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Nitrogen local electronic structure in Ga„In …AsN alloys by soft-x-ray absorption and emission:
Implications for optical properties
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Soft-x-ray-emission and -absorption spectroscopies with their elemental specificities are used to determine
the local electronic structure of N atoms in Ga~In!AsN diluted semiconductor alloys~N concentrations about
3%! in view of applications of such materials in optoelectronics. Deviations of the N local electronic structure
in Ga~In!AsN from the crystalline state in GaN are dramatic in both valence and conduction bands. In
particular, a depletion of the valence-band maximum in the N local charge, taking place at the N impurities,
appears as one of the fundamental origins of reduced optical efficiency of Ga~In!AsN. Incorporation of In in
large concentrations forms In-rich N local environments such as In4N which become the main recombination
centers in GaInAsN. Furthermore, ak character of some valence and conduction states, despite the random-
alloy nature of Ga~In!AsN, manifests itself in resonant inelastic x-ray scattering.
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I. INTRODUCTION

Ga~In!AsN semiconductor alloys are new promising o
toelectronic materials, whose potential applications ra
from efficient solar cells to laser diodes operating in t
long-wavelength range (l;1.3 mm) which fits the transpar
ency window of optofibers used in local networks. A rema
able property of the Ga~In!AsN alloys is an extremely stron
dependence of the band-gap widthEg on the N content, char
acterized by a giant bowing coefficient withdEg /dx
515–20 eV~see, e.g., Ref. 1!. This figure is more than one
order of magnitude larger compared to the conventio
III-V alloys, which suggests that physical mechanisms
narrow the band gap are quite different. A disadvantage
the Ga~In!AsN alloys is however their low optical efficienc
compared to conventional III-V alloys such as GaAs a
AlAs.

Physics of Ga~In!AsN and related alloys has been und
intense study during the last few years~see Refs. 1–5, and
references therein!. Due to a strong difference in the N an
As scattering potentials, insertion of N atoms into the h
lattice results in a giant perturbation of the electronic str
ture and formation of fundamentally new electronic sta
such as resonant impurity states. Their hybridization with
host states in the conduction band strongly perturbs
shifts these states to lower energies, which narrows the b
gap. Different local environments of N atoms such as i
lated impurities, N-N pairs, and various clusters form diffe
ent states hybridizing with each other. Because of the
mense complexity of such a system no exhaustive theore
treatment exists up to now. Different approaches such as
empirical pseudopotential supercell method,1,2 first-
principles pseudopotential method,3 and band anticrossing
model4 often give conflicting predictions. Moreover, the
0163-1829/2004/69~3!/035206~7!/$22.50 69 0352
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experimental verification is complicated by significant sc
ter in the experimental results depending on the sam
preparation. Despite significant advances in understandin
the band-gap narrowing in Ga~In!AsN alloys, mechanisms
responsible for degradation of their optical efficiency are s
not completely clear.

A vast amount of the experimental data on the Ga~In!AsN
and similar alloys has been obtained using optical sp
troscopies such as photoluminescence~PL! and electroreflec-
tance~see, e.g., a compilation of references in Ref. 1!. How-
ever, they are largely restricted to the band-gap region,
give in general only bare positions of the energy levels wi
out any direct information about spatial localization or o
bital character of wave functions. Such an information c
be achieved by soft-x-ray-emission~SXE! and soft-x-ray-
absorption~SXA! spectroscopies with their specificity on th
chemical element and orbital character~see, e.g., a recen
review in Ref. 6!. Although their energy resolution, intrinsi
cally limited by the core-hole lifetime, never matches that
the optical spectroscopies, they give an overall picture of
electronic structure on the energy scale of the whole vale
band~VB! and conduction band~CB!. Moreover, as the or-
bital selection rules involve the core state and thus eng
the VB and CB states different from those engaged in opt
transitions, the soft-x-ray spectroscopies give a complem
tary view of the electronic structure. Because of the sm
atomic concentrations in diluted alloys such as Ga~In!AsN,
and small cross section of the SXA and SXE processes, th
experiments require the use of third-generation synchro
radiation sources, providing soft x rays at high intensity a
brilliance, and high-resolution SXE spectrometers with m
tichannel detection.7

