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Fingerprints of CuPt ordering in III-V semiconductor alloys:
Valence-band splittings, band-gap reduction, and x-ray structure factors

Su-Huai Wei and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401

~Received 21 November 1997!

Spontaneous CuPt ordering induces a band-gap reductionDEg relative to the random alloy, a crystal field
splitting DCF at valence-band maximum, as well as an increase of spin-orbit splittingDSO. We calculate these
quantities for AlxIn12xP, AlxIn12xAs, GaxIn12xP, and GaxIn12xAs using the local density approximation
~LDA !, as well as the more reliable LDA-corrected formalism. We further provide these values and the
valence-band splittingsDE12 ~betweenḠ4,5v andḠ6v

(1)! andDE13 ~betweenḠ4,5v andḠ6v
(2)! for these materials as

a function of the degreeh of long range order. In the absence of an independent measurement ofh, experiment
is currently able to deduce only the ratioDEg /DCF. Our LDA-corrected results for this quantity compare
favorably with recent experiments for GaxIn12xP and GaxIn12xAs, but not for AlxIn12xP, where our calcula-
tion does not support the experimental assignment. The ‘‘optical LRO parameterh’’ can be obtained by fitting
our calculatedDEg(h) to the measuredDEg(h), and by expressing the measuredDE12(h) andDE13(h) in
terms of our calculatedDCF(h) andDSO(h). We also provide the calculated x-ray structure factors for ordered
alloys that can be used experimentally to deduceh independently.@S0163-1829~98!01715-9#
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I. INTRODUCTION

Spontaneous CuPt-like ordering of isovalentAxB12xC
semiconductor alloys has been widely observed in va
phase growth of many III-V systems on~001! substrates.1

The ordered phase consists of alternate cation monol
planesAx1h/2B12x2h/2 and Ax2h/2B12x1h/2 stacked along
the @111# ~or equivalent! directions, where 0<h<1 is the
long-range order~LRO! parameter.h51 corresponds to the
perfectly ordered phase, whileh50 corresponds to the dis
ordered phase~Fig. 1!. In spontaneouslyordered semicon-
ductor alloys, the degree of LROh is not perfect. The degre
of ordering depends on growth temperature, growth ra
III/V ratio, substrate misorientation, and doping.1

When the zinc-blende~ZB! disordered alloy forms the
long-range ordered CuPt superlattice, the unit cell
doubled, the Brillouin zone is reduced by half, and the po
group symmetry is changed fromTd to C3v . These lead to a
series of predicted and observed changes in mate
properties,1–3 including the appearance of pyroelectricity4

birefringence,5,6 modified NMR chemical shifts,7,8 new ef-
fective masses,9,10new pressure deformation potentials,11 po-
larization of spin,12 and light,13–15new Raman peaks16,17and
the appearance of a transition to high-energy folded
states.18,19 Here, we focus on two other type of change
namely,~i! new x-ray diffraction spots that appear at$GZB%
1(1/2,1/2,1/2), where$GZB% are zinc-blende reciprocal lat
tice vectors, and~ii ! the changes of electronic and optic
properties near the band edge. These changes in the ord
alloy are due to the fact that in the ordered phase two z
blendek points~and states associated with them! fold into a
singlek point in the CuPt Brillouin zone. Those folded stat
that have the same superlattice symmetry can couple to
other. This coupling leads to energy-level shifts and to sp
ting of those states that were degenerate in the ran
alloy.14,19
570163-1829/98/57~15!/8983~6!/$15.00
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In the absence of spin-orbit coupling, the valence-ba
maximum ~VBM ! of the randomalloy hasG15v symmetry
and the conduction-band minimum~CBM! hasG1c symme-
try. In the ordered material, the G15v state splits into
Ḡ3v(G15v) and Ḡ1v(G15v) ~we denote ordered states with a
overbar and indicate the zinc-blende parentage in paren
ses! while the two lowest conduction states atḠ areḠ1c(G1c)
and Ḡ1c(L1c).

In the presence of spin-orbit coupling, the states near
VBM are

u1&5Ḡ4,5v,

u2&5Ḡ6v
~1!, ~1!

u3&5Ḡ6v
~2!.

