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types of alloys exhibit the same variant (CuPt&). Fur-
thermore, the total-energy calculations of Froyen and
Zunger ' showed that A-B size differences are easily ac-
commodated at the free unreconstructed surface by all
ordered structures (through atomic relaxation perpendic-
ular to the surface plane) so that size differences could
not provide a selective
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but the combination of dimerization, buckling, and tilt-
ing does. Repeating the same calculation for the lattice-
matched Alo 5Gao 5As/GaAs (001) system revealed~i no
significant preference for any ordered structure, consis-
tent with the fact that this system exhibits no ordering
on a (001) substrate at 50%-50% composition. For the
anion-terminated Gao 5Ino 5P surfaces, buckling of dimer
rows is also found, but the amount of buckling is smaller
than for the cation-terminated surfaces, and the dimers
remain nearly horizontal.

Ogale and Madhukar" i have studied the adsorption of
Ga and Al on a dimerized As-terminated (001) GaAs sub-
strate using simulations based on
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TABLE 1. Degeneracies DF and average spin products II+(rn) for intralayers figures F" (shown in Fig. 2) in the 2D structure shown on top
of this table. The heading depicts the topological unit cell of each 2D structure (PS~-CH2) used in the fits, with respect to the u~-P~-p
geometric unit cell of Fig. 1. In these cells, the horizontal axis corresponds to the [110]direction and the vertical axis to [110]. Open and solid
circles denote Ga and In atoms, respectively. The columns denoted s —sp display similar
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TABLE II. Degeneracies Dp and average spin products II~(m) for interlayer figures {shown in Fig. 3) connecting 2D structures at layer m & 4
to 2D structures at layer m —4.

Pairs of 2D structures

Figure

Second pair
Third pair
Fourth pair

Interaction

CPA'/CPA'
CP A2/CP A2
CPBg /CPBy
CPB2/CP B2

1
0

-1

CPA'�/CP

CPBy/CPB

—1
0
1

CHg/CHg
CH, /CH&

rr&(m)

1
—1

1

CHy/CHg
PSg /PSg
PSg/PSg PSy/PS2

actions that need to be described by a configurational
Hamiltonian.

(a) The top cation surface shows a [110]-[110]
anisotropy (thus the energy of a CPA structure at the

top surface differs from that of a CPg) even without
reconstruction. This occurs because surface cations are
connected by anions immediately below only along the
[110]direction.

(b) This anisotropy is enhanced by surface reconstruc-
tion. Pseudopotential calculationszi zz for the energy of
cation-terminated Gas sino 5P surfaces with CP~, CPB,
CH, and PS 2D structures on (001) GaAs substrates (Ta-
ble II of Ref. '22) indicate that the 2x2 geometry of dimer-
ized, buckled and tilted dimers [shown in our Fig. 1(b)]
is preferred. Within that geometry, the CPBq structure
[see Table I and Fig. 1(a)], where two In atoms occupy
the upper dimer, is energetically favored by 84 meV over
the next-lowest-energy structure, namely, CH1.

(c) For anion-terminated surfaces, reconstruction of
the P atoms —with dimerization and buckling as shown
in Fig. 1(d)—also lowers the energy. zi However, the an-
ion surfaces are still metallic; it is possible that a 4 x 2
cell produces a lower-energy semiconducting surface.
Within the 2 x 2 cell, the CH and CP~ structures of the
first subsurface layer (m= 1) [see Table I and Fig. 1(c)]
have similar excess energies ( —30 meV/atom).

(d) For the more deeply buried subsurface layers2z

(m ) 2), the ground state is CP~ for
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where,
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TABLE IV. Iutralayer interaction energies in layer m, and iuterlayer (m/m —2 and m/m —4) interaction energies (all in

meV) for Gao qIno g P/GaAs. Results for even m are for cation-terminated alloys while those for odd
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Average excess enthalpies of layer structures
I
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FIG. 4. The excess layer enthalpy (iu meV/cation) at
T = 0 of several 2D structures and the 2D random alloy in

Gao. &lnp. &P as function of the layer depth m. The zero of
energy corresponds to phase separation at each layer. All

energy values are averaged over different structures of other
layers g m. Epitaxial bulk results using intralayer parameters
only ("2D") are also given, in comparison to the directly cal-
culated epitaxial bulk structures ("3D").Here Y2 represents
the (GaP)q(lnP)2 superlattice along [110]and CA represents
the CuAu-I structure along [100].

