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Composition dependence of interband transition intensities in GaPN, GaAsN, and GaPAs alloys
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Using large(512-atom pseudopotential supercell calculations, we have investigated the composition depen-
dence of the momentum matrix elemevit, ;. for transitions between the valence-band maximum and the
conduction-band minimum of three semiconductor alloys: GaR, and GaAs_,N,, exhibiting large
chemical and size differences between their alloyed elements, and a2, which is a weakly perturbed
alloy. In the composition ranges where these alloys have a direct band gap, we fiid thaBaPR, _,As,,

M, . is large(like the virtual-crystal valugand nearly composition independef(it) in GaAs _,N,, M, . is
strongly composition dependent: large for smalind small for larges; and(iii) in GaR _yN,, M, . is only
slightly composition dependent and is significantly reduced relative to the virtual-crystal value. The different
behavior of GaP_,As,, GaR_,N,, and GaAs_,N, is traced to the existence/absence of impurity levels at
the dilute alloy limits:(a) there are no gap-level impurity states at #ie 1 or x—0 limits of GaR _,As,, (b)

an isolated As impurity in GaNGaNAs) has a deep band gap impurity level but no deep impurity state is
found for N in GaAs, andc) GaNP exhibits a P-localized deep band-gap impurity state andNGhBs an
N-localized resonant state. The existence of deep levels leads to wave-function localization in real space, thus
to a spectral spread in momentum space and to a reductibh, @f These impurity levels are facilitated by
atomic relaxations, as evident by the fact that unrelaxed :GaMind GaNP, show no deep levels, have
extended wave functions, and have large interband transition elerf®@163-1827)05339-3

. INTRODUCTION: WHY SHOULD THE INTERBAND valueP(x) = (1—X)P,+xPg? To address this question, it is

TRANSITION INTENSITY IN ALLOYS DEPEND convenient to think of the electronic wave functions
ON COMPOSITION? i (K,r) of the alloy in the supercell representatigvhereK
is a wave vector in the small Brillouin zone, corresponding
Research on random SubStitutioquxBx solid solutions to the |arge rea|_space a"oy Superﬁ;eﬂs a linear combina-

often focuses on understanding the compositiodepen-  tion of the wave functions;(k,r) of the constituent solids:
dence of various physical propertié¥x) such as phase

diagrams, mixing enthalpies and entropié$,band gaps of . .

nonmetals;® density of states of metdf and nonmetal HKD=> > By (K, k) & (K,T). (1)
alloys>® and interatomic bond distancg®l® Little is K]

known, however, about the composition dependence of the ) . o )
intensity of interband transitions, as reflected by the squardiere] is the band index anil is a wave vector in its Bril-

of the momentum(p) matrix elementM, .=|(v|p|c)[? of louin zone. For cc_)ncretene.s(ﬁ,-(k,r) could be takgn as the
valence|v) to conduction|c) excitations. The basic physics Bloch wave functions of airtual A,_,By crystal, i.e., one
underlying this question is as follows: In a randéwp_,B,  With an average bond lengfR(x) =(1-x)Ra+xRg and an
alloy whose lattice sites are occupied by the alloyed element@verage potentia (r,x) = (1—x)Va(r) +xVp(r). Like pure

A andB with random probabilities + x andx, respectively, A or pure B, the virtual-crystal alloy(VCA) too lacks a
there are many crystallographically distint sites (and, distribution of local chemical environments or a distribution
separatelyB siteg in that eachA atom in the alloy could ©f bond lengths(Note that the VCA is used here merely as a
have locally a different number @ andB atoms as neigh- basis set, not as a physical a_pproxmatno'l’hls discussion
bors. Thus one could have in the random alloy a distributior€lps clarify the expected differences between the alloy
of many different local chemical environments, even thougtfigenstates and interband transition and those of its constitu-
the constituent ordered solids have but one or just a fe@nts, in terms of two effects. _

