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We study the family of GaSb�001�-�4�3� reconstructions by ab initio density-functional theory. For each
possible surface stoichiometry between the well-known Sb-poor ��4�3� and Sb-rich ��4�3� phases, we find
thermodynamically stable reconstructions. Surface energies of �4�3� unit cells shifted relative to each other
are computed for the thermodynamically stable phases. Especially, the energetic costs for unit-cell shifts along

the �1̄10� direction with the length of one in-plane surface lattice constant are very low. In a comparative study,
we show that this is similar to the �2�2�4� reconstructed GaAs�001� surface with a one-dimensional disorder

along �1̄10�, but different from the c�4�4� reconstruction. The diversity in surface stoichiometry and unit-cell
shape allows us to explain the contradicting experimental results obtained by scanning tunneling microscopy
and surface-diffraction techniques at finite substrate temperatures.
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I. INTRODUCTION

The epitaxial growth mode of III-V semiconductors can
be controlled by varying the fluxes and the substrate tem-
perature. This allows us to directly influence the atomic sur-
face configuration. The number of known stable surface re-
constructions of III-V compounds has grown rapidly within
the last two decades.1,2 The combination of scanning tunnel-
ing microscopy �STM� and structure calculations based on
density-functional theory �DFT� has played a very important
role in the surface structure identification. However, despite
significant progress in the field, there are still a number of
experimentally observed structures which are unresolved or
in debate.

Particularly, one such puzzle is the appearance of certain
unit-cell symmetries, which are spatially resolved by STM
and found to be stable by DFT but are different from ob-
served diffraction symmetries in reflection high-energy elec-
tron diffraction �RHEED� or x-ray diffraction. An important
example is the GaAs�001�-�2�4� surface, which produces a
�1�4� diffraction symmetry3,4 with diffuse 2� intensity
streaks. This can be explained by random unit-cell shifts of
the �2�4� unit cells along the 2� direction. Another ex-
ample are the GaSb�001�- �4�3� reconstructions, producing
�1�3� or c�2�6� diffraction symmetry.5 A possible expla-
nation for this effect is the coexistence of several rectangular
and oblique Bravais lattices or one-dimensional disorder on a
surface within the coherence length of the diffraction beam.
This may lead to the extinction of certain nonbulk
reflections.6 A theoretical model, in order to capture this ef-
fect, has to correctly describe statistical properties, mainly
the correlation between shifted unit cells. Therefore, the in-
teraction energy between cells with different unit-cell sto-
ichiometries as well as different Bravais lattice types needs
to be determined. A direct treatment of this problem within
DFT is numerically difficult due to the large system size,
especially if a larger number of different unit cells coexist on

the surface. Some progress has already been made in describ-
ing entropy effects in surface statistics on the basis of DFT
calculations: diversity of heterodimer motifs within surface
unit cell was considered.7 For certain materials, however,
one-dimensional disorder becomes an essential element of
surface structure, and it should be included into the analysis.
For instance, the GaAs�001�-�2�4� reconstruction with one-
dimensional disorder2 can be interpreted as a coexistence of
“disorder free” �2�4� and c�2�8� reconstructions.

In the following, we use DFT to calculate changes in the
total energy of a system due to distortion in the unit-cell
translation periodicity to understand the underlying mecha-
nisms of such distortions. The thermodynamics of
GaSb�001� surface reconstructions is investigated. This in-
cludes changes in the unit-cell stoichiometry through the for-
mation of heterodimers inside the cell as well as Bravais
lattice diversity. A well suited system to study these effects is
the family of �4�3� reconstructions: STM reveals character-
istic surface defects on these surfaces including the coexist-
ence of rectangular and oblique translation symmetries and
various heterodimer configurations within one unit cell.8 On
the other hand, GaSb�001� is an important substrate surface
for device growth in the 6.1 Å lattice-constant family of
compounds �InAs, GaSb, AlSb, and ZnTe� and its surface
reconstruction is important to understand disorder at the non-
common anion interfaces.9