B. Predictions for atomic swaps
and other compositions

The validity of the intralayer Hamiltonian of Eq. (6)
can be further tested by its ability to predict the ex-
cess energies of new layer structures not used in the Pt.
Pseudopotential calculations of different atomic configu-
rations in the surface are excessively computer intensive,
but VFF calculations for subsurface-layer structures can
be readily performed. We choose to test the ability of the
model to predict the VFF energies of configurations at
the third subsurface layer, the first to exhibit CP~ order.
In the following, we compare CE and VFF calculations on
(1) z= 1/2 defect structures obtained by swapping first-
or second-neighbor pairs of atoms in the third subsurface
layer of the original structures used to fit the intralayer
Hamiltonian and (2) z g 1/2 third-subsurface-layer struc-
tures.

ture (CuAu [100] and chalcopyrite [201]). The energy of
the random configuration is obtained from the value of
Jo in a 3D Hamiltonian analogous to Eq. (2).

Note in the bulk results in Fig. 4 that interlayer in-

teractions stabilize the chalcopyrite structure but raise
the energy of the CuPt structure. This is in agreement
with the eH'ect of interlayer interactions obtained from
the cluster expansion [Eq. (8) and Tables II and IV] and
also in agreement with the features of the VFF calcula-
tions described in items (f)—(h) of Sec. IV C. A compar-
ison of different stackings of the two-dimensional CPg
structures shows that the interlayer terms in the cluster

expansion [Eq. (8)] favor the Y2 structure over the three-
dimensional CuPttr structure. It is ee-laye10 8.26 Tf
194.53 322.2nsion
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hibits a remarkable resilience toward all first-neighbor
and second-neighbor swaps at m= 3. These swaps move
a pair of Ga and In atoms to positions that require large
local strain energies. In the description of the cluster ex-
pansion, such swaps require large on-site energies. We
make a similar prediction of remarkable stability of the
CP&2 layer structure at the top surface (m = 0) of a
cation-terminated slab and, to a lesser extent, at the
m = 4 layer. The fact that Ga/In swaps raise significantly
the
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A. Thermodynamics of the unreconstructed
cation-terminated top surface

Minimization of the Hamiltonian of Eq. (6) produces
the T = 0 ground-state energy as a function of com-
position z (Fig. 5). For the unreconstructed cation-
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FIG. 6. Temperature dependence of the In occupation of sublattices a, P, p, and b at the top surface of (a) unreconstructed
and (b) reconstructed cation-terminated Gap &Iup &P. The dotted curves in (b) indicate the predictions of a model with only
on-site energies. The dashed curves in (a) and (b) indicate the CP& order parameter rlz [Eq. (10)], which goes to zero in (a)
at T=146 I&.

Gv'oend-state structures
of the reconstructed top surface

The (T= 0) ground state was obtained by minimizing
the intralayer Hamiltonian of Eq. (6) with the changes

Jz (m) ~ J2 (0)/2 and Kz(m) ~I&z(0)/2, appropri-
ate for reconstructed surfaces (see Sec. IV D 1). The solid
line of Fig. 5(a) shows the predicted ground-state struc-
tures of the reconstructed cation-terminated Gai ~ln~P
top surface (m = 0). The excess energies of the ordered
structures sp (at z = 1/4), CPB (at z = 1/2) and s& (at
z =3/4) (defined in Table I) are indicated by circles. A
common-tangent construction shows that the sp struc-
ture is marginally s/able against phase separation into
pure GaP and CPg-like Gao 5Ino 5P, while the s~ struc-
ture is marginally unstable (or metastable) against phase
separation into pure InP and CPS-like Gao 5Ino gP. For
comparison, the dotted line of Fig. 5(a) depicts the en-
ergy of the random surface alloy as a function of compo-
sition. The latter quantity was obtained by replacing the
average spin products by their configurational averages
(o,) = 2z —1 (for all sublattices) and (o;o&) = (2z —1)z
(for all pairs). Since, by definition, the excess energy of
the phase-separated system is zero, the excess energy of
the random (R) configuration (of any layer m) becomes

DER(m) = Jp[1 —(2z —1) ] .