repeated local chemical motife.g., A, or B, tetrahedra _(|) Sublattice Iocallzatlon_Whlle th emstenpe of a
Depending on the chemical disparity between the atéms Unique, repeated local chemical motif in the periotAcor
andB and on their relative atomic sizes, atoms in the alloyB) parent systems and in the virtual alloy leads invariably to
will relax off their nominal lattice positions. Such relaxations extended wave functiorso, for example, there are no sepa-
could lead to a distribution of interatomic distances, on top'ate “A features” and ‘B features” in the VCA spectruim

of the distribution of local chemical environments. One can@ real alloy could exhibit wave-function localization around
compute from a supercell approach to band theory variouBarticular sites within the supercell. _
physical propertie(x) of this random alloy, including (i) Interband mixing An individual alloy statey;(K,r)
momentum matrix elements. How different will this momen- can have nonzero projectids; ;(K,k) onto more than one
tum matrix elemenP(x) be from the same property in the VCA state. Thus the alloy state need not be a “pure” VCA
constituent, parent solids, or from the composition-weightedstate. For example, if the conduction-band minim{@sM)
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in the parent system is of;. symmetry, the transition to the TABLE I. Comparison of some physical properties of bulk
I",-type valence-band maximufvBM ) is dipole forbidden. GaAs-GaN, GaP-GaN, and GaP-GaAs pairs and the corresponding
But in the alloy supercell, the CBM could havel’a, com- ani_o_ns.Aa/a is the Iat_tit_:g mismatch andf is the diﬁerence in _
ponent so the transition to the VBM can be partially a”OWGd.PhI”IpSS electrqnegat|V|t|es of thg atoms on t.he mlxed. sublattice
Such mixing does not exist in the pure parent solids. (Ref. 16. The differences of atomis andp orbital energies ;
Sublattice localization and interband mixing could alteranOI Aep, respectively, are calculated within the LDA approach

h f all f . lati h ..~ using the Ceperley-Alder exchange and correlatiBef. 17 as
the nature of alloy wave functions relative to the Cor]St'tu'parametrized by Perdew and ZungRef. 18. The unstrained band

ents. This could change the interband transition intensiti€§set petween GaP and GaASE, (GaP/GaAs), was fitted to the
relative to the constituents, leading to a “bowing” of the | pA value of Ref. 19. The valence-band offset between GaP and
photoluminescencéPL) intensity. GaN, AE,(GaP/GaN), was estimated by subtracting
Previous theoretical and experimental studies of the COMAE (GaP/GaAs) (+0.31 from Ref. 14 from AE,(GaN/GaAs)
position dependence of interband transition intensities ar@equal to+2.28 in Ref. 14. A negative value ofAE,(GaY/GaX)
scant. In their supercell tight-binding calculation, Koiller and indicates that the VBM of Gé is lower than that of Gé.
Capaz! find that the interband transition dipole matrix ele-
ment of Ga_,Al,As is nearly independent of the composi-  Property GaAs-GaN GaP-GaN GaP-GaAs
tion and almost equal to that of pure GaAs for all the com-

positions of the direct gaplike region. On the other hand, 22 (%) 22.5 18.9 36
Yoshimoto et al? show that the PL intensity of the near- Af —143 —-136 +0.07
band-edge emission of Ga In,N decreases considerably as 2¢€s (eV) +3.72 +4.40 +0.68
the indium composition increases and Baillargestral Aep (eV) +1.90 +1.64 —-0.26
found a decrease in the PL intensity of GagN, asx in- AE, (eV) —2.28 —-1.97 +0.31