Different symmetry families can be observed by RHEED
on GaSb�001� irradiated by a stationary Sb4 flux. The �1
�3� diffraction pattern10,11 can be explained using �4�3�
unit cells in a model with preferential unit-cell shifts along

the �1̄10� azimuth.5 The �4�3� unit cell is also confirmed to
be thermodynamically stable by DFT.12,13 The observed c�2
�6� symmetry at lower substrate temperatures14 belongs to
the same symmetry family. The origin of the observed �1
�5� pattern is still in debate15,16 also with respect to thermo-
dynamic stability.13,17 Additionally, a c�2�10� periodicity is
reported.11,15
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The paper is organized as follows. In Sec. II we introduce
the list of investigated structures including possible Bravais
lattice types. The computational details are given in Sec. III,
followed by the Results section in which we present
GaSb�001�-�4�3� stable reconstructions, calculate the sur-
face energies, and discuss possible effects caused by a one-
dimensional disorder on a surface.

II. (4Ã3) SURFACE RECONSTRUCTIONS

The �4�3� structures observed by STM agree with DFT
simulations for the �, �, and � phases.8 The � phase in-
volves four Ga-Sb dimers on top of an Sb layer �Fig. 1, ��.
The � phase is more Sb rich and it has three top Sb-Sb
dimers and one Sb-Ga dimer �Fig. 1, ��. The ��4�3� phase
is the most Sb rich. It has four Sb-Sb dimers in the top layer
of the surface within an oblique unit cell.

The extinction or the weakening of reflections which
would be expected from a periodic arrangement of the same
surface unit cell is caused by the loss of correlation, i.e., the
violation of the perfect translational periodicity. This may be
due to differences between the unit cells, such as the replace-

ment of a Sb-Sb homodimer by a Ga-Sb heterodimer, or due
to different Bravais lattice types, or both. As mentioned al-
ready in the Introduction, although the �4�3� phases are the
most energetically favorable for the GaSb�001� surface, the
�4�3� diffraction patterns are not observed in a diffraction
experiment. The structure models that had been suggested
earlier for the observed �1�3� �Ref. 10� and c�2�6� �Ref.
18� symmetries were not confirmed to be stable12,19 by DFT
calculations: the suggested structures have a higher surface
energy than the different stable �4�3� reconstructions.

To study possible distortions of the long-range periodicity,
we analyze differences between the type and the arrangement
of the top dimers within the �4�3� unit cell. A diversity in
arrangement of homodimer and heterodimer motifs within
one unit cell was also observed for the GaAs�001�-c�4�4�
reconstruction.20 In the case of GaSb�001�-�4�3�, we con-
sider the different arrangements as sketched in Fig. 1. Six-
teen structure models can be composed by substituting the
four heterodimers of the Sb-poor � model by Sb homodimers
up to the Sb-rich h0 model.12 The number is reduced to 12
inequivalent models because of a mirror plane along the
�110� axis. Since phases with center positions of the top het-
erodimers occupied by Ga have never been observed by
STM, these configurations are excluded from the analysis.

In addition, we consider a unit-cell translation diversity.
For the �4�3� unit-cell basis, we use the following transla-
tion symmetries �see Fig. 2�: the rectangular lattice is marked
by A0. Oblique lattices are denoted by A1, A2, and A3 with

unit-cell shifts along �1̄10� by 1, 2, or 3as, respectively. The
B1 and B2 lattices correspond to unit-cell shifts along �110�
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FIG. 1. �Color online� Structure models of different
GaSb�001�-�4�3� reconstructions. Models with different stoichi-
ometry are formed by substituting four Ga atoms in the top dimers
of the � model by Sb atoms. Equivalent structures obtained by
mirror symmetry along �110� are not shown. Open �filled� spheres
correspond to Sb �Ga� atoms. Model notation includes number of
heterodimers h and heterodimer position within a dimer row: up
�u�, center �c�, and down �d� site.
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FIG. 2. �Color online� Schematic view of different unit-cell
translation vectors to combine �4�3� unit cells. The A0 case corre-
sponds to orthogonal translation vectors. The A1, A2, A3, B1, and B2

