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Transition metal defects in group-III nitrides: An ab initio calculation
of hyperfine interactions and optical transitions

U. Gerstmann, A. T. Blumenau, and H. Overhof*
Theoretical Physics, Physics Department, University of Paderborn, D33095 Paderborn, Germany

~Received 18 August 2000; published 31 January 2001!

We presentab initio calculations for 3d transition metal point defects and for defect pairs in group-III
nitrides with a special emphasis on charge transfer energies, hyperfine interactions, and internal optical tran-
sition energies. Our LMTO-ASA Green’s function total energy calculations show VacN-TM pairs to be tightly
bound in semiconducting and inn-type GaN and AlN with pair formation energies in excess of 1 eV. We show
that in the framework of density functional theory reliable total energies are obtained for excited states, if the
levels involved are represented by a single determinantal state within a 3dN basis. Our optical transition
energies agree fairly well with the experiments.

DOI: 10.1103/PhysRevB.63.075204 PACS number~s!: 71.55.Eq, 76.30.Fc
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I. INTRODUCTION

The large direct bandgap, ranging from 1.9 eV for InN
6.2 eV for AlN makes the group-III nitride semiconducto
attractive for many optoelectronic applications.1,2 In spite of
a considerable scientific effort, the characterization of
point defects in this material system is still quite incomple
Several experimental groups have studied the optical
magneto-optical properties of the omnipresent 3d transition
metal ~TM! defects. However, even the chemical origin
several experimentally well studied zero phonon lin
~ZPLs! is still a matter of controversy.3 Since a detailed the
oretical investigation of 3d TM defects is still missing, we
present in this paper the results of a theoretical total ene
calculation for both ground states and excited states of T
related defects based on the local spin density approxima
~LSDA! of the density functional theory~DFT!.

The DFT can be used to calculate total energies of
ground state and for those excited states that are orthog
by reasons of symmetry to the lower-lying states. This
been demonstrated recently for the5A2 excited state of the
neutral vacancy in diamond.4 Total energies and hyperfin
~hf! fields of the excited state are obtained with a simi
precision as the hf interactions for the ground state.

In this paper we investigate whether the same method
be extended to excitation energies of intra 3d-shell transi-
tions of TMs in order to support the identification of th
chemical nature of the TM defects that give rise to Z
lines. In Sec. II we sketch the general method used to ca
late total energies for the multiplets of 3d TM defects. The
resulting charge transfer levels, hyperfine interactions,
transition energies into excited states of 3d TM-related de-
fects are presented in Sec. III and summarized in Sec. I

II. COMPUTATIONAL

We have used the self-consistent linear muffin-tin orbit
method in the atomic spheres approximation~LMTO-ASA!5

treating exchange and correlation effects within the fram
work of the LSDA-DFT. To this aim Dyson’s equation fo
the Green’s functionG for the crystal with a defect
0163-1829/2001/63~7!/075204~9!/$15.00 63 0752
e
.
d

s

y
-

on

e
nal
s

r

an

u-

d

s

-

G~rW,rW8,E!5G0~rW,rW8,E!

1E G0~rW,rW9,E!DV~rW9!G~rW9,rW8,E!d3r 9

~1!

is written in terms of the Green4s functionG0 of the perfect
crystal. HereDV5V2V0 is the defect-induced change in th
effective one-particle potentials. Equation~1! is solved
within a perturbed region containing 28 atoms cente
around the impurity. Outside this region,G is approximated
by G0.

A solution of Eq.~1! using the LMTO-ASA representa
tion leads to accurate particle and magnetization densi
especially in the regions near the nuclei. From these we
culate hf interactions for paramagnetic defect states with
magnetic moments of the defect and ligand nuclei.6,7 A main
shortcoming of the LSDA, the underestimation of the fund
mental band gap, is coped by the use of the scissors ope
technique8,9 when constructing the Green’s function of th
unperturbed crystal:

Gsc
0 ~rW,rW8,E!5E c* ~rW,E8!c~rW8,E8!

E2OscE8
dE8, ~2!

whereOsc is the scissors operator adjusting the energy of
fundamental gap to the experimental value, but leaving
eigenfunctions unchanged. In this way the scissors oper
technique simulates the GW-approximation,10,11 a method
that is widely used to improve the LSDA predictions of th
fundamental gap and excited state energies.12,13We shall see
that the use of the scissors operator leads to reasonable
ues for transition energies of defects in group-III nitrides.