creasegfrom 0.01 to 0.02 It is thus possible that the inten-
sity of interband transitions depends on the chemical and size
disparities between the constituents of the a[lgyl,Ga) be-  GaAsP and GaFAs. On the other hand, Gals has a deep
ing similar, while(Ga,In and(P,N) are more different band-gap level, leading to a strong VBM wave-function lo-
In Refs. 14 and 15 we showed how localization in isova-calization around As. Similarly, GaR exhibits a P-localized
lent alloys leads to an anomalous composition-dependent ariieep impurity state, while GaR has an N-localized reso-
large optical bowing coefficientHere we extend these stud- nant state. This localization is facilitated by significant
ies to the compositional dependenceimterband transition — atomic relaxation off the zinc-blende lattice sites and leads to
intensities We conjecture that wave-function localization @ spectral spread in momentum space and to a far weaker
and the attendant irregular composition dependence of th#ansition intensity than expected from the piig,, VBM
optical bowing and the interband transition intensities willandI';; CBM of the virtual lattice.
exist in those alloys where in the dilufienpurity) limit there
are deep band-gap states. The following alloys could thus
show these effects: CdSTe, ZnSTe, and GaPBi. To check !l METHOD OF CALCULATION
this hypothesis, we study in this paper the composition de- A large(512-atom supercell representation is used for the
pendence of the interband dipole matrix element between thalloys. For each composition, the alloyed elements are dis-
VBM and CBM of three different isovalent semiconductor tributed at random on the fcc anion lattice sites, fully relax-
alloys of cubic (zinc-blende constituents: “strongly per- ing all atomic positions via a conjugate gradient minimiza-
turbed” alloys GaAs_,N, and GaR_,N, exhibiting large tion of a parametrized valence force fieldFF).2%?? The
chemical and size disparities between their constituentittice constant of the alloys is assumed here to vary linearly
GaAs or GaP and GaN, versus a “weakly perturbed” alloyas a function of the compositior, as actually found for
GaPR, _,As, exhibiting greater similarity between its constitu- GaAs 4N, in first-principles local-density approximation
ents GaP and GaAsee Table | and Refs. 14 and 16319 (LDA) total-energy calculation$:*®> We used in the VFF
Here only perfectly random, homogeneous alloys are treatedanethod the bond-stretching) and bond-bendingg) force
The effect of clustering on the electronic propefids not  constants of Ref. 24 for GaNa=96.30 N/m and 3
discussed in the present study. Significant differences in the-14.80 N/m and of Ref. 22 for GaA4a=41.19 N/m and
direct-gap momentum matrix elememt, . vs x dependence B=8.94N/m and for GaP («=47.32N/m and B
are found in these three alloy&®) In the weakly perturbed =10.44 N/n). In a previous work(Table | in Ref. 14 we
GaP,_,As, alloy, M, . is nearly composition independent in compared the calculated structural relaxation parameters of
the direct-band-gap region and similar in magnitude to thesomeordered GaAs _,N, alloys using the VFF and using
VCA value, indicating weak sublattice localization and inter-the first-principles linearized augmented plane-wave
band mixing. On the other hanth) in the strongly perturbed method®, and found that the VFF follows the structural
GaAs _«N, alloy, M, . depends strongly on composition: It trends in the first-principles results reasonably well.
is large for smallx and small for largex. Finally, (c) in the The electronic properties of the relaxed supercell are ob-
direct-band-gap region of GaPN, alloys, M, . depends tained via a plane-wave empirical pseudopotential approach.
slightly on composition and is significantly attenuated rela-The empirical pseudopotentials were carefully fitfem the
tive to the VCA value. The different behaviors of the threemany-body-corrected@W) band structure$,% experimen-
alloys originate from the existence/absence of impurity levtal band gapé/? and LDA deformation potentials. Refer-
els at the dilute alloy limits and its ensuing wave-functionence 14 gives the pseudopotentials and compares the calcu-
localizations: There are no deep, band-gap impurity states fdated properties of bulk GaN, GaP, and GaAs to experiment
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FIG. 1. Composition dependence of the near-edge energy levels /G- 2. Square of the momentum matrix elemgig. (2)] for