cases are oblique lattices. The surface lattice constant is as

=abulk /�2, where abulk is the bulk lattice constant of GaSb.
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by 1 or 2as, respectively. For instance, the stable ��4�3�
reconstruction is obtained by starting from configuration h0
of Fig. 1 and applying the translation vectors B1 in Fig. 2.
Such unit-cell variations have been shown before to explain
disorder effects in diffraction intensities,21,22 as well as
changes in the symmetry of diffraction patterns.3,4,23

III. COMPUTATIONAL DETAILS

The unit cells discussed in the previous section are used
as input for total-energy calculations within DFT. The ABINIT

computer code is used to carry out the calculations.24,25 We
use the local-density approximation for the exchange-
correlation energy functional. Norm-conserving
pseudopotentials26 of the Troullier-Martins type27 are used to
describe the atomic species. The electronic wave functions
are expanded in a plane-wave basis with a converged kinetic-
energy cutoff of 12 Ha and a k-point set corresponding to
3�4 points per �4�3� surface Brillouin zone.28 By applying
the different translation vectors of Fig. 2, it is not possible to
define an equivalent k-point mesh. Nevertheless, we estimate
the relative numerical error to be less than 1 meV per �1
�1� surface unit cell based on tests with an increased cutoff
energy as well as higher-density k-point meshes. The surface
structures are constructed using the repeated supercell ap-
proach with a GaSb �GaAs� slab thickness of nine atomic
layers, using equilibrium lattice parameters computed from
the bulk GaSb, abulk=5.96 Å, and the bulk GaAs, abulk
=5.33 Å. A vacuum gap thickness of 15 Å is used. The
bottom surface of the slab is passivated by pseudo-
hydrogens.29 Atomic coordinates are adjusted until the inter-
atomic forces become smaller than 0.008 eV /Å, whereby
only the three bottom layers �Sb-Ga-pseudo H� are kept
fixed.

The total energies produced by the DFT calculations can
be analyzed in two different ways. First, as is standard for
the determination of stable surface reconstructions, the
surface-energy density � is computed by30

�S = Etot − �nSb − nGa��Sb − nSb�GaSb
bulk , �1�

where Etot is the total energy of system, �i is the chemical
potential of species i, ni is the number of the atoms in the
cell, and S is the surface area. The experimental conditions
are simulated by varying the chemical potential �Sb in the
thermodynamically allowed range −Hf ��Sb−�Sb

bulk�0,
where Hf is the heat of formation, Hf =�Ga

bulk+�Sb
bulk−�GaSb

bulk .
The �Ga

bulk��Sb
bulk� chemical potentials are computed for the

orthorhombic �-Ga �Ref. 31� and rhombohedral Sb phases,
respectively. The Sb-rich and Ga-rich conditions correspond
to ��Sb−�Sb

bulk� /Hf =0 and ��Sb−�Sb
bulk� /Hf =1, respectively.

Second, assuming that there is only a nearest-neighbor
interaction between adjacent unit cells, the line energy El per
unit length of the unit-cell boundary can be extracted from
the DFT calculations by the expression

El =
Etot�i� − Etot�A0�

2asp
, �2�

where Etot�i� is the computed total energy of a slab with i
running over the oblique translational symmetries �Fig. 2�. p

is 4 �3� for 4� �3�� directions, respectively. The surface
lattice constant is as=abulk /�2. Thus, a negative value of El
corresponds to a reduction in the surface energy due to the
oblique translation symmetry.