Usually, isolated 3d TM defects are incorporated at th
substitutional cation sites in group-III nitrides,3 with four ni-
trogen atoms in tetrahedral configuration as nearest ne
bors both for the zinc-blende and the wurtzite modificatio
The strong localization of the 3d TM defect states leads to
minor differences only for defects in different polytypes,
is confirmed by Ref. 14. In fact, most experimental pap
discuss the 3d TM defect states in wurtzite group-III nitride
©2001 The American Physical Society04-1
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FIG. 1. Calculated charge transfer levels of isolated 3d TM defects in group-III nitrides. The valence and conduction band ed
determined via the Langer-Heinrich rule using Cr41/31 as reference level are indicated. For GaP experimental data taken from Refs. 2
27 are shown for comparison.
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in terms of cubic symmetry. We, therefore, have restric
our calculations to defects in the zinc-blende structure. T
semi-core character of the Ga 3d- and In d-derived
bands15–17presents no particular difficulty in our present a
proach, since we have treated thed-bands of the host a
ordinary valence bands.

In its present form, our method does not allow to inclu
lattice relaxations. For the gallium vacancy in GaN as
example we have calculated the lattice relaxation with
help of a density-functional-based tight-binding clus
calculation.18 We obtained a 12% outwards relaxation of t
next neighbor nitrogens and a change of the total energ
DErelax

tot 520.76 eV. Since this value is practically indepe
dent of the charge state, there is only a minute influence
lattice relaxations on charge transfer levels. For 3d TM de-
fects in semiconductors Langer19 has shown lattice relax
ations to influence energy differences like charge tran
levels by less than 0.1 eV—a value which is within the lim
of accuracy of LSDA energy levels.

TM defects in semiconductors induce deep localiz
3d-like impurity states. The cubic crystal field splits the co
responding single particle states into states that transf
according to thee and to thet2 irreducible representations
respectively. These are further split by the exchange inte
tion into spin-up and spin-down states.

While the charge state of the defect uniquely fixes
numberN of occupied 3d-orbitals, the occupation of the dif
ferent single particle states requires some care. A diago
ization with respect to the Coulomb interaction within t
$ent2

N2n% subspace results in(2S11)G(L) terms. This has
been demonstrated by Tanabe and Sugano20 who replace the
matrix of Coulomb interactions by the free-atom Raca
parameters and treat the influence of the crystal field in
order perturbation theory.
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In special cases a given(2S11)G(L) term can be con-
structed by a singleent2

N2n determinantal many-particle
wave function. In this case we approximate the energy of
term by the LSDA total energy of the correspondingent2

N2n

configuration. In the general case the(2S11)G(L) term is to
be constructed as a linear combination of several differ
ent2

N2n determinants in thedN subspace. Configuration inter
actions will modify the energy of the(2S11)G(L) term and
the particle density distribution can no longer be appro
mated by a Kohn-Sham representation. With our present
proach we have no means to calculate those term ener
Fortunately, most defect states of interest turn out to
single determinantal states within thedN subspace.

III. RESULTS AND DISCUSSION

A. Isolated 3d TM defects in group-III nitrides

The internal reference rule of Langer and Heinrich21,22

predicts the absolute positions of the charge transfer leve
different isovalent compound semiconductors to be indep
dent of the host. One may shift the zero of the energy sc
for different hosts in such a way, that the energies of a p
ticular reference charge transition for a particular defect
incide. After this alignment of the energy scales, the ene
of an arbitrary charge transition level for an arbitrary T
defect coincides for all hosts according to the Lang
Heinrich rule. Furthermore, this alignment provides us w
an estimate for the valence and conduction band offsets

Figure 1 summarizes the charge transfer energies ca
lated for isolated 3d TM defects incorporated at the subs
tutional cation sites in AlN, GaN, and InN. As is customa
in ionic compounds like the group-III nitrides, the 3d TM
defect state is characterized by its oxidation state rather
4-2