Extending our pilot work,8 we here present experiment
SXE and SXA data on Ga~In!AsN diluted alloys, which un-
veil the local electronic structure of N impurities through t
©2004 The American Physical Society06-1
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whole VB and CB. This yields fundamental physics
Ga~In!AsN and related alloys, in particular, electronic stru
ture origins of their limited optical efficiency, effect of In o
the N local environments and electronic structure, andk
character of some VB and CB states coupled by reson
inelastic x-ray scattering~RIXS!.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Sample growth

The Ga~In!AsN samples were grown by molecular-bea
epitaxy~MBE! at an EP-1203 machine~Russia! equipped by
solid-phase Ga, In, and As sources and a radio freque
plasma N source. Details of the growth procedure a
sample characterization are given elsewhere.9 Briefly, the
growth was performed on a GaAs~001! substrate at 430 °C in
As-rich conditions. The active layer in our GaAsN and Ga
AsN samples was grown, respectively, as GaAs0.97N0.03 with
a thickness of 200 Å, and In0.07Ga0.93As0.97N0.03 with a thick-
ness of 240 Å~growth of thicker layers was hindered b
phase segregation!. The concentrations of In and N wer
checked by high-resolution x-ray rocking curves. A buff
layer between the substrate and the Ga~In!AsN active layer,
and a cap layer on top of it were grown each as a 50-Å-th
AlAs layer sandwiched between two 50-Å-thick GaAs la
ers. Such an insertion of wide band-gap AlAs is a us
method to increase the PL intensity by confining the carr
in the Ga~In!AsN layer. Moreover, a high-temperature a
nealing of the grown structure can be performed after de
sition of AlAs in the cap layer without desorption of GaA
Such an annealing lasts about 10 min at 700–750 °C.
resulting improvement of the Ga~In!AsN layer crystal quality
typically increases the PL intensity by a factor of 10–20.

The annealing effect on the local environments of N
oms is less clear. The N impurities are known to interact w
each other due to long-range lattice relaxation and long t
of their wave functions down to N concentrations of 0.1%1

which translates to a characteristic interaction length of 60
We expect that on this length scale the annealing can
mote energetically favorable N local environments.
GaAsN such environments are, for example,~100!-oriented
N pairs.1 In the GaInAsN quaternary alloy the situation
more complicated: whereas as-grown samples have ne
random distributions of In and N atoms with a significa
fraction of InAs clusters having small chemical bond ener
the annealing should promote formation of In-N bonds, p
viding better lattice match to the GaAs substrate and t
minimizing the strain energy.10 In any case, on a length sca
larger than the N interaction length the annealing should
prove homogeneity of the N concentration. This is of pa
mount importance, in particular, for our experiment beca
due to the giant bowing coefficient of Ga~In!AsN any fluc-
tuations of the N concentration should result in significa
fluctuations of the electronic structure11,12 and therefore in
smearing of spectral structures.

B. SXEÕSXA measurements

The SXE/SXA experiments were performed in MAX la
Sweden, at the undulator beam line I511-3 equipped wit
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modified SX-700 plane grating monochromator and a hi
resolution Rowland-mount grazing incidence spectromete13

SXE/SXA measurements employed the N 1s core level at
'400 eV.

The SXA spectra were recorded in the fluorescence y
~FY!, because due to the thick cap layer the electron yi
did not show any N 1s absorption structure. The measur
ments were performed in partial FY using the SXE spectro
eter operated slitless. It was adjusted at a photon energy
dow centered at the NK-emission line and covering a
interval, in the first order of diffraction, from some 320
470 eV. The signal was detected with the spectrome
position-sensitive detector as the integral fluorescence wi
this energy window. Interestingly, usual measurements in
total FY ~detected with a microchannel plate detector in fro
of the sample! returned considerably different spectra. This
possibly because the total FY is more susceptible to ir
evant contributions due to higher-order incident light a
low-energy photoelectron bremsstrahlung fluorescence,
nificant with our low N concentrations in the host materi
As the partial FY measurements are characterized by sig
cant intensity loss due to smaller acceptance angle of
spectrometer, we operated the monochromator at an en
resolution of 0.45 eV full width at half maximum~FWHM!
@the N 1s lifetime broadening is about 0.1 eV~Ref. 14!#.

