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Ab initio theory of polar semiconductor surfaces. L
II. (2X2) reconstructions and related phase transitions of GaAs(111)

E. Kaxiras, Y. Bar-Yam, and J. D. Joannopoulos
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

K. C. Pandey
IBM Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598
(Received 20 January 1987)

The (2X2) reconstructions of GaAs(T111) are studied with use of a theoretical approach based on
the calculation of the total energy in the context of density-functional theory and the pseudopoten-
tial approximation. New models are proposed for the As-rich and Ga-rich reconstructions. The rel-
ative chemical potential plays a crucial role in determining the lowest-energy configuration. The
total-energy versus chemical-potential curves indicate the possibility of phase transitions between
different configurations. One such transition concerning the experimentally observed (V19 x V/19)
reconstruction can be explained as an intermediate phase between the proposed low-energy (2 <2)

reconstructions.

I. INTRODUCTION

Polar semiconductor surfaces exhibit a variety of com-
plicated reconstruction patterns as well as structural phase
transitions between the different reconstructions. These
surface phenomena are poorly understood despite the
large amount of experimental information that has been
gathered about representative polar surfaces of III-V com-
pound semiconductors.!~!° In particular, the (111) sur-
face of GaAs has several stable reconstructions: Two dif-
ferent (2X2) patterns have been observed"?? as well as a
(V19%xV'19),"3%* a (3% 3),° and a (V3XV3).* A transi-
tion between the (2X2) and (V19X V'19) phases is readily
obtained by varying the temperature or the relative As- to
Ga-arrival rate during the molecular-beam-epitaxy (MBE)
growth of this surface.! At present various models exist
that attempt to describe the mentioned surface reconstruc-
tions!®~!2 but none has been unequivocally confirmed as
the proper atomic geometry. Furthermore, there is no sa-
tisfactory understanding of the mechanism that induces
the observed structural transitions between the different
phases.

In a previous paper (paper I),!* a first-principles, self-
consistent theoretical method for dealing with polar com-
pound semiconductor surfaces was described in detail; pa-
per I also contained an application of the methodology to
the (2X2) surface reconstructions of GaAs(111). In the
present work the same method will be applied to the
(22) reconstructions of GaAs (I11). By using this
methodology we will attempt to find the appropriate
lowest-energy surface reconstruction and gain some in-
sight into the phase-transition mechanisms by considering
the combination of low-energy structural units.

The format of this paper is as follows: Section II con-
tains a very brief review of the methodology. Section III
discusses the geometric features of the different recon-
struction models for the (111) surface, and the total ener-
gy of each model. Section IV discusses the effect of the
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relative chemical potential of Ga and As atoms on the to-
tal energies. Finally, Sec. V makes contact with experi-
ment using the information from the total energies and
the chemical potentials and draws conclusions on the ap-
propriate recontruction models for particular atomic envi-
ronments (As- or Ga-rich).

II. METHODOLOGY

The surface is modeled by a slab consisting of 16 atom-
ic layers, periodically repeated in the perpendicular direc-
tion. Inversion symmetry is imposed on the slab. This el-
minates the spurious fields which would otherwise appear
in the vacuum region between surfaces of opposite polari-
ty. The atoms are modeled by norm-conserving, nonlocal
pseudopotentials, and the total energy for each atomic
configuration is calculated by expanding the potentials in
a plane-wave basis, using density-functional theory in the
local-density approximation for the exchange-correlation
energy. Appropriate atomic reservoirs are chosen as
sources or sinks of individual atoms for reconstructions
with surface stoichiometry different from the ideal. The
stoichiometry is defined as S=(N,,—Ng,)/4, where N 5
(Nga) is the number of As (Ga) atoms in the first bilayer
of the (2X2) unit cell.

The following guidelines should be kept in mind in the
search for structural models: Ga atoms tend to be planar
sp2 bonded when they are threefold coordinated, whereas
As atoms tend to be p> bonded; semiconducting surfaces
characterized by stoichiometry S=n/4, n odd, will in
general be preferred over metallic reconstructions. Details
of this approach and justification of the guidelines is
given in Ref. 13.

