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louin zone treating the Gad electrons as valence states, usi
the Perdew–Zunger9 local density approximation~LDA !
exchange-correlation potential, and a kinetic energy cutof
400 eV which implies more than 25,000 plane waves pek
point. The crystal volume was optimized with respect to to
energy, and the internal atom positions were relaxed jw
both the conjugate-gradient
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sion spectra from N 1s for GaN and GaAsN. The matrix
elements were included. We see similar features as in F
1~c! and 1~d! where no matrix elements were included. Sp
cifically, the two valence-band peaks atEv(GaAsN)
2(2.5–5.0) eV in GaAsN match the peaks in GaN
Ev(GaAsN)2(2.5–5.0) eV. These calculated peaks a
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GaN ~Fig. 2! at Ev(GaAsN)2399 eV. Thus, the core-hol
energies in GaAsN and GaN align approximately both at
N 1s2 LDA level and at the broken symmetry level. This
illustrated in Fig. 2.

Figure 4 shows the calculated wave function squared
GaAs0.97N0.03 near the VBM and near the CBM. We see th
there is significant N and As character in both band ed
contrary to the suggestion of of Ref. 3. Thus, interband tr
sitions need not be weak. To examine this point we h
calculated the valence-band→conduction-band absorptio
spectrum~Fig. 5! of GaAsN and GaAs. Indeed, no signifi
cant weakening of the threshold absorption is noted u
adding N to GaAs.

The origin to the deeper Np valence-band states i
GaAsN compared to corresponding Asp states@Fig. 1~b!# is
the short N–Ga bond length. We show this by starting fr
the unrelaxed bond geometry~N replacing As and all bonds
kept at the Ga–As bond length of 2.428 Å! and then gradu-
ally allowing the Ga atoms next to N to relax inwards, form
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DEEP NITROGEN-INDUCED VALENCE- AND . . . PHYSICAL REVIEW B68, 035212 ~2003!
at Ev(GaAsN)26.9 eV. As a consequence of the deeper Np
valence-band states in GaAsN, also the Np conduction-band
states are lowered@Fig. 6~a!# as the N–Ga bond length i
reduced. Thus, we expect to find Np closer to the CBM than
for the corresponding Asp states. The VBM level is almos
unaffected by variations of the N–Ga bond length since
VBM is As p like.

We conclude that N substitution in GaAs introduces bo
ing valence states aroundEv(GaAsN)22.5 to Ev(GaAsN)
25.0 eV, at approximately the same location as the bond
.
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N states in pure GaN, when the GaN/GaAs valence-b
alignment is taken into consideration. In addition, N induc
antibonding states inside the conduction band at ener
aboveEv(GaAsN)11.5 eV. The effects of these states o
the valence-band→conduction-band absorption spectra a
negligible.
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