.

In order to obtain further experimental supports for the �1
�Fig. 6�a�� and �3 �Fig. 6�b�� models, we performed RHEED
rocking-curve analysis based on dynamical diffraction
theory. RHEED rocking-curves were measured using the ex-
tended beam rocking facility �Staib, EK-35-R and k-Space,
kSA400�. The energy of the incident-electron beam was set
at 15 keV. Integrated intensities of the 17 spots, �0 0�,
�0	

1
4 �, �0	

2
4 �,…, �0	

10
4 �, �0	

11
4 �, and �0	2� for the

�11̄0� direction, and 5 spots, �0 0�, �	1 0�, and �	2 0� for
the �110� direction, were used in a structure analysis. Aver-
aging of the symmetry-equivalent spots led to nine and three
independent rocking curves for the �11̄0� and �110� direc-
tions, respectively. RHEED intensities were calculated by the
multislice method proposed by Ichimiya.18 24 fractional-
order and 9 integer-order reflections were used for the calcu-

lation along the �11̄0� direction, and 9 integer-order reflec-
tions were used for the �110� incidence azimuth. Since, as
can be seen in Fig. 5, two adjacent �2�4� units along the

�11̄0� direction are often oriented in the opposite directions,

the calculation for the �11̄0� incidence assumed the existence
of two types of units. On the other hand, fractional-order
reflections in the �110� direction are excluded in the present
calculations, as in the case for the As-stabilized GaAs�001�
− �2�4� surface,19 because extended streaks are observed in
the half-order positions, which is ascribed to the formation of
one-dimensional disorder boundaries on the �2�4� surface.

Fourier coefficients of the crystal potential for elastic scat-
tering were obtained from the atomic scattering factors for
free atoms calculated by Doyle and Turner.20 A correction
due to condensation was made to fit the positions of bulk
Bragg peaks at large glancing angles. For instance, the re-
sulting mean inner potential of bulk GaAs was 13.6 eV. The
correction was also applied for Sb. The adsorption of elec-
trons in a crystal �inelastic scattering processes� is given phe-
nomenologically by an imaginary potential, which was as-
sumed to be 12% of its real part. The Debye temperatures in
bulk layers were taken to be 275 and 285 K for Ga and As
atoms, respectively.21 For surface layers, we assumed re-
duced Debye temperatures of 180, 190, and 100 K for Ga,
As, and Sb atoms, respectively. The thickness of a slice, in
which scattering potential was approximated to be constant
toward the direction normal to the surface, was about 0.1 Å.
In order to quantify the agreement between the measured and
calculated rocking curves, the R factor defined in Ref. 22
was used. The calculated rocking curves were convoluted
with a Gaussian, which has a full width at half maximum of
0.1°, corresponding to the experimental resolution.

Figures 8�a� and 8�b� show the RHEED rocking-curves
measured from the GaAs�001�− �2�4�-Sb surface at 600

FIG. 7. �Color online� �a� Phase diagram of the Sb-induced �2
�4� reconstructions versus the Ga and Sb chemical potentials. �b�
Modified phase diagram including structure models with mixed
Sb-As dimers shown in �c�.
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and 480 °C, respectively, together with the calculated ones
from the �1 �dashed curve in �a�� and �3 �dash-dotted curve
in �b�� models. We also measured RHEED rocking curves
after the sample was cooled to room temperature, and con-
firmed that most of features in the rocking curves are pre-
served for both samples, except for the increase in the peak
intensities due to the suppressed thermal vibrations. This is
in good agreement with the RDS results. The atomic coordi-
nates used for the RHEED analysis were fixed at those ob-
tained by first-principles calculations. For the Sb-deficient
�2�4� surface prepared at 600 °C �Fig. 8�a��, the majority
of features in the measured rocking curves are well repro-
duced by the calculations �R factor=0.18� for the �1 model.
On the other hand, for the Sb-rich �3 model, only modest
agreement between the measured and calculated curves was

achieved �R factor=0.28� �Fig. 8�b��. However, as we will
show below, the agreement is significantly improved, when
the second-layer Sb and third-layer As atoms in the �3 model
are interchanged.

RHEED intensities were calculated for the modified
�3�2�4� models in which the first-�A�, second-�B�, and
third-layer �C� Sb atoms are interchanged with third-layer As
atoms �a, a�, b, b�, c, and c��, as indicated in Fig. 6�b�. At
this stage of the analysis, atomic coordinates were fixed at
those for the �3 model obtained by the first-principles calcu-
lations. Only when the second-layer Sb atoms �B in Fig.
6�b�� are interchanged with the third layer As atoms �a, a�, c,
and c� in Fig. 6�b��, was the R factor significantly decreased,
as shown in Table I. Here, we note that the difference be-
tween the a and a� sites is not ascertained in the present
analysis, because of the following reasons: �i� fractional-
order reflections in the �110� direction are excluded in the

present calculations, as mentioned earlier. �ii� For �11̄0� di-

rection, only structure parameters projected on the �11̄0�
plane are available.