III. (1TT) SURFACE RECONSTRUCTIONS

Structural models for the reconstructions of this surface
are shown in Fig. 1, while the energies and stoichiometries
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FIG. 1. Structural models for the (T11) surface (2 X 2) reconstructions. The first four atomic layers are shown in perspective. The
atoms in each layer outline the (2 X2) unit cell, in the ideal configuration. The same atoms and their nearest neighbors are shown in
the other reconstructions. Solid circles represent As atoms and open circles represent Ga atoms. (a) Ideal surface. (b) Substitutional
geometry. (c) Vacancy geometry; a variation of this is the 8 model. (d) Staggered vacancy geometry; a variation of this is the As te-
tramer geometry. (e) Adatom geometry; slightly different relaxations apply for the Ga and the As adatoms. (f) Triangle geometry;
different relaxations apply for the Ga and the As triangles. (g) Hexagon geometry (6-As, 6-Ga); a variation of this is the puckered

hexagon (3-As, 9-Ga).

are given in Table I. In all the cases Ga bulk has been
chosen as the Ga atom reservoir (experimental binding en-
ergy 2.8 eV per atom'?), and As, gas as the As atom reser-
voir (experimental binding energy 2.0 eV per atom!*). The
surface is in equilibrium with bulk GaAs (calculated
cohesive energy 6.8 eV per pair'®). The effect of different
atomic reservoirs (e.g., As,, with experimental binding en-
ergy 2.7 eV per atom'*) will be considered in Sec. IV. Fig-
ure 2 shows a schematic band structure of the reconstruc-
tions which satisfy the stoichiometric criterion (S =n /4,
n odd) for semiconducting character,'® to establish wheth-
er a gap exists (here, as in Ref. 13, the values of the gaps
are intended as rough lower bounds).

Figure 1(a) is the ideal unreconstructed (111) surface.
Buckling!® on this surface is not energetically favorable: a
relaxation similar to the buckling of the (111) surface

[Ref. 13), Fig. 3(b)] would not be appropriate since three
out of four surface As atoms would relax to almost planar
configurations. The reverse relaxation, with three As
atoms moving out of the surface to approach p?* coordina-
tion, leaves the fourth As atom in an unfavorable position,
planar with its Ga nearest neighbors. In this case the re-
laxation energy of the p> bonded As atoms is not suffi-
cient to compensate for the unfavorably relaxed As. This
latter atom might be substituted by a Ga atom which
would actually prefer the planar coordination. The Ga-
substitutional model'® [Fig. 1(b)] is indeed low in energy,
despite the fact that three Ga—Ga bonds are formed. It
has energy lower than the ideal surface by 2.2 eV, assum-
ing that the removed As atom combines with Ga from the
Ga bulk reservoir to form a GaAs pair. This energy is
significantly lower than the substitutional model on the
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TABLE 1. Total energies and stoichiometries for the different (2 X2) reconstruction models of the
(TTT) surface. The energies are given in eV per (2<2) unit cell with respect to the ideal unreconstruct-
ed surface. The different models are arranged in stoichiometric classes.

Model geometry Stoichiometry Energy
(1) Ga triangle —% —3.5
(2) 3-As, 9-Ga (puckered) hexagon -3 —3.0
(3) Ga substitutional -2 —22
(4) As vacancy + Ga adatom -2 —2.2
(5) As vacancy —% —-1.9
(6) Staggered As vacancy k% —2.1
(7) B model -+ 0.6
(8) Ga adatom - —22
(9) 6-As, 6-Ga (simple) hexagon ~% —1.3
(10) As tetramer + _04
(11) As adatom + —038
(12) As triangle % 45

3As - 9Ga Ga Tri | 6As - 6Ga
Hexagon a lriangie Hexagon

r M T M

Staggered
As Vacancy As Vacancy

Ga Adatom

0.0

-1.0 1.0
r M r M r M
tag. As Vacancy) -
+ Substitutional As Adatom As Triangle
(eV) (eV)
1.0 1.0

0.0

r M T M T M

FIG. 2. Schematic band structure for the various reconstruc-
tion models which satisfy the stoichiometric criterion for semi-
conducting character (S=n /4, n odd). The dots are the calcu-
lated energies at the I' and M points of the surface Brillouin FIG. 3. Charge density of the vacancy models on the (110)
zone. The rest of the bands are linear interpolation of the ener- plane which passes through the long diagonal of the (2 X2) unit
gy between these two points. The dashed line is the Fermi level. cell. (a) As-vacancy geometry; (b) Staggered As vacancy.
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(111) surface (see Ref. 13), a result in agreement with ex-
perimental observations of high sticking coefficient (al-
most unity) for Ga, compared to that of As which is
exceedingly small.!