i
da
a
o

m

tie
e

nd
su
si
n
ge
nd
a
i-
o
e

ed
e
ow
ne

e-

fe

a
-

u
tz

s

-
the

cle

d
-

c

by

for

ar
the

p-

ion
ge-
the
are
ore
r
tri-

w,

nt
es,
as

ted
by

y is
the

e,
l-

i-

TRANSITION METAL DEFECTS IN GROUP-III . . . PHYSICAL REVIEW B 63 075204
by the charge state~however, when discussing pairs of 3d
TM defects and vacancies, we shall label the vacancy by
charge state although its TM partner is labeled by its oxi
tion state!. In Fig. 1 the Cr41/31 donor level was taken as
reference level for the alignment of the band edges of all h
materials. Figure 1 shows that the rule is a good approxi
tion, especially for the acceptor levels Co31/21 and Ni31/21,
and also for the the donor level V41/31. From the Langer-
Heinrich rule we estimate the valence band discontinui
for cubic AlN/GaN, GaN/InN, and AlN/InN materials to b
0.91, 1.05, and 2.05 eV, respectively.

In Table I a comparison of experimental valence ba
offsets with theoretical calculations of the interfaces by
percell calculations is given. All entries in Table I are po
tive, i.e., a larger band gap corresponds to a lower positio
the valence band edge. Our estimate using the Lan
Heinrich rule for the AlN/GaN heterojunction leads to a ba
offset that is comparable to results of state-of-the-
calculations.23,24 For the combinations with InN, our est
mated offsets differ by a factor of two from the other the
retical results, but are in fair agreement with the band offs
determined by x-ray photoemission spectroscopy~XPS!.26

Also included in Fig. 1 are the experimentally determin
charge transfer levels of TMs in GaP which were tak
from.22,27 We have included these entries in order to sh
the internal reference rule to be less reliable if one combi
group-III nitrides with other III-V semiconductors@see, e.g.,
the ~31/21! first acceptor levels of Ti, V, and Cu and esp
cially the ~21/1! second acceptor levels#. The reason may
be the difference in electronegativity between nitrogen~3.04!
and phosphorus~2.19!.28

Experimentally, little is known about the charge trans
energies of 3d TM defects in group-III nitrides. The FeGa

31/21

acceptor level in GaN e.g. has been determined by B
et al.29,30 to be atEv12.5 eV from the PL excitation spec
tra. This result has been challenged by Heitzet al.31 who
place the FeGa

31/21 level 3.17 eV above the valence band. O
result of Ev13.14 eV is in better agreement with Hei
et al.

The spin state of the 3d TM defect ground states is not a
complex in the nitrides as it was in silicon:9,32 for the dN

TABLE I. Calculated and experimental valence band offsets~in
eV! for group-III nitrides in the zinc-blende~ZB! and wurtzite
~WZ! structures.

AlN/GaN GaN/InN AlN/InN

LMTOa ~ZB! 0.85 0.51 1.09
LAPWb ~ZB! 0.84 0.26 1.04
LAPWb~WZ! 0.81 0.48 1.25
Exp.c ~WZ! 1.3660.07
Exp.c ~WZ! 1.2660.23
Exp.d ~WZ! 0.7060.24 1.0560.25 1.8160.20
This work ~ZB! 0.91 1.05 2.05

aAlbanesiet al. ~1994!, Ref. 23.
bWei and Zunger~1996!, Ref. 24.
cWaltrop and Grant~1996!, Ref. 25.
dMartin et al. ~1996!, Ref. 26.
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states withN53,4,5,6 both high-spin and low-spin configu
rations are possible depending on the relative value of
exchange and crystal field splittings for the one-parti
states. We find for almost all isolated 3d TM defects a high-
spin ground state, similar to the model of Ludwig an
Woodbury33 for 3d TM defects in Si. There is one excep
tion: the ground state of Fe41 turns out to be diamagneti
with an energy difference of 0.4 eV to theS54/2 high-spin
state.

B. hf interactions

Only a few deep defects in GaN have been observed
EPR: the 3d TM defects Ni, Fe, and Mn28,34,35 have been
identified, however, the hyperfine structure was resolved
the Mn impurity only.