Here u1& is a pure (j 5 3
2 , mj56 3

2 ) state, while
u2& and u3& are mixtures of (j 5 3

2 , mj56 1
2 ) and (j 5 1

2 ,
mj56 1

2 ) states. The conduction-band minimum is nowḠ6c .
The optical fingerprints of ordering include the band-g

reduction relative to the random alloy:

DEg~h!5Eg~h!2Eg~0!, ~2!

as well as the two valence-band splittings:

DE12~h!5E1~ Ḡ4,5v!2E2~ Ḡ6v
~1!!,

~3!

DE13~h!5E1~ Ḡ4,5v!2E3~ Ḡ6v
~2!!.

Using the quasicubic model13,20 the valence-band splitting
at the top of the valence band for CuPt ordering are given
8983 © 1998 The American Physical Society
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DE12~h!5
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,
~4!

DE13~h!5
1

2
@DSO~h!1DCF~h!#1

1

2 H @DSO~h!

1DCF~h!#22
8

3
DSO~h!DCF~h!J 1/2

,

where DSO(h) is the spin-orbit splitting andDCF(h)5Ḡ3v

2Ḡ1v is the ordering-induced crystal-field splitting in th
absence of spin-orbit coupling. We found21 that physical
propertiesP(h) @e.g., the band gapEg(h), the crystal field
splitting DCF(h), the spin-orbit splittingDSO(h), and the
electron charge densityr(G,h)# of a partially ordered
sample can be described by

P~x,h!5P~x,0!1h2@P~Xs,1!2P~Xs,0!#. ~5!

This equation relates the propertyP(x,h) at any degree of
LRO h to ~i! the corresponding propertiesP(x,0) of the
perfectly random alloy at compositionsx and ~ii ! the differ-
ence P(Xs,1)2P(Xs,0) between the perfectly ordere
structure and the perfectly random structure at composi
Xs50.5.

The quantities that are accessible experimentally
DE12(h), DE13(h), andEg(h) for partially ordered alloys
and for random alloys. These values can be used to der

DSO~h!2DSO~0!5@DSO~1!2DSO~0!#h2,

DCF~h!5DCF~1!h2, ~6!

DEg~h!5DEg~1!h2,

using Eqs.~2!, ~4!, and~5! @note thatDCF(0)50#. Since~i!
perfectly ordered (h51) samples are unavailable and~ii ! the
degree of LROh of a given sample is not known indepe
dently, one cannot findDSO(1), DCF(1), andDEg(1) by this
fitting procedure.2,22 In fact, only the ratio

FIG. 1. Crystal structures of~a! disordered zinc-blende alloy
and ~b! fully CuPt ordered alloy.
n

re

e

j52DEg~1!/@DSO~1!2DSO~0!#,
~7!

z52DEg~1!/DCF~1!

can be determined from experimental measurement
DE12(h), DE13(h), and Eg(h). On the other hand, if
@DSO~1!2DSO(0)#, DCF(1), andDEg(1) were known inde-
pendently~e.g., from theoretical calculation!, then experi-
mental measurement ofDE12(h), DE13(h), and Eg(h)
could be used to derive the ordering parameterh from the
above equations. Similarly, ifh is available independently
~e.g., via x-ray diffraction or NMR measurement!, measure-
ments ofDE12(h), DE13(h), and Eg(h) could be used to
deduceDSO(1), DCF(1), andDEg(1) and compare with the
oretical results given here.

We have previously calculated the ordering-induc
change21 @DSO~1!2DSO(0)#, DCF(1), andDEg(1), for or-
dered Ga0.5In0.5P and Ga0.5In0.5As alloys using the first-
principles, local density approximation23,24 ~LDA ! as imple-
mented by the self-consistent linearized augmented p
wave ~LAPW! method.25 In this paper, we~i! extend our
calculation to include the ordered alloys of Al0.5In0.5P and
Al0.5In0.5As. We will point out the differences between th
Al0.5In0.5X (X5P,As) and the Ga0.5In0.5X alloys. The LDA,
however, includes some errors in the position of the cond
tion bands of the zinc-blende constituents26 due to spurious
self-interaction and due to the omission of explic
correlation.24 We will thus ~ii ! correct the LDA errors and
reevaluate the calculated parameters of ordered alloys.
thermore,~iii ! we calculated the x-ray structure factors of t
perfectly order alloys. These data could be useful in ana
ing experimental observations and in deriving the order
parameters from measured experimental values of part
ordered samples.