The removal of an As atom, which leads to the vacancy
geometry [Fig. 1(c)] does not give an energy gain compar-
able to the Ga vacancy on the (111) surface.!” The energy
of the As-vacancy geometry is 1.9 eV below the ideal sur-
face [compared to 3.3 eV for the Ga vacancy on the (111)
surface, Ref. 13]. The reason for this difference is due
mainly to relaxation effects: the relaxation of the Ga
atoms around the vacant As site has to be in a direction
away from this site, so that they can achieve a planar con-
figuration, while the surface As atoms move outward of
the surface toward a p3 bonding configuration. The three
Ga atoms relax over a three-pointed star of bonds on the
second layer, distorting the local charge density and there-
by reducing the relaxation energy. By contrast, the relax-
ation of the As atoms outward from the Ga-vacancy site
on the (111) surface takes place over an empty hexagon of
substrate bonds and the local charge density is not severe-
ly distorted. This observation led to the idea of a stag-
gered vacancy: consider the three remaining surface As
atoms on the (111) surface, rotated by 60° around the
common Ga neighbor, in what would be a wurtzitelike
succession of planes with a vacancy on the upper plane.
Then the Ga atoms would relax to planar configurations
away from the vacancy site, over an empty hexagon of
substrate bonds, as can be seen in Fig. 1(b). Charge densi-
ties on the (110) plane passing through the long diagonal
of the (2x2) surface unit cell, are shown in Fig. 3 for the
As-vacancy [Fig. 3(a)] and the staggered As-vacancy [Fig.
3(b)] geometries. A comparison of the two charge distri-
butions indicates how the staggered arrangement might
help reduce the energy: the relaxation of the first bilayer
Ga atom in the simple As vacancy, reduces the angle be-
tween two bonds, which increases the energy due to the
repulsive electrostatic interaction. A similar relaxation in
the staggered vacancy configuration leads to larger spatial
separation between the bond charges, with smaller (if any)
energy cost.

The staggered vacancy is indeed lower in energy by 0.2
eV from the simple vacncy, at —2.1 eV with respect to
the ideal surface. The question that this result brings to
mind is, why does the material not form a wurtzite struc-
ture instead of the observed zinc blende? A simple argu-
ment is that the staggered configuration has lower energy
than the normal one only for the vacancy relaxation, and
other relaxations do not necessarily exhibit the same
behavior. Indeed, the calculated energy of the staggered
full surface plane is higher in energy than the ideal sur-
face by 0.25 eV per (2X2) unit cell. Both As-vacancy
models (normal and staggered) have stoichiometry
S= —%, and exhibit semiconducting character (see Fig.
2), with gaps ~0.15 and ~0.32 eV, respectively.

In the staggered As-vacancy geometry the only atom
with severely distorted bonds is the fourfold-coordinated
Ga atom in the first bilayer. Substitution of this atom by
an As atom leads to a configuration in which an As tetra-
mer in the first bilayer is attached to the surface. This is
an interesting possibility since in some experimental MBE

9639

situations the surface is grown by providing a beam of
As, molecules. The energy of this model is 0.4 eV lower
than the ideal surface, with the missing Ga atom incor-
porated with excess As, into GaAs bulk. The four As—
As bonds of this geometry prohibit a very low-energy
reconstruction. The stoichiometry of this model is S =7,
but it has metallic character (see Fig. 2), due to the extra
electrons from the substitution of a Ga atom by an As
atom. If however we assume a p-type substrate, this
reconstruction could exhibit semiconducting character
with a gap of ~0.48 eV.

The cost of forming like-atom bonds is actually seen
better in the 8 model, a reconstruction proposed by Far-
rell, Niles, and Bakshi.!® In this model the surface As
atoms are moved to the position of the three Ga atoms ad-
jacent to the As-vacancy site, and vice versa. The rear-
rangement allows the atoms to relax in a way similar to
the (111) surface Ga-vacancy geometry, at the cost of
forming three As—As and three Ga—Ga bonds. This
model has exactly the same number of atoms as the As
vacancy and the staggered As vacancy but is higher in en-
ergy than these geometries by 2.4 and 2.6 eV, respectively.