The synchrotron-radiation excited SXE spectra were m
sured, in view of the low cross section of the SXE proce
and small N concentration, with the monochromator reso
tion lowered to ;1.5 eV and to ;0.5 eV for the off-
resonance and resonant spectra, respectively. The spec
eter was operated with a spherical grating of 5 m radius
400 lines/mm groove density in the first order of diffractio
providing a resolution of;1.2 eV. The signal from the
position-sensitive detector was aberration corrected us
third-order polynomial fitting and normalized to the total
luminated area in each channel on the detector. Normal
acquisition time was 2–5 h per spectrum. Despite the
layer we could also see a N signal under 3.5-keV electron
beam excitation, although on top of strong bremsstrahlu
background, but this was not suitable for resonant meas
ments.

Energy calibration of the spectrometer was performed
absolute photon energies employing the NiLl , La1,2

, and

Lb1
lines seen in the second order of diffraction. Abberatio

in the dispersion direction of the position-sensitive detec
were corrected by setting an energy scale as a function o
channel number using second-order polynomial fittin
Based on the elastic peaks in SXE spectra, the monoc
mator was then calibrated in the same absolute energy s
with an accuracy of about60.15 eV.

C. Experimental results

Our experimental N 1s SXA spectra~measured in the
partial FY! ~Ref. 15! and off-resonant SXE spectra~excita-
tion energy of 420 eV, well above the absorption thresho!
of the GaAs0.97N0.03 and Ga0.93In0.07As0.97N0.03 samples are
shown in Fig. 1~upper panel!. The binding-energy scale i
set relative to the VB maximum~VBM ! determined, roughly,
6-2
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NITROGEN LOCAL ELECTRONIC STRUCTURE IN . . . PHYSICAL REVIEW B69, 035206 ~2004!
by linear extrapolation of the SXE spectral leading edge.
intentionally give the spectra without denoising to facilita
judgement of the significance of the spectral structures c
pared to the noise level. Recent supercell calculations
Persson and Zunger16 are in good agreement with our expe
mental results.

Recent SXA data on GaAs0.97N0.03 by Lordi et al.17 which
appeared after initial submission of this paper, are consis
with our results~apart from some energy shift which is pr
sumably because their energy scale was affected by
monochromator calibration!. Previous SXA data by Sooet
al.18 suffer from worse experimental resolution and sam
quality.

Local environments of the N atoms in Ga~In!AsN are
polymorphic, corresponding to isolated impurities and va
ous clusters.1 Applying random statistics, the concentratio
ratio of the pair and higher-order N clusters to the total nu
ber of N atoms is given by 12(12x)m, wherex is the N
concentration andm54 the number of the nearest anions
the zinc blende lattice. With our N concentrations of 3% t
ratio is only 11.5%. Therefore, our SXE/SXA spectra ch
acterize mainly the isolated N impurities.

FIG. 1. ~Upper panel! Experimental N 1s off-resonant SXE
~excitation energy 420 eV! and SXA spectra of GaAs0.97N0.03 and
Ga0.93In0.07As0.93N0.03, reflecting the N localp-DOS through the
VB and CB; ~lower panel! the corresponding spectra of crystallin
GaN in the zinc blende~Ref. 14! and wurtzite structures~Ref. 21!
shown as a reference. The SXE spectral maximum for Ga~In!AsN is
strongly shifted to lower energies compared to the crystalline st
resulting in depletion of the N local charge in the VBM whic
reduces optical efficiency.
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III. DISCUSSION