II. LDA RESULTS

The band-structure calculations are performed using
fully relativistic, general potential LAPW method.25 We used
the Ceperley-Alder exchange correlation potential23 as pa-
rametrized by Perdew and Zunger.24 For the binary com-
pounds the band structures are calculated at experimen27

lattice constants. For the alloys the lattice constants are
termined using the Vegard rule,28 while the internal atomic
relaxation are determined using the valence force fi
model.29 We assume that the ordered alloy is coherent w
the ~lattice matched! ~001! substrate, thus no@111# rhombo-
hedral lattice vector distortion is allowed. The energy lev
of the random alloys are obtained using the ‘‘special qua
random structure’’~SQS! approach.30 We find that for these
common-anion systems, the band gaps calculated using
are similar to those obtained from the average of the bin
constituents deformed to the same lattice constants of
disordered alloy. The results of the LDA calculation a
shown in the upper part of Table I. We find the following

~i! Ordering induces large crystal-field splittingDCF(1)
and band-gap reductionsDEg(1) in all four alloy systems.

~ii ! Comparing with Ga0.5In0.5X, the Al0.5In0.5X alloys
have larger crystal-field splitting. This is because t
valence-band offsets between AlX/InX @;0.6 eV ~Ref. 31!#
is much larger than that for GaX/InX @;0.1 eV ~Ref. 31!#,
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57 8985FINGERPRINTS OF CuPt ORDERING IN III-V . . .
thus, there is a larger perturbation in the valence band
Al0.5In0.5X than in Ga0.5In0.5X.

~iii ! The band-gap reductionDEg(1) is smaller in
Al0.5In0.5X than in Ga0.5In0.5X. This can be understood b
noticing that~1! the LDA atomics orbital energies of Al, Ga,
and In are nonmonotonic, namely,27.9, 29.3, and
28.6 eV, respectively, and~2! atomic relaxation in lattice
mismatch common-anion alloys tends to shift the cha
from the long bond~In-X! to the short bonds~Ga-X in
Ga0.5In0.5X and Al-X in Al0.5In0.5X!.32 Consequently, the
band-gap reduction due to atomic relaxation is larger
Ga0.5In0.5X ~since Ga receives charge, and itss is deeper in
energy than In!, but smaller in Al0.5In0.5X ~since Al receives
charge, and itss is shallower in energy than In!.

~iv! Relative to the random alloy, the VBM wave functio
of the ordered compounds is more localized on the ca
having larger atomic number.33 Thus, @DSO~1!2DSO(0)#
.0. However, for common-anion systemsDSO of the two
binary constituents are similar, thus the ordering-induced
crease@DSO~1!2DSO(0)# is rather small~0.00–0.02 eV!.
The increase is slightly greater for Al0.5In0.5X than for
Ga0.5In0.5X, because of the larger atomic number differen
between Al and In.

III. LDA CORRECTIONS

It is well known24 that the LDA underestimates the ban
gap. This is seen in Table II and Table III where our LD

TABLE I. LDA and LDA-corrected values of ordering-induce
changes in spin-orbit splitting@DSO~1!2DSO~0!#, crystal-field split-
ting DCF(1), band-gap reductionDEg(1) ~in eV!, and the ratioz
52DEg(1)/DCF(1) for the four III-V alloys.

Al0.5In0.5P Al0.5In0.5As Ga0.5In0.5P Ga0.5In0.5As

LDA values
@DSO~1!2DSO~0!# 0.02 0.01 0.01 0.00
DCF(1) 0.26 0.24 0.20 0.10
DEg(1) 20.17 20.14 20.32 20.30
z 0.65 0.58 1.60 3.00

LDA corrected values
@DSO~1!2DSO~0!# 0.02 0.01 0.01 0.00
DCF(1) 0.24 0.21 0.16 0.13
DEg(1) 20.27 20.18 20.43 20.25
z 1.13 0.86 2.69 1.92
of

e

n

n

-

e

gaps of binary zinc-blende compounds are compared w
experiment.27 Since the level repulsion between the sta
depends on the energy separations, these LDA errors
affect the calculated crystal-field splittingDCF and the band-
gap reductionDEg ~the effect onDSO is, however, negli-
gible!.