The class of adatom models gives some very interesting
recontructions on the (111) surface. The single As ada-
tom is lower than the ideal surface plus excess As, gas by
0.8 eV while the single Ga adatom'® [Fig. 1(e)] is lower
than the ideal surface plus excess Ga bulk by 2.2 eV.
However, both models suffer from the same structural
problems discussed in connection with the As adatom on
the (111) surface. Namely, the direction of the bond be-
tween the adatom and the surface deviates significantly
from the tetrahedral direction. The local charge density
of this bonding arrangement introduces a severe distortion
from the usual GaAs bulk bonds. In addition, even
though both models satisfy the stoichiometric criterion
for being semiconductors (S= —+ for the Ga adatom,
S = + for the As adatom), they exhibit no gap (see Fig. 2).

The triangle geometries?® [Fig. 1(f)] are much more
stable configurations with nearly perfect atomic coordina-
tions: the adatoms form bonds to the substrate which de-
viate by a very small amount from the vertical direction
and are bonded together in a triangular configuration.
The latter bonding should compensate to a large degree
for the energy required to remove the atoms from their
respective reservoirs (Ga bulk and As, gas for the Ga and
As triangles, respectively). As a result the Ga triangle is
3.5 eV lower than the ideal surface, while the As triangle
is 4.5 eV lower than the ideal surface. These are actually
the two lowest-energy geometries in the two extremes of
the stoichiometry S considered. They are also clearly
semiconducting with gaps ~0.15 eV for the Ga triangle
(stoichiometry S = —+) and ~0.76 eV for the As triangle
(stoichiometry S=+).

Charge-density plots for the adatom models are shown
in Figs. 4 and 5. The charge densities of Ga and As ada-
toms [Fig. 4(a) and 5(a), respectively] show the charac-
teristic distorted bonding arrangement with high local
charge density due to single adatoms. The charge densi-
ties of Ga and As triangles [Fig. 4(b) and 5(b), respective-
ly] indicate how the triangular arrangement reduces the
distortion of the bonds relative to usual GaAs bulk bonds
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FIG. 4. Charge density of two Ga-adatom geometries in the
same plane as Fig. 3. (a) single Ga adatom; (b) Ga triangle.

and thereby leads to more stable, low-energy configura-
tions.

A combination of the As-vacancy and Ga-adatom
geometries gives a low-energy configuration (2.2 eV below
the ideal surface, provided that the removed As atom
combines with excess Ga to form a GaAs pair). In this
case, the atomic relaxation of the vacancy is not particu-
larly efficient to begin with, so that addition of the Ga
atom does not compete with a strong vacancy induced re-
laxation [a similar vacancy plus adatom model for the
(111) surface is unfavorable due to the competing relaxa-
tions!’]. The number of atoms for this model as well as
its energy are identical to the Ga-substitutional geometry
discussed above, indicating that the two positions of the
Ga atom (substitutional or adatom) are equivalent energet-
ically. Both models have stoichiometry S=—+ giving
them metallic character.

Finally we turn to a different class of models which
permits threefold coordination for all the atoms in the
surface bilayer at the expense of removing more atoms
from the surface. We call these models hexagon
geometries!? because they are characterized by 12-atom
rings in a hexagonal configuration. The atoms are situat-
ed at the corners and at the centers of the sides of the hex-
agon [Fig. 1(g)]. In the 6-As, 6-Ga (or simple) hexagon?!
two As atoms and one Ga atom are missing from the sur-
face bilayer. The remaining Ga atoms are in their usual
positions whereas one of the As atoms occupies a normal
surface site and the other a staggered surface site. The Ga

FIG. 5. Charge density of two As-adatom geometries in the
same plane as Fig. 3. (a) single As adatom; (b) As triangle.

atoms have all their bonds on the same plane, which is
perpendicular to the surface plane. Since they are three-
fold coordinates, they are ideally bonded with an average
angle of 120°. The two surface As atoms are also three-
fold coordinated but their tendency to form p*® bonds
leads to competing relaxations; that is, an optimized relax-
ation of one of them destroys the relaxation of the other.
Another noticeable feature is that one As atom of the
second bilayer is now exposed (situated below the center
of the hexagonal ring). Since the atoms around it relax by
very small amounts, this particular As atom does not have
the chance to achieve an optimal relaxation. This model
falls in the same stoichiometric class as the vacancy
models (namely S= — ) since it differs from them by
one GaAs pair, which is assumed to be incorporated in
the bulk. It exhibits semiconducting character with a gap
of ~0.55 eV. It is however higher in energy from the va-
cancy and staggered vacancy geometries by 0.6 and 0.8
eV, respectively.

