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FIG. 1. Composition dependence of the near-edge energy le
of the 512-atom supercell of~a! GaP12xAsx , ~b! GaAs12xNx , and
~c! GaP12xNx as obtained from atomically relaxed empiric
pseudopotential calculations using Vegard’s rule for the lattice c
stant. The valence-band energy is taken as an average over th
three crystal-field split components. Analysis of the wave functio
shows that, in GaPAs and GaPN, the CBM reverts from a mo
X1c character~CBM1! to another state~CBM2! that has someG1c

character. The transition point isxc50.03 in GaP12xNx and xc

50.50 in GaP12xAsx . The bars denote the statistical fluctuatio
for different, randomly selected configurations, while the arro
emphasize the deep-gap level of GaNI :As and GaNI :P.
as well as to other calculations. Due to the large lattice m
match between GaAs or GaP and GaN, the pseudopoten
were fitted using a composition-dependent kinetic-ene
cutoff Gmax

2 in order to keep the same number of plane wav
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FIG. 2. Square of the momentum matrix element@Eq. ~2!# for
the VBM-CBM transition from the supercell~solid dots! and the
unrelaxed VCA~open squares! calculations in~a! GaP12xAsx , ~b!
GaAs12xNx , and ~c! GaP12xNx . The arrows in~c! point to the
compositionxc of the X1c /G1c transition in GaP12xNx . The bars
denote the statistical fluctuations for different, randomly selec
configurations.
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FIG. 4. Average localization parameterQa,i ~Ref. 14! of the supercell statei 5VBM and i 5CBM of atoms of typea5(As,P,N,Ga).
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by considering Table II: Phosphorus-doped GaN~denoted
GaNI :P! is predicted to have a deep, P-localized level@located
at 0.61 eV above the VBM of pure GaN~close to the experi-
mental estimate36 of 0.57 eV for the wurtzite structure!#,
while nitrogen-doped GaP~denoted GaNI :P! has an N-
localized level@CBM2 in Fig. 1~c!# ~located at 0.076 eV
below theG1c state of pure GaP!. Since these impurity state
are strongly localized in the real space around the impu
atoms, their wave functions are spread ink space. Due to the
wave-function normalization, the projection from theG15v or
G1c VCA state on these impurity states is then reduced
localization. This explains whyBVBM, G15v

is small in

GaPe N12e and whyBCBM,G1c
is also small in GaP12e Ne.

The charge localization parameterQa,i at atoma of the
alloy statec i 5VBM or c i 5CBM defined in Ref. 14 and dis
played in Fig. 4 shows how the VBM wave function b
comes more delocalized as the P concentration increa
explaining whyBVBM, G15v

approaches continuously its valu

of 100% at GaPI :N. Similarly, the CBM wave function be
comes more extended as the N compositions increase@Fig.
4~b!#, explaining whyBCBM,G1c

increases progressively unt

reaching the value of 100% at GaNI :P. Since in GaP12xNx
the VBM and CBM wave-function localizations occur in di
ferent composition regions~high x versus smallx, respec-
tively!, the productBVBM, G15v

2 BCBM,G1c

2 is much smaller than

1 for all compositions. This explains why the momentu
matrix element of GaP12xNx is so weak, in comparison with
‘‘normal’’ alloys or with the VCA description of GaP12xNx .
y

y
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We thus conclude that the weakness of the transition ma
element of GaP12xNx reflects wave-function localizations i
different composition regions and that these localizations
due to the existences of impurity levels at the dilute impur
limits.

The situation is different in the weakly perturbe
GaP12xAsx system: Since there are no deep impurity lev
for GaPI :As and GaAs:P,14 there is no discontinuity of the
projections@Fig. 3~g!# at the dilute impurity limits and there
is no localization in GaP12xAsx @Figs. 4~e! and 4~f!#. The
projections in this alloy~Fig. 3! are thus nearly composition
independent in the direct-gap region. Consequently, the
terband transition probability is large and nearly composit
independent in the direct-gap region.

The situation for the GaAs12xNx system is intermediate
between GaPN and GaPAs: GaNI :As has a deep, As-localize
impurity level located at 0.75 eV above the VBM of pu
GaN,14 while no impurity state, withG1c or G15v compo-
nents, is found for N-doped GaAs.14 Thus the discontinuity
and the weakness of the projections at the dilute impu
limits of this alloy occur only forBVBM, G15v

at x512e @Fig.

3~d!#. The product of the projections is then large for smalx
and very small for large N compositions where the VBM
strongly localized around the arsenic atoms@see Fig. 3~d!#.
Thus this product is strongly composition dependent. W
thus conclude that the composition dependence of the t
sition matrix element of GaAs12xNx is due to the existence
of an impurity level at ‘‘only’’ one impurity limit: GaNI :As.

Wave-function localizations and their ensuing effects
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