A. Overall picture of the electronic structure

The experimental SXA and off-resonance SXE spectra
Fig. 1 reflect, by the dipole selection rules requiring that
orbital quantum numberl be changed by61, thep compo-
nent of the density of states~DOS! locally in the N core
region. Thep component, by analogy with crystalline GaN,14

should in fact dominate the total DOS through the whole V
and CB region. Core excitonic effects are presumably l
significant because the direct recombination peak19 does not
show up in our SXE spectra. Splitting of the VBM into th
light- and heavy-hole subbands due to a strain imposed
the GaAs substrate,20 being about a few tenths of eV is be
low our experimental resolution.

It is instructive to compare our Ga~In!AsN spectra to the
corresponding spectra of crystalline GaN. They are rep
duced in Fig. 1~lower panel! in the binding-energy scale
determined in the same way as for Ga~In!AsN. The spectra
of GaN in the metastable zinc blende structure, which has
same N coordination as Ga~In!AsN, were measured by
Lawniczak-Jablonskaet al.14 and those of wurtzite GaN by
Stagarescuet al.21 Apart from the CB shift, the spectra of th
two crystalline forms are similar in overall shape. They a
well understood in terms of the local orbital-projected DO
and band structure.14,22

Comparison of the SXE/SXA data on Ga~In!AsN to those
on the two GaN crystalline structures shows the followin

~1! In the VB, the overall shape of the SXE signal fo
Ga~In!AsN is similar to crystalline GaN. However, the spe
tral maximum is strongly shifted towards the VB interio
with the leading edge at the VBM being much less ste
~which has important implications for optical efficiency, s
below!. This is not a resolution effect, because the refere
spectra of crystalline GaN were taken at close resolution
ures ~around 0.8 eV for zinc blende GaN and 1.1 eV f
wurtzite GaN!. Our experimental data demonstrate thus t
the VB electronic structure undergoes, contrary to the co
mon point of view, significant changes upon incorporation
N atoms into GaAs. Interestingly, our SXE spectrum did n
show any structure due to hybridization with the Ga 3d states
at ;19 eV below the VBM, found in wurtzite GaN.21,23

~2! In the CB, the differences are radical. The leadi
peak of the SXA spectrum for Ga~In!AsN rises immediately
at the CB minimum~CBM! and has much larger amplitud
compared to the leading shoulderlike structure in the spe
of crystalline GaN. The energy separation between the
and CB states for Ga~In!AsN is smaller, which correlates
with smaller fundamental band gap.

On the whole, the observed differences of the Ga~In!AsN
spectra to crystalline GaN manifest that the local electro
structure of the N atoms in the Ga~In!AsN random alloy is
radically different from that in the regular GaN lattice.

Although further theoretical analysis is required to inte
pret our experimental data in detail, we can tentatively ass
the leading SXA peak to thet2(L1c) derived perturbed hos
state which, according to the calculations by Kent a
Zunger on GaAsN,1 has the strongest N localization in th

e,
6-3



so

E
re
a
e
e
E

re
iv
o

lo
-

n
b
rg
X
nt

SX
en

in
n

tio

n
A
ar
ug

t

ix
t

la

a
o
e
be
th

ch
P
as
b

lity
on

al
B

ers
at

e-
of
t

a-
n
in
,

li-
ve
es
n
ed
e-

the
on
the

. 8
in

t
has
e
per
nal

p-
and

cen-
n the
ges
n-

o-
the

a-
er to
d
in-
N
igh-

are
cy
rs:
ub-
on
ion
the
the

the

V.N. STROCOVet al. PHYSICAL REVIEW B 69, 035206 ~2004!
CBM region. This assignment is corroborated by the re
nant SXE data~see below! which reveals theL character of
the leading SXA peak.