IV. RESULTS AND DISCUSSION

The stability diagram presented in Fig. 3 for the different
�4�3� unit cells of Fig. 1 demonstrates that for every pos-
sible stoichiometry between the � �four top heterodimers�
and the � reconstruction �zero heterodimers� a stable con-
figuration is found. With decreasing number of top het-
erodimers, �→h3ud→h2u→�→� are found to be stable.
The total energy of the h2u phase was found to be close to
the total energy of the � phase.12 Our calculation confirms
that this phase is thermodynamically stable only in a very
narrow chemical-potential range. The h3ud reconstruction
extends previous results.12,13 Therefore a smooth transition
within the �4�3� symmetry is possible which gradually in-
creases the Sb content of the surface with increasing Sb
chemical potential �Sb. This is similar to reducing the tem-
perature in the experiment. An analogous behavior is ob-
served experimentally20 and confirmed by DFT �Ref. 7� on
the GaAs�001� surface for the c�4�4� reconstructions.
Phases with different numbers of heterodimer and ho-
modimer within the unit cell with c�4�4� symmetry were
found to have a significant concentration at finite tempera-
ture in thermodynamic equilibrium. Thus, the behavior ob-
served for the GaAs�001� c�4�4� surface may be a rather
common feature of III-V semiconductor surfaces. One reason
is that the switching from homodimer to heterodimer does
not change the electron number entering the electron count-
ing rule.32

Furthermore, interactions between adjacent unit cells have
to be included in a complete analysis. The interaction energy
between adjacent c�4�4� unit cells with different stoichiom-
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FIG. 3. �Color online� Surface-energy diagram of the GaSb�001�
�4�3� phases shown in Fig. 1. In the direction of increasing Sb
flux, the following phases have the lowest energy: � with four
heterodimers, h3ud with three heterodimers, h2u with two het-
erodimers, � with one heterodimer, and finally � with homodimers
only and oblique surface lattice �Fig. 2, B1�.
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etries was found to be small ��16 meV / �1�1�� for
GaAs�001�.7 For the GaSb�001�-�4�3� surface, Bravais lat-
tice diversity is very common unlike for the GaAs�001�-
c�4�4� reconstruction. This leads to the conclusion that for
the GaSb�001�-�4�3� surfaces, the interaction energies be-
tween shifted adjacent unit cells are smaller than for the un-
shifted GaAs�001�-c�4�4� unit cells with different stoichi-
ometries. To confirm this, we consider homogenous phases,
i.e., the same stoichiometry within each GaSb�001�-�4�3�
unit cell, but with different unit-cell translation vectors �see
Fig. 2�. In addition, we carry out calculations for the
GaAs�001�-�2�2�4� and -c�4�4� reconstructions to quan-
tify the differences.

Within the supercell approach used here, changes in total
energy due to a unit-cell translation distortion are interpreted
as the change in interaction energy of two neighboring unit
cells. The A0 type of translation corresponds to a rectangular
Bravais lattice. Cases A1 and A3 correspond to 1as and 3as

unit-cell shifts, along the �1̄10� direction, respectively. Both
structures can be symmetrically equivalent: the translational
symmetry A1 is equivalent to A3 for � but is not for h2u. In
the same way, B1 and B2 denote 1as and 2as translations
along the �110� azimuth. Thus, former unit cells are oblique
with a cell area equal to the area of the rectangular �4�3�
unit cell. Depending on the unit-cell translation periodicity,
the local environment of the top as well as the trench dimers
is changed. This results in changes in the total energy of the
system.

In the case of the c�4�4� phase, a double rectangular unit
cell with �4�4� size is used to accommodate all possible
unit-cell shifts. Thus, A1,2,3 and B1,2,3 translations correspond
to 1 ,2 ,3as shifts of three top dimers relative to the neighbor-

ing top dimers along the �1̄10� and the �110� directions, re-
spectively.

In Table I, the energy differences between rectangular and
oblique configurations, El, are listed in meV /Å units �Eq.