of the 512-atom supercell 68 GaR,_,As,, (b) GaAs_,N,, and the VBM-CBM transition from the su_perc_e(tsolid dotg and the
(c) GaR,_,N, as obtained from atomically relaxed empirical unrelaxed VCA(open squargscalculations inf@) GaR_,As,, (b)

pseudopotential calculations using Vegard's rule for the lattice conS@AS—xNx. and (c) GaR_,N,. The arrows in(c) point to the

stant. The valence-band energy is taken as an average over the tg mposﬂonxc of t_helﬁllc/ Tac .transfltlor;_:‘rf'l GaE’-XNXd Thle balrs J
three crystal-field split components. Analysis of the wave functions nfc_>te t € statistical fluctuations for different, randomly selecte
shows that, in GaPAs and GaPN, the CBM reverts from a mostl)Fon igurations.

X, charactefCBM1) to another statéCBM?2) that has somé’; ] ) .
character. The transition point i&,=0.03 in GaR_.N, andx.  as well as to other calculations. Due to the large lattice mis-

=0.50 in GaR_,As,. The bars denote the statistical fluctuations Match between GaAs or GaP and GaN, the pseudopotentials
for different, randomly selected configurations, while the arrowswere fitted using a composition-dependent Kinetic-energy
emphasize the deep-gap level of GASl and GaNP. cutoff szaxin order to keep the same number of plane waves
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FIG. 3. (a), (d), and(g) ProjectionBVBMleSv of the supercell VBM wave functions onto the VAAg, state ancBCEMF1C of the supercell
CBM wave function onto the VCA" 4, state[Eq. (4)]. (b), (e), and(h) The product of projections itg), (d), and(g). (c), (f), and(i) The
product of projections times the VCA transition matrix element. This quafititodel” ) depicted in open squares is the square of the first
term of Eq.(3). The squares of the momentum matrix element as computed directly in the supercell are shown as solid dots. The error bars
are statistical fluctuations in configurational sampling.

per zinc-blende cell for all the compositiofise., volumes. M, (K) =, (K1) pl (K, )

This kinetic-energy cutoffz2,, is 5 Ry for GaAs and GaP )

and 7.87 Ry for GaN, corresponding, in all cases, including _ GC*(K.G)C(K.G 2
our supercell calculations, to 59 plane waved gter two- % o (KBICKG) @)

atom zinc-blende cell. Since we usstteenedgseudopoten-
tials, our eigenvalues are “absolute,” so we can plot sepawhere the sum runs over the vectors of the reciprocal space
rately VBM and CBM energies versus composition. Indeed@andC,(K,G) andC.(K,G) are the coefficients of the plane-
superlattice calculations show that the band offsets are th&ave expansion.
difference between eigenvalues of the constituents.
To calculate near-gap energy levels of large supercells, . RESULTS
we use the “folded spectrum method®:this is a linear-in-
size [O(N)] method, producing single-particle eigensolu- Figure 1 depicts the composition dependence of the VBM
tions in a given energy window without having to obtain and the CBM energies in GaP,As, [Fig. 1(a)], GaAs _ 4Ny
(and orthogonalize tdower eigensolutions. At each compo- [Fig. 1(b)], and GaR_,N, [Fig. 1(c)]. We see significant
sition, results are averaged over a few randomly selectedifferences in the behavior of the two kinds of alloys: The
configurations. weakly interacting GaP ,As, system(Table ) has much
Finally, the square of the momentum matrix element issmaller bowing compared to the strongly interacting
calculated in reciprocal-space from GaAs _,N, and GaR_,N, alloys. Analysis of the corre-
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sponding wave functions via Eq(l) shows that in TABLE II. Structural and electronic properties of N impurity in
GaR _,As, the CBM (denoted CBML1 in Fig. lhas mostly =~ GaP(GakN) and P impurity in GaNGaNP). The chargeg (see
X1 Symmetry up tax.=0.50, at which point it reverts to a Ref. 14 are calculated using a 512-atom c&¥s,.n andRg,.pare
state(denoted CBM2 in Fig. LLthat has mostiy’;, symme- the nearest-neighbor bond lengths. We found three different N-

try. The calculated crossover composition is in good agreelocalized levels in Gaii: (i) a level located 0.005 e¥elowthe

ment with the experimental resils3 of x,=0.51-0.55 CBM of GaP, which has mainl¥,. characterfthis is the well-

