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“Majority Representation” of Alloy Electronic States
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Despite the lack of translational symmetry in random substitutional alloys, their dex Tription in t
of single Bloch states has been used in most phenomenological models and spectroscopic pra
We present a new way of analyzing the alloy electronic structures based on a “majority represent
phenomenon of the reciprocal space spectrumPskd of the wave function. This analysis providex a
quantitative answer to the questions: When can an alloy state be classified according to the  Trysta
state symmetry, and under what circumstances are the conventional theoretical alloy models appl
[S0031-9007(98)06043-8]

PACS numbers: 71.20.–b, 71.23.An, 78.20.Bh
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Random substitutionalA12xBx alloys lack translational
symmetry both on the atomistic scale (due to random s
stitution of lattice sites byA and B atoms), and on the
mesoscopic x ale (due to statistical composition fluctu
tions leading to locallyA-rich and B-rich regions). In
semiconductor alloys, such loss of translational symm
try leads to scattering, manifested by a precipitous dr
in carrier mobility [1], to exciton trapping, leading to the
temperature dependence of photoluminescence (PL) l
time and intensity [2–4], and to the appearance, in nom
nally indirect band-gap alloys, of direct transitions withou
phonon intervention [5]. Despite the formal illegitimac
of using physical concepts based on translational inva
ance when discussing random alloys, there is a strong
dition to do so in many phenomenological dex riptions o
alloy systems [6]. For example, reflectivity and PL pea
of alloys are routinely [7] classified in terms of Bloch-like
van Hove singularities. Indeed, in many cases the ide
tity of the translationally invariant states of pure crysta
seems to be inexplicably preserved in random subst
tional alloys. This point of view was  arried out to its
extreme in the widely used [6] “virtual  Trystal approx
mation” (VCA) [8–10], in which the symmetry of the
alloy is assumedidentical to the (higher) symmetry of
the  onstituents. Thus, one needs to find a way to qua
tify the degree of translational symmetry in an alloy wav
function. This will also help to classify different alloy
systems according to this degree of translational symm
try and to judge the validity of various theoretical mode
(e.g., VCA, small supercells) that assume a certain le
of translational symmetry.

If an alloy eigenfunctionci were available, the extent
of effective translational invariance could be quantifie
by expandingcisrd in a complete set of Bloch functions
hunksrdeik?rj of band indexn and computing the sum ove
bands of the projection at a given translationally invaria
wave vectork [which is inside the first Brillouin zone (BZ)
of the constituent solidA andB]:

Piskd ›
‘X

n›1

jkcisrd j unksrdeik?rlj2. (1)
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The alloy could be represented by a periodic supercell co
tainingN atoms. The real alloy is then sought by in Trea
ing N ! ‘. For a given xupercell,k is the reciprocal
lattice vector of the supercell. If the alloy stateci were
dominated by a single “majority representation” (MR
wave vectorkMR, thenPiskMRd ł 1 andPiskd vs k will
have ad-like peak atk › kMR. In this case, the alloy
wave function behaves essentially as a Bloch periodic sta
with wave vectorkMR. “Composition fluctuation” [3,4],
manifested by the localization ofci in a real-space domain
rich in the low potential alloy constituent, would then lead
to a broadening of thisd peak inPiskd. On the other hand,
if no such majority representation wave vectorkMR exists,
we expect thatPiskd ł 0 for all wave vectork’s for large
supercells.

A direct answer to these questions requires knowled
of the explicit single-particleeigenstatecisrd of the
random alloy. Unfortunately, contemporary theories suc
as the “averaged Green’s function” [11] and the “cohere
potential approximation” (CPA) [12], or “virtual crystal
approximation” [8] and perturbation treatment based on
[13], provide only statistically averaged quantities, rathe
than explicit eigenstates. Indeed, a calculation ofcisrd
requires a supercell that is large enough to capture loca
zation due to composition fluctuation. For conventiona
semiconductor alloys, this entailsN ł 103 106 atoms.
Because of advances in the computational algorithm f
the electronic structure of large systems [14,15], it
now possible to calculate the band edge states for su
large systems using atomistic screened pseudopotent
and plane wave basis functions [16].

We study substitutional binary semiconductor alloy
made of zinc blende constituents: GaAs-AlAs, GaAs-InA
GaAs-GaN, and GaP-GaN. The choice of these syste
is based on the need to represent the major prototy
behaviors: The lattice mismatch between GaAs and AlA
is very small (thus, the effect of atomic relaxation is
negligible), while the lattice mismatch is significant in
GaAs-InAs (7%) and huge in GaAs-GaN and GaP-Ga
s,20%d. Furthermore, while GaAs-AlAs and GaAs-InAs
represent mixing on the cation sublattice, GaAs-GaN an
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TABLE I. Calculated projectionsPiskMRd [Eq. (1)] of alloy
stateci . If PiskMR