For the top surface, Jp(0) is only —2.3 meV (Table III)
and the random configuration is therefore very close to
phase separation for all x.

2. Thermal behavior
of the z = i/s top surface

Figure 6(b) shows the temperature dependence of the
concentration c„ofIn in the four different sublattices v of
the reconstructed surface at composition z = 1/2. Unlike
the unreconstructed case of Fig. 6(a), there is no phase
transition. The CPs order parameter g~ [Eq. (10)] is
seen to be significant even at growth temperatures (e.g. ,

gii 0.83 at T = 1000 K). This order parameter ap-

proaches zero only asymptotically as T ~ oo. To iden-
tify the interaction terms responsible for this behavior,
we compare in Fig. 6(b) the predictions of the model with
only on-site energies (dotted lines) to those obtained from
the full layer Hamiltonian (full lines). Only a small dif-
ference in the order parameter of the two approximations
is visible at T = 1000 K. Therefore, the stabilization of
CPB order at growth temperatures can be understood as
a pinning of the ordered structure by the on-site energies.
These reflect the preference of (the larger) In atoms to
occuPy the uPPer dimer [np-Pp in Figs. 1(a) and 1(b)]
and of (the smaller) Ga atoms to occupy the lower dimer
(pp-bp). Note, however [Fig. 6(b)] that within the upper
dimer there is a slight preference of In atoms to occupy
the lower site (Pp) over the upper site (np). This is a re-
sult of the competition between size and electronegativ-
ity differences. zi Comparison of Fig. 6(b) with Fig. 6(a)
shows that reconstruction leads to the thermodynamic
stabilization of a strongly ordered surface structure—
consistent with the observed 3D CuPts structure —at
preparation temperatures.

3. The top surface of the z= o.s alloy

Our model allows the prediction of the finite-
temperature behavior of z g 1/2 surfaces. Figure 7
shows the In
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respectively. At typical preparation temperatures (T
900 K), the CPB order parameter [Eq. (10)] is large at
m=3 and moderate at m=4. The m=2 layer is strongly
CPp ordered at these temperatures. The m=1 layer and
layers with m) 4 (not shown) are essentially disordered
at preparation temperatures.

VIII. EXTENT OF DIFFUSION AND ORDERING

The equilibrium ground state of an epitaxially-
constrained three-dimensional Gao sIno sP alloy is the
chalcopyrite structure. ss The observation of the CuPtB
structure shows that atomic mobilities are too low in the
bulk of
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The CVM solution to a given lattice statistics prob-
lem consists of (i) expressing the excess energy 6E in
terms of occupation variables, i.e., probabilities of dif-
ferent configurations of the CVM basic cluster and its
subclusters, (ii) expressing the configurational
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y. P + Z y,'„'
ab cd

ac

+) c(z', )+) c(zq)) . (A8)

Minimization of the free energy here leads to

4A& + (a+b+c+d)A2 lP)
zabcd —exp

41" T abt..d &

B

Note the differences between Eqs. (A2) and (A7) due
to the larger number of first-neighbor [100] and second-
neighbor bonds when 2 x oo chains are connected together
to form the square lattice.

The entropy expression for the square lattice in the
square cluster approximation is well known and is ex-
pressed in our notation as

S
NkB

abed

where

up pb op ps q &/2l (y. y.~y-yb~)
kBT ) (~o~p~~~s)'

(A10)

Equations (A9) and (A10) are solved by a procedure sim-
ilar to that used in Sec. 1 of this Appendix for the 2 x oo
chains.

It is worth commenting on the accuracy of this so-
lution to the intralayer Hamiltonian of Eq. (6). The
CVM approach leads to exact results if only on-site en-

ergies are used in Eq.
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