For GaR_,N,, we predict a crossover Ccon;positidq:' known shallow isolated nitrogen state of GHRRefs. 34 and 3§;
—X"¥X

—0.03 between the conduction states CBNfostly X, (i) a resonant level located 0.222 eV above Xjg CBM of GaP,

. : which has mainlyL ;. character; andiii) a resonant level discussed
like) and CBM2(contains d;. component as well as many in the text and shown in this table, which is located 0.458 eV above

other states We are not aware of any direct experimental the X,, CBM of GaP (0.076 eV belowl’;.) and has a significant

deFerminaﬁon of t_he Crossqv_er composition in @‘?‘HNX' I'y. character. On the other hand, G&\Nshows a deep level at
This crossover might be difficult to detect experimentally 5’610 eV above the VBM.

since, unlike the case of GaBAs,, the transition in
GaPR _,N, is not abrupfsee Fig. 2c)]: the “allowed/direct” GaP GaN

CBM2 state is only weakly allowed, while the transition to property and GaPN and GaNP
higher-energy conduction bands may be even weaker. The
significant enhancement of the PL intensity observed irfure host

GaPR,_,N, by Baillargeonet al.*® betweenx=0.0 and 0.01  Qr,, (@nion 1.86 4.16

could be the signature of this crossover. On the other hand, Qr,,, (cation 0.46 0.30

there is no crossover in Gaps,N,: The CBM state con-  Qr,_ (anion 3.31 4.81

tains mainlyl’;. components all over the composition range. Qr,, (cation 1.65 118
In what follows we will focus primarily on what we will Reap (A) 2.36

call the “direct-gap region” of these alloys, i.e., for all the  Rgan (A) 1.95

compositions in GaAs ,N, and in the regions where the
CBM is the CBM2 state in GaP,As, and GaR_,N, .
Figure 2 depicts the square of the momentum matrix ele- 1.32 (G 0.84 (G3
ment[Eg. (2)] for the VBM«CBM transition in Gap_,As, Qimpurity tevel 21.72 (N) 205 (P)
[Fig. 2@)], GaAs 4N, [Fig. 2b)], and GaR_,N, [Fig. 210 (P) 1.9 (N)
2(c)]. For comparison with the supercell results, the square €"€'9Y leveleV) er,,~0.076 €r,, 7061
of the momentum matrix element calculated from the VCA Rean (A) 2.02 1.95
is also given. In GaP ,As,, the VCA value ofM, . follows Rgap (A) 2.36 2.21
the value from the supercell calculation rather well and both
are nearly composition independent in the direct-gap region. .
This is also the case in Ga,Al As alloys!! On the other ~ Flgure 233) shows thezcompo'_5|t|on dependence of the pro-
hand, in GaAs_,N, and GaR_.N,, the VCA misses both J€CtionsBygy r . andBcgy,r, in GaR_xNy, while Figs.
the composition dependence and the magnitudMpf as  3(d) and 3g) show analogous results for GaAsN, and
obtained in the supercell calculation. GaPR,_,As,, respectively. Note how strongly composition
To understand why the supercell calculations predicts alependent these projections are in GalN, and
weaker and composition-dependent intensity for interban@GaAs _,N, relative to the analogous results in GaRAs, .
transitions in GaAs N, and GaR_,N, relative to Figures 3b), 3(e), and 3h) show the product
GaR_,As,, we use Eq(1) to calculate the< =0 momen-  Bigy,r, Blewr, (N GaR N, GaAs ,N,, and
tum matrix element for the VBM-CBM transition in the  GaR_,As,, respectively. These quantities already resemble