It should be noted that the dipole selection rules in SX
SXA, inherently involving transitions from and to the co
level, project out the states from the VB and CB, which c
differ from those projected out by the optical transitions b
tween the VB and CB states themselves. For example, d
calized states can give only a small contribution to the SX
SXA signal due to relatively small overlap with the co
state, but they can strongly overlap with each other and g
a strong PL signal. Our SXA data give explicit examples
this: Thea1(G1c) derived states near the CBM~see Ref. 1!
are not seen in the SXA spectrum due to the weaker N
calization compared to thet2(L1c) states, but in optical spec
troscopies they manifest themselves as the intenseE2 tran-
sitions. On the other hand, thet2(L1c) states are not seen i
the optical spectra due to unfavorable matrix elements,
show up as a prominent SXA peak. Moreover, the ene
separation between the VB and CB states in the SXE/S
spectra gives only an upper estimate for the fundame
band gap, because weakly localized N states as well as
and As derived states are not seen. Therefore, the SXE/
spectroscopies give a view of the VB and CB complem
tary to that by optical spectroscopies.

B. Charge depletion in the VBM: Origin of reduced optical
efficiency

The vast body of optical spectroscopy data on Ga~In!AsN
evidences that the optical efficiency sharply drops upon
corporation of the smallest N concentrations into GaAs, a
then decreases further with increase of the N molar frac
~see, e.g., a compilation in Ref. 5!. This is most pronounced
for GaAsN, where the PL intensity loss towards N conce
trations of 5% is at least 50 times as compared to Ga
Exact origins of such a dramatic efficiency degradation
not completely clear. Supercell calculations in Ref. 24 s
gest that about 30% of the GaAs efficiency is lost due
gradual smearing of VBM and CBM in theirG character,
which results in reduction of the optical transition matr
element. However, this effect is by far weaker compared
the experimental degradation. Another known origin is re
tively poor structural quality of Ga~In!AsN layers epitaxially
grown on GaAs. This is due to, first, low growth temper
tures which are used with large N concentrations to prom
high N uptake and, second, some lattice mismatch betw
Ga~In!AsN and GaAs. However, the first problem can
alleviated by postgrowth high-temperature annealing, and
second by tuning the In concentration in GaInAsN whi
allows matching the GaAs lattice constant. Although the
intensity from lattice-matched GaInAsN layers does incre
by a factor about 5 compared to GaAsN, this still remains
far low compared to GaAs. Moreover, the structural qua
does not explain the efficiency drop at the smallest N c
centrations.

Our SXE/SXA results unveil another origin of the optic
efficiency degradation in the very electronic structure.
virtue of the N localization of the CBM wave function1
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the N impurities act as the main recombination cent
in Ga~In!AsN. At the same time, the local valence charge
the N impurities is shifted off the VBM. This appears imm
diately from comparison of our experimental SXE spectra
Ga~In!AsN with those of crystalline GaN, which are in fac
representative of GaAs by virtue of qualitatively similar v
lence DOS of these materials25 ~direct measurements o
GaAs are hindered by very low fluorescence yield of As
the soft-x-ray region!. Such a charge depletion in the VBM
equivalent to reduction of the VBM wave-function amp
tude, results in a weak overlap of the CBM and VBM wa
functions at the N impurities, which immediately reduc
efficiency of the N impurities as radiative recombinatio
centers. This VBM depletion effect, characteristic of isolat
N impurities, is one of the fundamental origins of the r
duced optical efficiency of Ga~In!AsN. Being in play already
at the smallest N concentrations, it immediately explains
initial efficiency drop, whereas further efficiency degradati
with increase of N concentration is presumably through
structural quality effects.

To explain the observed VBM charge depletion, in Ref
we suggested a VBM charge transfer off the N atoms
Ga~In!AsN compared to GaN~in Ref. 16 our this statemen
was misinterpreted as a charge transfer to As, but N
larger electronegativity!. In fact, the charge transfer is mor
likely to take place not in space but in energy towards dee
valence states, which is supported by recent computatio
analysis of Persson and Zunger.16 Physically, the local elec-
tronic structure of the N impurities in the GaAs lattice a
pears somewhere in between that of the crystalline state
isolated atoms. The observed DOS peaked near the VB
ter can therefore be viewed as a transitional case betwee
DOS of extended band states piling up near the band ed
and the singularitylike DOS of isolated atoms at the VB ce
ter.