A possible improvement of the hexagon model is the
substitution of one of the surface As atoms by a Ga atom.
The site of the substitutional Ga atom should be the nor-
mal surface site, since in the staggered one it will interact
strongly with the second bilayer atoms directly below it.
The relaxation of this Ga atom will then enhance the re-
laxation of the remaining surface As atom because the
two atoms will tend to move in opposite directions. This
model falls in the same stoichiometric class with the Ga-
triangle model (S = — %) and consists of a 3-As, 9-Ga (or
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puckered) hexagon. Its character is semiconducting with
a gap of ~0.53 eV. Its energy is 0.5 eV higher than the
Ga triangle, at —3.0 eV with respect to the ideal surface
plus excess Ga bulk, after forming GaAs pairs with the
three removed As atoms and the available Ga.

Charge densities for the two hexagon geometries are
shown in Fig. 6. The plane of the figures is the same as in
previous charge-density plots, with the second bilayer ex-
posed As atom at the right and left edges. The simple
hexagon [Fig. 6(a)] consists of planar Ga atoms bonded to
two surface As atoms which inhibit perfect relaxation of
each other. In the puckered hexagon [Fig. 6(b)] one of the
surface As atoms has been replaced by a Ga atom which
enhances the relaxation of the other As atom at the cost
of three Ga—Ga bonds.

Since the comparison of the energy of the simple hexa-
gon to that of the As vacancy involves the calculated
cohesive energy of a bulk GaAs pair, it is important to
ask how does the size of the plane wave basis affect the
energy differences quoted above. It is well known that an
increase in the basis set will give a lower cohesive energy
(from the variational principle). A lower cohesive energy
will in turn favor the hexagon geometry over the vacancy,
because one GaAs pair is removed from the latter and in-
corporated into the bulk. We have therefore performed a
study of the energy differences as a function of the basis
set size. The size is determined by the energy cutoffs for
the plane waves, E; and E, (defined in Ref. 13, Sec. II).

£

FIG. 6. Charge density of two hexagon geometries in the
same plane as Fig. 3. (a) simple hexagon (6-As, 6-Ga atoms); (b)
puckered hexagon (3-As, 9-Ga atoms).

Thus the calculations were done at (E,E,)=(2,4), (3,6),
(4,8), and (5,10) Ry, and the results are shown in Fig. 7.
Except for the unreliably small energy cutoff of
(E|,E,)=(2,4) Ry, the results of the calculations indicate
that energy differences are remarkably well converged.
Thus, even though the cohesive energy of GaAs bulk
changes by 1.0 eV per pair (as expected) when going from
(E,,E,)=(4,8) to (5,10) Ry, the energy differences are
identical to within 0.05 eV between the vacancy and stag-
gered vacancy, and to within 0.1 eV between the staggered
vacancy and the hexagon. It is also important to notice
that the cohesive energy of GaAs at (E,E,)=(4,8) Ry
(where the rest of the calculations were performed) is, for-
tuitously, very close to the experimental value. This indi-
cates that use of the experimental values for the Ga bulk
and As, gas binding energies is justified in the context of
the present work. The conclusion to be drawn from this
energy convergence study is that the calculated cohesive
energy of a pair of Ga and As atoms is roughly the same,
whether they form part of the surface or of the bulk; put
differently, the inherent errors of the pseudopotential
local-density-functional formalism are the same for the
surface and bulk calculations, and therefore it is reason-
able to consider bulk GaAs as a reservoir for the displaced
surface atoms. Finally, the energy convergence study
gives a measure of the errors (due to the limited basis set)
involved in comparing surfaces with different numbers of
atoms: they are of the order of 0.1 eV. Error bars due to
the uncontrolled approximations of the method are es-
timated to be also 0.1 eV, giving a total error bar of the

i
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FIG. 7. Energy differences as a function of plane-wave basis
cutoff. Upper panel: energy of three reconstruction models of
the (IT1) surface, in eV per (2X2) unit cell. Lower panel:
cohesive energy of bulk GaAs in eV per pair. The dashed line
represents the experimental value (6.7 eV). Notice the different
vertical energy scales for the two panels.
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order of 0.2 eV for surfaces with different number of
atoms. In the case of surfaces with the same number of
atoms the error bar is only the latter 0.1 eV.