Impurity

direct-gap region of the alloy: closely the alloy intensitfFigs. 4a)—2(c)]. This point is
further demonstrated in Figs(@3, 3(f), and 3i) that compare
— B (0,k)B (0K’ the square of the first term of E@3) [The “model,” in
(thvoulplrosw) ?k: El vem,j(0.K)Beam,j- (0.K) square symbols in Figs(®, 3(f), and Ji)] with the directly
, calculated transition element of E@) [solid circles in Figs.
><<¢>]-(k)|p|qu/(k )) Sk k! 3(c), 3(f), and 3i)]. The excellent agreement between the

model results and the direct calculations indicates thahe
transition intensity in the alloy is dominated by the first term
+other contributions, 3 in Eq. (3) and (i) the behavior oM, . in GaAs_,N, and
GaR _,N, stems from the properties of the projections
Bvewm, I, and Beamr, - I the following, the origin of the

behavior of these projections shown in Fig. 3 is examined.
First, the projections at the impurity limit are considered.
Figure 3a) shows that, in GaP ,N,, B , decreases
Bosw,r, = (Veamldr), (4) Figure 3a) 1N Gap Ny, Buew,r,
discontinuously and significantfyom pure GaN(x=1 and
and(¢r . |pl¢r, ) is the momentum matrix element in the Bygw,r,, =1) to X=1—¢. Also, Begy,r, . decreases dis-

VCA (the square symbols in Fig. 2 represent the square afontinuously and significantly from pure GaR=0 and
this element BCBMIlC:l) to x=0+e€. These trends can be understood

=Bvewm,r,., Beamr, (¢r, [Pl ér,)

where

Bvem,ryq, = {(¥veml ¢r,,, ).
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by considering Table Il: Phosphorus-doped Géf¢noted We thus conclude that the weakness of the transition matrix
GaNP) is predicted to have a deep, P-localized Id\@tated element of GaP_,N, reflects wave-function localizations in

at 0.61 eV above the VBM of pure Galdlose to the experi- different composition regions and that these localizations are
mental estimaf® of 0.57 eV for the wurtzite structufe  due to the existences of impurity levels at the dilute impurity
while nitrogen-doped GaRdenoted GalNP) has an N- limits.

localized level[CBM2 in Fig. 1(c)] (located at 0.076 eV The situation is different in the weakly perturbed
below thel ;. state of pure GaP Since these impurity states GaPR,_,As, system: Since there are no deep impurity levels
are strongly localized in the real space around the impuritfor GaPAs and Gat\;s:P,14 there is no discontinuity of the
atoms, their wave functions are spreadkispace. Due to the projections[Fig. 3(g)] at the dilute impurity limits and there
wave-function normalization, the projection from thigs, or  is no localization in GaP_,As, [Figs. 4e) and 4f)]. The

I'1. VCA state on these impurity states is then reduced byprojections in this alloyFig. 3) are thus nearly composition
localization. This explains whyBygy r,. is small in independent in the direct-gap region. Consequently, the in-

GaP.N;_. and whyBcgy 1. is also small in GaP. N terband transition probability is large and nearly composition
€ —€ Je —e' Ve

o _ independent in the direct-gap region.
aI|;—yhitg?eaz;?:evLoMcﬂlrz?ptilszza(rjzr;i]r?fﬁi’Inalé(;t.orlndfaa?\f dthdeis- The situation for the GaAs N, system is intermediate