Formation of N local environments different from the is
lated impurities can be suggested as a way to increase
optical efficiency of Ga~In!AsN. For example, in multi-
atomic N local environments such as clusters of G
separated N atoms the wave functions may become clos
crystalline GaN with its DOS piling up at the VBM. Base
on the random statistics, the cluster concentration should
crease with the total N concentration. Alternatively, the
local environments can be changed by replacing some ne
bor Ga atoms by different cations.

C. Effect of In

Quaternary GaInAsN alloys, where some Ga atoms
replaced by In, allow improvement of the optical efficien
by a factor about 5. This is predominantly due to two facto
a better lattice match of GaInAsN layers to the GaAs s
strate, which improves their structural quality, and electr
confinement effects connected with concentrat
fluctuations.11 We here endeavored investigation whether
incorporation of In also causes any favorable changes in
electronic structure.

At relatively low In concentrations, evolution of the N
local electronic structure is evidenced by comparison of
6-4
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Ga0.93In0.07As0.97 N0.03 and GaAs0.97N0.03 experimental spec
tra in Fig. 1. Surprisingly, the comparison shows no nota
changes within the experimental statistics, either in the sp
tral shapes or in energies of the spectral structures. This
dences that the following takes place at low In concen
tions:

~1! The N atoms reside mostly in In-depleted local en
ronments such as Ga4N and possibly In1Ga3N where the
presence of only one In atom in four nearest neighb
should not change the N local electronic structure sign
cantly. This experimental finding seriously questions res
of recent Monte Carlo simulations10 which predict predomi-
nance of In-rich N local environments such as Ga1In3N and
In4N, at least with low In concentrations. Any effect co
nected with insufficient high-temperature annealing of o
samples can be ruled out, as evidenced by stabilization o
spectra already after 5 min of annealing. Our results are
roborated by Fourier-transform infrared~FTIR! absorption
measurements by Altet al. ~see, e.g., Ref. 26! who also find
mostly GA4N local environments which, moreover, are n
affected by annealing. On the other hand, FTIR results
Kurtz et al.27 suggest preferential formation of In-rich env
ronments with annealing. Such a contradiction reveals
evolution of the N local enviroments critically depends
the growth procedure.

~2! The absence of any significant electronic struct
changes compared to GaAsN suggests that the optical
ciency improvement in GaInAsN is exclusively due to t
structural and electron confinement effects.

To force formation of In-rich N local environments, w
have grown a sample of Ga0.69In0.31As0.98N0.02 ~170-Å-thick
active layer! where the In/N concentration ratio is much i
creased~the decrease in bare N concentration is presuma
less important because interaction of the isolated N imp
ties in such diluted alloys should be weak!. The experimental
SXE spectrum of Ga0.69In0.31As0.98N0.02, measured under th
same off-resonance conditions as in Fig. 1, is also show

FIG. 2. Experimental off-resonant N 1s SXE spectrum of In-
rich Ga0.69In0.31As0.98N0.02 compared to GaAs0.93N0.03. The inset
details the spectral leading edges~Gaussian smoothed with FWHM
of 0.6 eV! which suggest improved optical efficiency of In-rich
local environments.
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Fig. 2. Now the spectral maximum is shifted by some 0.
eV to higher energies compared to GaAs0.97N0.03, indicating
changes in the N local electronic structure caused by In-
N environments.

The observed VB shift to higher energies is accompan
by a shift of the CB to lower energies, as seen in the rec
XAS data on Ga0.7In0.3As0.97N0.03 from Ref. 17. Such VB
and CB shifts towards each other, associated with In-rich
local environments, have important implications for the
diative recombination:

~1! By virtue of the local band-gap narrowing, these e
vironments become the main recombination centers in G
AsN.