Several methods have been proposed to correct th
LDA errors, e.g., calculating the quasiparticle~QP!
energies.26 In this study, we use the fact that the LDA erro
en,k

LDA2en,k
expt for bandn and wave vectork are known for the

binary constituents~Table II and Table III!. We thus design a
cure for LDA that reproduce, via a fit, the state-depend
errors in thezinc-blende binaries, and then use this approac
for the pseudobinary alloysA12xBxC, assuming that the
LDA error does not change with alloying. Instead of shiftin
energy bands rigidly, we use a self-consistent approach w
atom-dependent LDA corrections. Specifically, we add to the
LDA calculations external potentials34 inside the muffin-tin
spheres centered at each atomic sitea:

Vext
a ~r !5V̄a1V0

aS r 0
a

r De2~r /r 0
a

!2
, ~8!

and performed the calculation self-consistently. The para
etersV̄a, V0

a , and r 0
a in Eq. ~8! are fitted to the available

experimental energy levels27 ~Table II and Table III! and to
the quasiparticle energies calculated by Zhu and Louie26 for
the binary constituents. In order to improve the fit, empty
spheres centered at tetrahedral sites34 are also used. The
muffin-tin radii are 2.23, 2.23, 2.50, 2.05, 2.05, and 2.05 a
for Al, Ga, In, P, As, and empty spheres, respectively. T
fitting parameters are given in Table IV. The fitted results
the energy levels are given in Table II for the phosphides
in Table III for the arsenides. The same parameters give
Table IV are used in the calculation for the pseudobin
alloys. Due to the simple functional form of Eq.~8! and the
errors in the fitting, we estimate that the uncertainty in t
calculated LDA-correctedDCF is about 0.02 eV and is abou
0.04 eV forDEg .

The lower part of Table I shows the calculated orderin
induced change@DSO(1)2DSO(0)#, DCF(1), and DEg(1)
after the LDA correction. Comparing the results with th
LDA predictions, we see that the general trends discus
above still hold. However, after the LDA correction we fin
the following:
58
28
4

00
TABLE II. Comparison between the calculated fully relativistic energy levels~in eV! and the available experimental values~Ref. 27! for
AlP, GaP, and InP. The calculated results are obtained at experimental lattice constants~a55.467, 5.451, and 5.869 Å, respectively! using
LDA, LDA 1correction (LDA1C), and quasiparticle~QP! methods~Ref. 26!. The energy zero is at the VBM (G8v).

State

AlP GaP InP

LDA LDA 1C Expt. QP LDA LDA1C Expt. QP LDA LDA1C Expt. QP

X6c 1.43 2.47 2.51 2.59 1.47 2.53 2.35 2.55 1.57 2.47 2.38 2.
L6c 2.62 3.63 3.57 3.90 1.42 2.53 2.71 2.67 1.22 2.01 1.99 2.
G6c 3.06 4.42 4.38 1.50 2.86 2.86 2.85 0.37 1.40 1.46 1.4
G8v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
G7v 20.06 20.06 20.09 20.09 20.08 20.11 20.11 20.11
L4,5v 20.77 20.78 20.8 20.85 21.17 21.16 21.2 21.16 20.99 20.98 21.23 21.02
X7v 22.13 22.06 22.27 22.31 22.80 22.70 22.7 22.78 22.38 22.31 22.24 22.38
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TABLE III. Comparison between the calculated fully relativistic energy levels~in eV! and the available experimental values~Ref. 27! for
AlAs, GaAs, and InAs. The calculated results are obtained at experimental lattice constants~a55.660, 5.653, and 6.058 Å, respectivel!
using LDA, LDA1correction (LDA1C), and quasiparticle~QP! method~Ref. 26!. The energy zero is at the VBM (G8v).