P . between GaPN and GaPAs: G&ld has a deep, As-localized

played in Fig. 4 shows how the VBM wave function be- . : = '

comes more delocalized as the P concentration increase ,p“['}y Ie_vel Iocgted ?‘t 0.75 eV .above the VBM of pure
aN;" while no impurity state, withl’;. or I';5, compo-

explaining WhyBVBMTlSv_ approaches continuously !ts value nents, is found for N-doped GaA$Thus the discontinuity

of 100% at GatN. Similarly, the CBM wave function be- 5nq the weakness of the projections at the dilute impurity
comes more extended as the N compositions incriiéise  imits of this alloy occur only foByew,r,,, atx=1— e [Fig.
Ab)]. .explalnlng whyBegwm,r,, mcreases.prog.resswely until 3(d)]. The product of the projections is then large for sralll
reaching the value of 100% at GdN Since in GaP Ny and very small for large N compositions where the VBM is
the VBM and CBM wave-function localizations occur in dif- strongly localized around the arsenic atofsse Fig. &)].
ferent composition r2eg|onéh|%h x versus smalk, respec-  Thys this product is strongly composition dependent. We
tively), the producBygy, r,, Beaw,r, is much smaller than - thys conclude that the composition dependence of the tran-
1 for all compositions. This explains why the momentumsition matrix element of GaAs N, is due to the existence
matrix element of GapP_,N, is so weak, in comparison with of an impurity level at “only” one impurity limit: GaNAs.
“normal” alloys or with the VCA description of GaP N, . Wave-function localizations and their ensuing effects on
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the alloy could be caused by pure chemical differences ben P-rich alloys[Fig. 3@]; and(iv) this composition depen-

tween the alloyed elementas measured, e.g., by the elec-

tronegativity differenceor by size differences. To examine

dence of the projections, when multiplied
[BYemr,, Blemr, see Fig. &)], explain the weak and

which of the two effects is more important, we have selecjightly composition-dependent VBM-CBM dipole matrix
tively eliminated one: We repeated our calculations of theglement in GaP_,N, [Fig. 3(c)]. The virtual-crystal approxi-

matrix elements in GaP N, and GaAs_,N, neglecting
atomic relaxationdor largex, so the difference between this

mation forces all anions in GaP,N, to be chemically and,
more important, structurally identical. Thus the localization

unrelaxed supercell calculation and the unrelaxed VCA iynq the composition dependence of the interband matrix el-

purely chemical. We fou_nd that in thg direct—ba_n.d—ggp regionsment are not allowed in the VCA. In GaPRAs, there are
(i) the momentum matrix element is composition indepeny,, |ocalized states in the impurity limit, so effedts—(iv)

dent and nearly equal to the VCA valud@, the band-edge
wave functions are extended with larfjgs, or I';. charac-
ters(more than 95% and(iii ) there is no gap impurity level

do not exist and the VCA becomes a good approximation for
the matrix elements. The situation for GgAgN, is inter-
mediate between GaP,N, and GaR_,As,: GaNAs has

for GaNP and GaMAs. Thus we conclude that the strong 5 geep impurity level, while Gs:N has no impurity state,

wave-function localizations and the ensuing weakness of thg i T,
transition intensities are mostly induced by atomic relax- ¢

ations for large nitrogen compositions in GaRN, and
GaAs _4N,.

IV. SUMMARY
We find that in the GaPN alloy$§) the chemical and

or I'y5, components. This leads to a strongly com-
position dependence of the dipole matrix elenéig. 3f)]:
M, ¢ is large for smallx and very small for large.

We wish to emphasize that the calculations here assume a
perfectly random alloy, while in reality one might expect
important deviations from randomness in the form of
clustering® or ordering. These may affect optical bowing
and momentum matrix elements significantly.

particularly the size differences between the two anions lead

to localized impurity states in the dilute impurity limits: a
P-localized deep impurity state in GaNand an N-localized
resonant state in GaR; (ii) these states develop into a
P-localized VBM in N-rich alloys[Fig. 4(a)] and to an
N-localized CBM in P-rich alloy$Fig. 4(b)]; (iii) these alloy
localizations lead to a small projection of the VBM b1,

in N-rich alloys and to a small projection of the CBM bn,
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