The EPR spectrum with resolved hf structure35,36 shows
anS55/2 high-spin state interacting with the central nucle
spin I 55/2 at 100% natural abundance. This proves that
defect is MnGa

21 . The isotropic hf interaction with the55Mn
nucleus calculated for MnGa

21 is by a factor of two smaller
than the experimental value of 210 MHz. A similar discre
ancy is generally observed for 3d TM point defects in silicon
and II-VI semiconductor compounds.37,38For 3d TM defects
the isotropic hf interaction is caused by the spin polarizat
of the core states and the LSDA assumption of a homo
neous spin density is of course most strongly violated in
core regions. Thus, gradient corrections to the LSDA
expected to influence the magnetization density in the c
region predominantly.39–41In Table II we have collected ou
hf interaction results obtained by using the LSDA parame
zations of Ceperley and Alder@LSDA~CA!#42 and the param-
etrization of Perdew and Wang@LSDA~PW!#.43 Also in-
cluded are results using the GGA functional of Perde
Burke, and Ernzerhoff@GGA~PBE96!#.44

The incorporation of the GGA did not lead to a significa
improvement of our results with respect to the LSDA valu
probably because only the radial part of the gradient w
taken into account in our calculation. We have simula
nonradial contributions by enhancing the radial gradient
about 20% in the region where the magnetization densit
nonspherical. This procedure increases the modulus of
isotropic hf interaction with the55Mn defect nucleus to a
value that is slightly larger than the experimental valu
while leaving the hf interactions with the ligand nuclei a

TABLE II. Hyperfine interactions~in MHz! for substitutional
MnGa

21 in GaN calculated with different LSDA and GGA parametr
zations~see text!.

55Mn(0,0,0) 14N(1,1,1) 69Ga(2,2,0)
a a b a b b8

LSDA~CA! 298.9 1.4 0.24 43.0 2.00 0.02
LSDA~PW! 2105.1 1.1 0.22 42.5 1.99 0.03
GGA~PBE96! 285.6 0.6 0.21 41.5 1.87 0.13
mod. GGA 2228.5 0.4 0.21 39.8 1.85 0.13
Exp. Ref. 35 209.9
4-3
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most unaffected. The success of this empirical correc
strongly suggests a correct consideration of the nonra
contributions.

We note that the GGA correction affects only the hf i
teractions ford-like TM defects45 for which the isotropic hf
interaction is caused by the core polarization. The hf int
actions for defects with isotropic hf interactions arising fro
s-like defect states are practically unaffected by GGA c
rections~see also Table III!.

As in most III-V compound semiconductors, the hig
abundance of paramagnetic host nuclei in GaN leads
broad EPR lines. Hence the hf splitting for many 3d TM
defects like Fe cannot be resolved. Our calculated hf in
action of 13.5 MHz for the experimentally observe
FeGa

31(S55/2) state predicts the hf splitting to be within th
linewidth of the central EPR line,35,36 even if we allow a
factor-of-two correction. Thus, we suspect that doping w
isotopically enriched57Fe will not resolve the hf splitting.

For AlN the number of deep defects with resolved
interaction is slightly higher than for GaN. Bauret al.46 ob-
served an isotropic EPR signal in polycrystalline A
ceramics47 with g51.997 and with a clearly resolved hype
fine structure. Besides the central line, there are at least
lines with a 53.51 MHz hyperfine splitting. The relative i
tensities are consistent with53Cr exclusively (I 53/2 and
9.5% natural abundance!. We have shown recently for53Cr,
that five differentdN states ranging fromN51 to N55 can,
in principle, account for these splittings.37

In ceramic AlN samples,48 Hondaet al.49,50 have investi-
gated the VacN

21 ~F-center! radiation defect. A hf interaction
with the 27Al ligand of 32.7 MHz deduced from a linewidth
analysis is in excellent agreement with our calculated va
of 33.4 MHz ~see Table III!. Furthermore, for VacN

21 the
optical excitation energy between the2A1 ground state and
the 2T2 excited state, calculated to be 3.69 eV, is in clo
agreement with the experimental value of 3.35 eV.49

A series of at least twelve EPR signals labeled D1 to D
was reported by Masonet al.51 Unfortunately, only for the
D5 center withS51/2 an anisotropic hf interaction (A'

547 MHz andAi5106 MHz) could be resolved. From th
shape of the EPR signal Masonet al. assigned the spectrum
to a defect involving a magnetic nucleus of 100% abunda

TABLE III. Hyperfine interactions with the27Al nucleus ~in
MHz! for selected intrinsic radiation defects (S51/2) in AlN com-
pared with experimental data. In the case of VacN

21 the interaction
with the 27Al ligand nucleus is shown. Theoretical results show
have been obtained using the LSDA and the modified GGA, res
tively.