State

AlAs GaAs InAs

LDA LDA 1C Expt. QP LDA LDA1C Expt. QP LDA LDA1C Expt. QP

X6c 1.25 2.23 2.37 2.14 1.23 2.22 1.98 2.01 1.31 2.16 2.34 2.
L6c 1.92 2.90 2.81 2.91 0.68 1.75 1.81 1.64 0.61 1.39 1.71 1.
G6c 1.75 3.05 3.13 2.88 0.09 1.43 1.52 1.2220.64 0.36 0.42 0.31
G8v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
G7v 20.30 20.30 20.28 20.35 20.34 20.34 20.37 20.36 20.37
L4,5v 20.84 20.85 20.88 20.99 21.20 21.19 21.30 21.28 21.02 21.01 20.9 21.13
X7v 22.21 22.14 22.38 22.44 22.82 22.73 22.96 22.87 22.49 22.42 22.4 22.49
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~i! DCF(1) is reduced for Al0.5In0.5P, Al0.5In0.5As, and
Ga0.5In0.5P, but increased for Ga0.5In0.5As. This can be un-
derstood by noticing that the LDA correction shifts th
Ḡ1c(G1c) upwards. For Al0.5In0.5P, Al0.5In0.5As, and
Ga0.5In0.5P alloys, where LDA calculations already giv
positive band gaps, the upward shift ofḠ1c(G1c) reduces the
repulsion between theḠ1c(G1c) and Ḡ1v(G15v), thus reduc-
ing the crystal-field splitting. On the other hand, LDA calc
lation gives a negative band gap for Ga0.5In0.5As, i.e.,
Ḡ1c

LDA(G1c) is below Ḡ1v
LDA(G15v). After the LDA correction,

the order is reversed, thus, the level repulsionincreasesDCF.
~ii ! The band-gap reductionDEg(1) is increased for

Al0.5In0.5P, Al0.5In0.5As, and Ga0.5In0.5P alloys, but decrease
for Ga0.5In0.5As. Again, this reflects the change in level r
pulsions. For example, in Ga0.5In0.5P, the averageG1c and
L1c energy-level separation is reduced from 0.38 to 0.14
after the LDA correction. This increases the level repuls
between theG1c andL1c derived states and leads to a larg
DEg(1) after the LDA correction.

~iii ! Due to the effects discussed in~i! and ~ii !, after the
LDA correction the ratio of band-gap reduction to cryst
field splitting z @Eq. ~7!# is increased for Al0.5In0.5P,
Al0.5In0.5As, and Ga0.5In0.5P alloys, but decreased fo
Ga0.5In0.5As.

IV. COMPARISON WITH EXPERIMENT

~1! GaInP2: Recently, Fluegelet al.35 measured the ratioz
using a pump-probe exciton absorption/bleaching meth
They find that for GaInP2, z52.6660.15. This value is con-
siderably larger than our LDA-calculated values ofz51.60

TABLE IV. Fitted parametersV̄, V0 ~in Ry!, and r 0 ~in a.u.!
@see Eq.~3!# for the LDA corrections.

Atom V̄ V0 r 0

P 0.00 80 0.025
As 0.00 80 0.025
Al 0.00 360 0.025
Ga 0.00 280 0.025
In 0.00 200 0.025
Empty sphere 0.36 100 0.025
V
n
r

d.

~Table I! but is very close to our LDA-corrected value ofz
52.69.

~2! GaInAs2: Using low-temperature absorption and ph
toluminescence, Wirthet al.36 measured the band-gap redu
tion and valence-band splitting of partially ordere
GaxIn12xAs alloys. They derived from their experiment
data that for GaInAs2 z51.860.4. This value is close to ou
LDA-corrected valuez51.92.

~3! AlInP2: Using dark-field spectroscopy, Schube
et al.37 have measuredz for Al xIn12xP alloy and find that the
ratio is only 0.14, much smaller than our LDA-correcte
value of 1.13. Further, they show that in some of the samp
the measured valence-band splittingDE12 is larger than 0.08
eV, while our calculations show that even for perfectly o
dered Al0.5In0.5P, DE12 is less than 0.07 eV. Thus, we be
lieve that theirDE12 is overestimated. This also contribute
to the smallz derived by them.