~2! Both holes and electrons become confined in In-r
regions, formed by statistical fluctuations of In concent
tion, to increase the optical efficiency of GaInAsN.11

To see whether the observed changes in the VB affect
optical efficiency within the above VBM depletion mech
nism, we examined closely the VBM region~inset in Fig. 2!.
The shift of the spectral maximum is definitely larger th
that of the VBM ~although its exact location requires bett
statistics!. This indicates certain charge accumulation at
VBM compared to GaAs0.97N0.03, and thus increase of th
optical efficiency of In-rich N local environments compare
to Ga4N. The observed accumulation seems though rat
subtle to explain the increase in GaInAsN wholly, and m
of it still resides with the structural and electron confineme
effects.

D. k conservation in the RIXS process

Resonant phenomena were investigated on the Ga
prototype alloy. Figure 3 shows resonant SXE spectra m
sured with excitation energies near the two dominant S
structures in Fig. 1 compared to a nonresonant spect
measured well above the absorption threshold. The spe
are normalized to the integral excitation flux, which was re
istered from the photocurrent at a gold mesh inserted a
the refocussing mirror.

FIG. 3. Resonant SXE spectra with the indicated excitation
ergies compared to an off-resonant spectrum. The elastic peak
marked by vertical ticks. The resonant intensity enhancement in
VB bottom manifests ak-conserving RIXS process.
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Intriguingly, not only does the intensity of the resona
spectra increase in this RIXS process, but also the shou
at the VB bottom scales up and becomes a distinct nar
peak at a binding energy of;7.4 eV. This reveals state
near the VB bottom effectively overlapping with states ne
the CB bottom into which the core electron is excited.

Despite the random-alloy nature of Ga~In!AsN, the ob-
served effect can be interpreted in terms of momentum c
servation, which appears in the RIXS process due to c
pling of absorption and emission in one single event~see,
e.g., Refs. 6,28,29, and references therein!. At first glance,
the very concept of momentum, strictly speaking, collap
in a random alloy due to the lack of translational invarian
However, it can be revived through a spectral decomposi

cN~r !5(
k

Ckfk
GaAs~r !

of the N-localized wave functioncN(r ) over the Bloch
wavesfk

GaAs(r ) of the unperturbed GaAs lattice, each havi
a well-defined wave vectork.1,30 Then the first SXA peak is
due to thet2(L1c) state, whose decomposition is dominat
by k from the L point in the Brillouin zone of GaAs.1 The
VB bottom, by analogy with the zinc blende GaN ba
structure,31 should also be dominated by theL point. These
VB and CB states then effectively overlap in the RIXS pr
cess, blowing up the SXE signal in the VB bottom as o
served in the experiment. Our resonant data demons
thus, to our knowledge for the first time, a possibility for t
k-conserving RIXS phenomenon in random alloys.

IV. CONCLUSION

Local electronic structure of N atoms in Ga~In!AsN di-
luted semiconductor alloys~N concentrations about 3%! has
been determined using SXE/SXA spectroscopies with th
elemental specificity. The experimental N 1s off-resonance
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SXE spectra and SXA spectra yield the localp DOS of N
impurities through the whole VB and CB, complemen
ing information about the band-gap region achieved by o
cal spectroscopies. The experimental results demons
dramatic differences of the N local electronic structure
Ga~In!AsN from that in the crystalline GaN state. A few
peculiarities have immediate implications for optical prop
ties.

~1! The N impurities as radiative recombination cente
are characterized by depletion of the local charge in
VBM due to charge transfer towards deeper valence sta
which reduces overlap with the CBM states. This is one
the fundamental origins of the reduced optical efficiency
Ga~In!AsN. Formation of different N local environments ca
improve the efficiency.

~2! Whereas incorporation of In in small concentratio
has an insignificant effect on the N local electronic structu
large In concentrations result in formation of In-rich N loc
environments. Due to the VB and CB shifts towards ea
other such environments become the main recombina
centers in GaInAsN.

Furthermore, the experimental resonant SXE spectra
veal, despite the random-alloy nature of Ga~In!AsN, a
k-conserving RIXS process which couples valence and c
duction states having the sameL character.
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