IV. EFFECT OF RELATIVE CHEMICAL POTENTIAL

The total energy of each configuration up to this point
has been given assuming the atomic reservoirs to be Ga
bulk for Ga-rich surface reconstructions and As, gas for
As-rich surface reconstructions. In either case equilibri-
um with GaAs bulk is assumed. This situation however
does not cover the whole range of experimentally accessi-
ble environments. In particular As-rich surface recon-
structions can be stable under Ga-rich environment and
vice versa. In order to account for this we let the relative
chemical potential Sy vary between its value in the Ga-
rich environment and that in the As-rich environment.
The range of values for §u is [—1.0 eV, 1.0 eV], as ex-
plained in Ref. 13. The total energy of the various surface
reconstructions is then given in terms of &u and the
stoichiometry S, by

EAs-rich(SN):Ef{lé-ﬁch +4S(1.0 eV—Sy) ’
EGa-dch(S.“L):EeCsyqz;—rich —45(1.0 eV—}—S,u) »

where E%E i and EG; . are the total energies of the
As-rich (S >0) and Ga-rich (S <0) surfaces in equilibri-
um with As, and Ga bulk environments as given in Table
L

These considerations give a more complete picture of
the reconstruction energies for the (111) surface under all
possible environments, which is depicted graphically in
Fig. 8. The dashed line indicates the upper limit of the Su
range if we had considered As, to be the As reservoir.
The intersection of this dashed line with the total-energy
curves gives the energy of each reconstruction for the As,
reservoir. We can conclude that this choice of atomic
reservoirs does not alter qualitatively the relative energies
since the lowest-energy reconstruction for either As reser-

6As - 6Ga
Hexagon

=
\

Staggered
As Vacancy +
Substitutional

— | As Adatom

-2.0

As Vacancy
0.0
Staggered
As Vacancy
Ga Adatom '\\
As Vacancy + |w_ <7
GA Adatom :>/
Ga Substitu-
tional
3As - 9Ga A
Hexagon /
Ga Triangle p

FIG. 8. Energy versus relative chemical potential §u of the
different reconstruction models of the (111) surface. The range
of 8u scans the values consistent with the Ga bulk and As, gas
reservoirs. The closed dots are the calculated energies per (2<2)
unit cell with respect to the ideal surface. The dashed line indi-
cates the upper limit of 8y consistent with an As, gas reservoir.

\?

-4.0
s

1.0 (eV)

voir (As; or Asy) in the As-rich region (§u > 0.0 eV) is the
As triangle. Furthermore if the reservoir restrictions are
removed and §u scans the entire possible range assuming
only equilibrium with bulk GaAs (in which case
Sue[—3.8, 3.0 eV], see Ref. 13), no new crossings be-
tween the lowest-energy curves are encountered.

From Fig. 8 alone we can predict that phase transitions
will occur as the relative chemical potential du scans its
range, whenever two lowest-energy lines cross and dif-
ferent reconstructions become the lowest-energy configu-
ration. Two such crossings occur in Fig. 8. At this point,
however, it is important to recall that our search was re-
stricted to a subset of (2X2) reconstructions (the large
number of models examined does not necessarily exhaust
all the possibilities). There might actually exist more
complicated patterns in which atoms are rearranged once
a particular configuration has become energetically unsta-
ble. It is necessary therefore to examine the available ex-
perimental information about such structural transitions,
in conjunction with the total energy versus chemical po-
tential curves before attempting to propose particular
models for the reconstructions.