V. X-RAY STRUCTURE FACTORS

To aid in the experimental identification of the order
CuPt-like crystal structures and the determination of the

TABLE V. Calculated structure factorsur~G!u of fully CuPt or-
dered AlInP2, AlInAs2, GaInP2, and GaInAs2 ~in electrons per
atom!. Since the charge density is a real numberur(2G)u
5ur(G)u. Furthermore, forG vectors in the same star@(x,y,z) and
its cyclical permutations# the structural factors are the same. He
the reciprocal lattice vectorG is in units of 2p/a, wherea is the
cubic lattice constant. An asterisk next to aG vector indicates that
it is a superstructure spot.

G AlInP2 AlInAs2 GaInP2 GaInAs2

0,0,0 23.00 32.00 27.50 36.50
* 1

2 , 1
2 , 1

2 8.26 7.79 3.83 3.39

* 1
2,

1
2,

3
2
¯ 8.02 7.91 3.83 3.70

1,1,1̄ 14.43 19.53 18.28 22.55
1,1,1 14.20 19.11 18.12 22.23
0,0,2 7.16 0.94 11.21 3.17

* 1
2
¯

,
3
2,

3
2

8.30 9.25 4.34 5.33

* 1
2 , 1

2 , 5
2 8.16 9.52 4.51 6.00

* 3
2 , 3

2 , 3
2 6.48 5.74 3.01 3.26

2,0,2̄ 15.94 23.73 19.58 27.43
2,2,0 15.77 23.36 19.40 27.04
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gree of ordering, we have calculated the static x-ray struc
factorsr~G! of the fully ordered AlInP2, AlInAs2, GaInP2,
and GaInAs2. The structure factorsr~G! are the Fourier
transform of the electron charge densityr(r ), i.e.,

r~G!5
1

V E
V

r~r !eiG•rdr . ~9!

HereG is the reciprocal lattice vector andV is the unit cell
volume. The diffraction intensityI is proportional to
ur(G)u2.

Our calculated results are shown in Table V. We find t
~i! the structure factors for the ordered alloy taken at the
allowed$GZB% are very similar to those of the random allo
~not shown!, except for some small splittings due to th
lower symmetry of the ordered alloy. However,~ii ! new
structure factors appear at$GZB%1(1/2,1/2,1/2) in the or-
dered alloy that do not exist in the perfectly random allo
Observation ofr~G! at these superstructure spots~marked
with an asterisk in Table V! would be one of the stronges
indications of the existence of the ordered phase. Sincer~G!
for these new structure factors is proportional toh2, accurate
measurement of the intensity of the diffraction spectr
I (G,h) can, in principle, be used to derive the degree
order h by comparing it with the calculated values for pe
fectly ordered systems~Table V!.

In an actual experimental measurement at finite temp
ture, the measured intensity is reduced by the thermal vi
tion of the lattice. The dynamic~temperature! effect is often
approximated by the Debye-Waller factors.38 In this approxi-
mation the relation between the measured dynamic struc
factor rexpt(G,h) and the calculated static structure fact
rcalc(G,h) is
ct
on

lf-
s

, S

s

o

n,

. D

.

re

t
B

.

f

a-
a-

re

rexpt~G,h!5rcalc~G,h!e2B~T!G2
, ~10!

where B(T) is a temperature-dependent constant. Sin
r(GZB ,h) is essentially ordering independent for the zin
blende allowedGZB vectors, measuringrexpt(GZB) can be
used to derive the valueB from Eq. ~10! and Table V. This
B can in turn be used in Eq.~10! to calculatercalc(G,h)
from measuredrexpt(G) for the superstructure sports. F
nally, the obtainedrcalc(G,h) can be used to derive the o
dering parametersh using Eq.~5! and the values given in
Table V. Experimental testing of our predictions are call
for.

VI. SUMMARY

We have calculated the ordering-induced changes in
crystal-field splitting, spin-orbit splitting, and band gap re
tive to the random alloy for Al0.5In0.5P, Al0.5In0.5As,
Ga0.5In0.5P, and Ga0.5In0.5As alloy using the local density
approximation, as well as the more reliable LDA-correct
formalism. We provide these values for these materials a
function of the degreeh of long-range order. Our LDA-
corrected results compare favorably with recent experime
for GaxIn12xP and GaxIn12xAs, but not for AlxIn12xP,
where our calculation does not support the experimental
signment. We also calculated x-ray structure factors for th
ordered alloys, which can be used experimentally to ded
the ordering parameterh.
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