Shown by dashed curves in Fig. 8�b� are the calculated
RHEED rocking curves from the modified �3 model in which
the second-layer Sb atoms �B in Fig. 6�b�� are interchanged
with third-layer As atoms �a and a� in Fig. 6�b��. After the
structure optimization by first-principles calculations, the
agreement between the experiment and calculation is further
improved �R factor=0.18�.

The present RHEED analysis suggested six atomic geom-
etries for the modified �3 structure, as shown in Figs.
9�b�–9�g�. However, these modified �3 structures become un-
stable with respect to the � model �Fig. 9�a��, as indicated in
Fig. 9. While further studies are needed to resolve the dis-
agreement, the random distribution of Sb atoms at the third
layer might lower the energy of the modified �3 structure. On
the other hand, recent x-ray diffraction measurements have
shown that Sb atoms are incorporated in the fourth and
deeper layers in the Sb-adsorbed GaAs�001�− �3�1�
structure.23 Thus, it is possible that the diffusion of Sb into
deeper layer also occurs in the Sb-induced �2�4� recon-
struction.

FIG. 8. �Color online� RHEED rocking curve �solid curves�
measured from the Sb-induced �2�4� surfaces prepared at 600 °C
�a� and 480 °C �b�. The dashed curves in �a� are calculated using
the atomic coordinates obtained by first-principles calculations for
the �1 model, and the dashed and dash-dotted curves in �b� are
calculated from the �3 and modified �3 models, respectively.

TABLE I. R factors for the modified �3�2�4� models in which
the first-�A�, second-�B�, and third-layer �C� Sb atoms are inter-
changed with third-layer As atoms.

Notations in Fig. 6�b�

Sb As R factor

a and a� 0.44

A b and b� 0.47

c and c� 0.48

a and a� 0.20

B b and b� 0.30

c and c� 0.22

a and a� 0.36

C b and b� 0.38

c and c� 0.40
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Recent photoemission studies7 have suggested that the
Sb-induced �2�4� surface prepared at a high temperature of
550 °C contains Sb atoms at the third layer ��2 structure�.
On the other hand, the present results show that the Sb-
induced �2�4� surface prepared at temperatures higher than
550 °C �e.g., 600 °C� has the �1 structure. This suggests that
a slight difference in the substrate temperature results in dif-
ferent dimer species in the �-type structure. Further interest-
ing results were obtained when the possible existence of
mixed Sb-As dimer in �-type structures was assumed. As
shown in Fig. 7�b�, three variants of the �1 structure,
�1-MD1, �1-MD2, and �2-MD �Fig. 7�c�� emerge for lower

���Sb� and higher ���Ga�. Similar mixed dimer structures
have been proposed for Bi-induced reconstructions on
GaAs�001� �Ref. 24� and InP�001� �Ref. 25� surfaces. It is
clearly seen that the Sb coverage in the �-type structure is
increased as ���Sb� is increased. The energies of �-type
structures are nearly degenerate in the regions where the
�1-MD2 and �2-MD structures are most stable: the differ-
ences in the formation energy are below 0.03 eV / �1�1�.
While Sb-As, Sb-Sb, and As-As dimers are hardly distin-
guished in STM images, RHEED rocking curves calculated
from these models are in good agreement with the experi-
ments: the R factors are comparable with the value of �1
structure �R�0.19�. Thus, we cannot exclude the possibility
that the �-type structure changes its dimer species depending
on the preparation conditions.

The energetics of Sb-As dimers in the �- and �-type struc-
tures have been also examined. As shown in Fig. 7�b�, sev-
eral structures, �2-MD1, �2-MD2, and �22-MD �Fig. 7�c��,
emerge in the phase diagram. In addition, the �4 structure �Sb
coverage=1 ML� is found to be most stable at the lower
limit of ���Ga� and higher limit of ���Sb�. However, our
RHEED rocking curve analysis show that these structure
models do not reach a level of satisfactory agreement with
the experiments �R
0.32�.

V. CONCLUSIONS

We studied the atomic structure of the Sb-induced �2
�4� surface reconstruction on GaAs�001�. We found that
Sb-induced �2�4� surface changes its structure and compo-
sition depending on the substrate temperature. Structure
identification based on the RHEED, XPS, and STM results
revealed that the �2�4� units consisting of single anion
dimer at the outermost surface layer is dominant in the whole
range of substrate temperature. The �2�4� structure with
low Sb coverage has �-type structure. For the Sb-rich �2
�4� phase, we proposed the structure model consisting of
anion dimers at the first and third layers and three-
coordinated As atoms at the second layer ��-type structure�.
Our first-principles calculations suggest that Sb-Sb, As-As,
and Sb-As dimers coexist in the Sb-induced �2�4� recon-
structions, their relative densities being sensitive to the
preparation conditions.
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