V. STRUCTURAL PHASE TRANSITIONS

The transitions occurring on this surface as the relative
supply of As and Ga atoms is changed, are easy to ob-
serve experimentally and much more dramatic than what
is observed on the (111) surface: the As-rich environment
reconstruction is (2X2), but reverts to a (V19xV'19)
geometry when ~0.44 of an As monolayer is desorbed by
heating."? Another (2X2) reconstruction with still lower
As content has been reported recently, obtained through
simultaneous ion bombardment and annealing at high
temperatures.9

We can interpret these experimental observations using
the energy versus chemical potential curves of Fig. 8.
These curves however cannot be used as the sole input be-
cause they do not include kinetic effects which could be
crucial in certain cases. Thus the low sticking coefficient
of As indicates it is unlikely that As-adatom models (ei-
ther the single As adatom or the As triangle) are stable on
the As-terminated surface. It may in fact be rather diffi-
cult to simulate the surface As-rich environment. The ex-
perimentally observed As-rich reconstruction should be
one of the two lowest-energy geometries in the
Su€[—0.3,—0.1] eV range, i.e., either the staggered As
vacancy or the Ga adatom (assuming higher values of du
to be beyond the experimentally explored conditions). We
are inclined to favor the staggered As vacancy over the
Ga adatom which is structurally unfavorable as argued
above (the fact that the staggered vacancy lies 0.1 eV
higher than the Ga adatom is not significant in view of
the calculational uncertainty which, as argued in Sec. VI,
is of the order of 0.2 eV). On the other hand, the Ga-rich
reconstruction is most likely the Ga triangle, both from
energetic and structural considerations. It is the lowest-
energy geometry among all the negative stoichiometry
models and presents the most favorable atomic coordina-
tion once all the surface As and part of the surface Ga has
been removed.
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Our calculations indicate that a transition should occur
between the Ga triangle and the staggered As vacancy at
S8~ —0.3 eV upon desorption of 0.50 of an As mono-
layer from the latter. The stable (V19X V'19) geometry
on the other hand is obtained from the As-rich recon-
struction upon desorption of ~0.44 of an As monolayer.’
We can infer that the (V19X V'19) geometry is a low-
energy metastable reconstruction, lying in stoichiometry
between the Ga triangle and the sta\/_g_gered As vacancy.
Total-energy calculations on the (V19X V'19) geometry
are not feasible at present. Nevertheless, based on the
above considerations we propose a (V19X 1V'19) geometry
which embodies features of both the Ga-triangle and the
staggered As-vacancy configurations (models for this
reconstruction have also been proposed by Ranke and
Jacobi, Ref. 10).

The (V19X V'19) geometry is constructed in the follow-
ing way: Starting with the staggered vacancy we can re-
move the three As atoms shown in the (2 X2) unit cell of
Fig. 9(a). A large triangular unit can then be identified
and is shown by dashed lines in Fig. 9(a). This unit con-
tains ten Ga atoms and six As atoms. Rearrangement of
the As atoms and displacement of the central Ga atom al-
lows the formation of three smaller, energetically favor-
able Ga triangle units. This in turn suggests that the large
triangle itself, may be a low-energy building block for a
larger surface reconstruction. Indeed, a close packing ar-
rangement of such triangles leads immediately to a
(V19X V'19) structure as indicated in Fig. 9(b).

The final proposed reconstruction, shown in Fig. 9(b),
consists of six As atoms and nineteen Ga atoms in the
first bilayer of the (V19X V'19) unit cell. All the surface
As atoms are threefold coordinated, including the one ex-
posed As atom in the second bilayer [situated at the center
of the large triangle, Fig. 9(b)]. The surface Ga atoms are
threefold or fourfold coordinated. The composition of the
surface layer is in agreement with available experimental
information. In particular, no Ga atoms desorb during
the transition from the As-stabilized (2 X 2) reconstruction
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FIG. 9. Structural transitions on the (I111) surface: (a) the
As-rich environment (2 X 2) reconstruction, staggered As vacan-
cy. (b) the metastable (V19 xV'19) reconstruction. (c) the Ga-
rich environment (2 X 2) reconstruction, Ga triangle. Closed cir-
cles represent As atoms, empty circles represent Ga atoms. A
closed circle inside an open one represents an As atom directly
below a Ga atom. The size of the circles indicates proximity of
the atoms to the surface. The relaxation is schematic for (c) and
omitted for the other models.

to the (V19 xV'19) geometry.? Furthermore, the amount
of As desorbing during this transition is 0.43 of a mono-
layer, in excellent agreement with experiment.? Finally,
we note that any (V19X V'19) geometry must be metallic
because of symmetry constraints. The structure we pro-
pose is very weakly metallic with an excess of only & of
an electron per (V19X V19) unit cell. If all the As is re-
moved from the surface by heating and ion bombardment,
the Ga triangle should be obtained as shown in Fig. 9(c).
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