�2��. All oblique configurations are energetically less favor-
able than the rectangular configuration, except for the �
phase �h0−B1�. The energy differences, however, are small
for the A1 and the A3 cases for the stable phases ��, h2u,
h3ud, and ��. Doubling the unit-cell shift, such as in con-
figuration A2, increases the energy by an order of magnitude.
Even larger energies are found for the B1 and the B2 configu-
rations, except for the � phases as mentioned already.

Interaction energies for the GaSb�001�-�4�3� reconstruc-
tion can be directly compared with GaAs�001� reconstruction
energies. For the �2�2�4�-A1 reconstruction with a shift in
the 2� direction �c�2�8� unit cell�, we find a somewhat
higher interaction energy �El=0.7 meV /Å� as for the
GaSb�001�-��4�3�-A1 �El=0.2 meV /Å� and -��4�3�-A1
�El=0.5 meV /Å� surfaces. All other values are significantly
larger for shifts along the �110� direction. We therefore con-
clude that one-dimensional disorder is unlikely in this direc-
tion.

In Fig. 4, the surface-energy differences of five stable
GaSb�001�-�4�3� phases �Fig. 3� with different translation
symmetries �Fig. 2� are shown. Only a limited region of
chemical potential and surface energy is plotted in order to
resolve the small changes in surface energy. In case of the �
phase stoichiometry, the energy difference between the rect-
angular A0 and the oblique A1 lattices is about 1 meV per
�1�1� cell. For the � phase, the difference is even smaller
and equal to 0.6 meV per �1�1�. The phases h3ud and h2u
show a similar behavior �3 and 2 meV per �1�1�, respec-
tively�. Due to these small energy differences, unit-cell shifts
are likely to occur at finite temperatures. The difference in
surface energy is then correlated with the probability of a
certain Bravais lattice. Therefore, it is expected that rectan-
gular unit cells, A0, are simultaneously present with oblique
lattices of A1 and A3 types in thermodynamical equilibrium.

One possible reason for such a Bravais lattice diversity
may be the structure of the surface unit cell itself. A unit-cell

TABLE I. Differences in energy El between unshifted and
shifted unit-cell arrangements of the GaSb�001�-�4�3� and of the
GaAs�001�-�2�2�4� and -c�4�4� reconstructions. Ai and Bi rep-

resent unit-cell shifts by i surface lattice constants as along �1̄10�
and �110� directions, respectively �Fig. 2�. The values are derived
using Eq. �2� and are given in meV /Å. The differences in energy
for GaSb�001� � and ��4�3� with A1 lattice are smaller than the
GaAs�001�-�2�2�4�-A1 case.

A1 A2 A3 B1 B2 B3

GaSb�001�-�4�3�
� 0.5 2 0.5 11 32

h3ud 1 2 1 12 32

h2u 0.9 2 0.5 13 27

� 0.2 2 0.2 69 84

h0 0.3 3 0.3 −2 12

GaAs�001�
�2 �2�4� 0.7 24 33 24

c�4�4� 20 30 20 85 72 85
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FIG. 4. �Color online� Surface-energy diagram of the most fa-
vorable GaSb�001�-�4�3� phases with rectangular �A0� and ob-
lique �A1, A2, A3, B1, and B2� surface translation vectors �Fig. 2�.
The structures �, h3ud, h2u, �, and h0 are defined in Fig. 1. In
order to emphasize the small energy differences, only a selected
region of chemical potential, ��Sb−�Sb

bulk� /Hf, is shown. The com-
binations of two ��4�3� cells with rectangular �A0� and oblique
�A1� translation vectors have the smallest surface-energy difference
equal to 0.6meV per �1�1� cell. The area within the dashed rect-
angle is magnified on the right-hand insert.
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shift increases the total energy of the system but this energy
increase can be minimized by atomic relaxation. In particu-
lar, the GaAs-�2�2�4� as well as the GaSb-�4�3� unit
cells consist of a few reconstructed atomic layers with trench
dimers in the third and in the second atomic layers, respec-
tively. In both cases these trench dimers are oriented along

�1̄10�. This may compensate the stress caused by the unit-
cell shifts: the lattices have more degrees of freedom to re-
lax. A similar possibility to compensate stress may also ex-
ists on Sb terminated InAs�001�,33 where an apparent �2
�8� unit cell is confirmed by STM and DFT calculations but
appears only as a �8 diffraction pattern. In this case even
four atomic layers including a trench contribute to the sur-
face reconstruction. The GaAs�001�-c�4�4� reconstruction,
however, has only one missing atomic row in the second
layer without dimers. Thus, the latter structure is more rigid
and the total energy increases significantly with unit-cell
shifts.

Unit-cell shifts are observed by STM for GaSb- and
AlSb-� and -��4�3� reconstructions,8 and for the
GaAs�001�-�2�2�4� phase.2 Single step unit-cell shifts

along �1̄10� can be recognized. Such shifts are not observed
for c�4�4� reconstructions. This agrees with the interaction
energies presented in Table I. It also explains the symmetry
of the diffraction pattern: the 4� reflections vanish due to
the broken periodicity along the 4� direction for the �4
�3� unit cell. The results support our previous treatment,
where interaction energies between shifted unit cells were
assumed negligibly small.5 Finally, small energy differences
may lead to an oblique Bravais lattice at elevated tempera-
ture, whereas the analysis at zero temperature �Fig. 4� sug-
gests that the stable reconstructions have rectangular symme-
try.

A nonzero value of the line energy El, however, will im-
pose an upper bound on the length of the shifted unit-cell
rows. The gain in energy due to the interaction of two shifted
unit cells can be compensated by step edges or defects. The
� phase is unique among the �4�3� reconstructions. It has
an oblique unit cell, and several coexisting phases �i.e., a
mixture of h0, h0−A1, and �� are likely at higher tempera-
ture with fixed chemical potential. In this case, additional
defects such as antiphase boundaries are necessary to accom-

modate the rectangular and the oblique lattices. This in-
cludes, e.g., possible changes in the number of top dimers
within a cell. Qualitatively, if such defects are energetically
unfavorable, they may exist in non-negligible quantities only
in a nonequilibrium situation like growth. An analysis in-
cluding these defects is obviously necessary but beyond the
scope of the paper. It should be emphasized that such surface
defects will change the surface unit-cell area, a case we did
not treat here. Nevertheless, the current results demonstrate
that the surface can easily accommodate such a defect-
induced symmetry change by introducing low-energy shifts
within an arrangement of �4�3� unit cells. If the defect had
a low energy it would not alter the findings significantly.
Only where defects are necessary, such as in the � phase,
they may play a more important role.

V. CONCLUSIONS

We have studied various GaSb�001�-�4�3� reconstruc-
tions with different unit-cell stoichiometries as well as vari-
ous Bravais lattices by DFT. Thermodynamically stable re-
constructions are found for all possible stoichiometries by
exchanging the Ga and the Sb atoms in the top heterodimers
of the ��4�3� structure as shown in Fig. 1. We have found
two intermediate thermodynamically stable phases between
the � and the ��4�3� phases: the h2u and the h3ud struc-
tures with two and three Sb-Ga dimers on the surface, re-
spectively. The h2u structure exists only in a very narrow
chemical-potential range. Deviations from a rectangular cell
lead to only slightly higher energies for all stable reconstruc-
tions except for �. Small energy differences between �4
�3� unit cells with rectangular and oblique translation sym-
metries should lead to one-dimensional disorder at nonzero
temperature. This agrees with previous experimental results
obtained by STM and explains the apparent contradiction in
unit-cell symmetry observed by STM and by diffraction
techniques.
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