27Al ~LSDA! 27Al ~mod. GGA!
a b a b

Exp. Mason Ref. 51 66.7 19.7
Exp. Honda Ref. 49 32.7
VacN

21 33.4 10.7 34.4 9.9
Al int

0 11.3 8.6 11.9 7.9
VacN

21Al int
0 338.6 23.2 340.1 22.7
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with I in the 3/2,I ,7/2 range. In some samples the D
signal appeared after electron irradiation, suggesting
presence of an intrinsic radiation defect, as, e.g., the Al s
interstitial (I 55/2).

From our results we can exclude interstitial Al: for is
lated Alint

0 the calculated hf interaction values are too sm
while for the trigonal VacN

1Al int
0 pair the respective values ar

much larger than the experimental data~see Table III!.
The fact that D5 signals are observed exclusively

samples of low purity suggests extrinsic impurities to be
volved, most likely trapped by radiation defects. Since o
total energy calculations show 3d TM atoms and nitrogen
vacancies to form stable impurity pairs in group-III nitride
we have investigated vacancies paired with 3d TM partners
that have 100% abundance for the isotope with a nuc
spin of aboutI 55/2: 45Sc, 51V, and 59Co with nuclear spin
7/2, and 55Mn with nuclear spin 5/2. We find five possibl
pair states withS51/2: VacN

1MnAl
41 , VacN

1CoAl
41 , VacN

1VAl
21

in a low-spin configuration and in addition VacN
21ScAl

31 and
VacN

1VAl
41 in high-spin configurations. Figure 2 displays th

pair formation energy of some pairs as a function of t
Fermi energy.

For the pairs we use the convention that for the vaca
the charge state is given while for the 3d TM the oxidation
state is given. This notation is not unique, VacN

1MnAl
41 could

equally well be denoted by VacN
21MnAl

31 , but since the para-
magnetic state of the pair closely resembles that of isola
MnAl

41 , we prefer the former notation~for the VacN
21ScAl

31

pair the ScAl
41 oxidation state would be quite unlikely, w

shall see below that the magnetic state of this pair mim
that of the isolated Vac21).

c-

FIG. 2. Pair formation energies of various trigonal VacNTM
complexes in AlN, as a function of the Fermi energy. Full circl
mark the charge transfer levels for the pairs, while empty circ
and empty boxes mark the corresponding values for the isol
VacN and TM defects, respectively.
4-4
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TRANSITION METAL DEFECTS IN GROUP-III . . . PHYSICAL REVIEW B 63 075204
A comparison of experimental and theoretical values
the hf interactions of these pairs in Table IV shows t
VacN

21ScAl
31 pair to be a likely candidate for D5: isolate

ScAl
31 has a single spinless 3d0 electronic configuration with

the first 3d single particle state high up in the conductio
band. It therefore constitutes an extremely localized per
bation of the otherwise perfect crystal and is not easily
served experimentally. If ScAl

31 is substituted for one neare
Al neighbor of VacN

21 , the resulting VacN
21ScAl

31 pair still is
predominantly a vacancy-like defect, in contrast to the ot
VacN

1TM pairs. This is illustrated by the induced partic
densities~see Fig. 3!. Furthermore, the EPR-active oxidatio
state of the pair~which exists in thermal equilibrium fo
p-type samples with a Fermi level below 1.35 eV! is pre-
dicted to be very stable with a pair formation energy of ab
2.3 eV. Thus, in this rather indirect way, electron radiati
might activate the visibility of a Sc contamination in grou
III nitrides.

C. Zero Phonon Lines in GaN and AlN

The experimental identification of 3d TM defects in
group-III nitrides has progressed mainly by detailed inve

TABLE IV. Hyperfine interactions~in MHz! for trigonal 3d TM
impurity-vacancy pairs in AlN withS51/2 compared with the ex
perimental hf interaction for the D5 defect.

TM~LSDA! TM~mod. GGA!
I a b a b

Exp. Mason Ref. 51 66.7 19.7
VacN

21ScAl
31 7/2 71.1 20.0 66.1 20.5

VacN
1MnAl

41 5/2 214.9 7.3 232.8 8.2
VacN

1VAl
21 7/2 296.3 30.9 2217.9 36.1

VacN
1VAl

41 7/2 241.3 276.3 2155.2 273.3
VacN

1CoAl
41 7/2 2121.2 2104.7 2208.2 294.4
07520
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gations of the magneto-optical properties. The close anal
of several PL characteristics in GaN and AlN, especially
fact that the ZPLs appear at about the same energy in
materials, suggests a common assignment in both mater

1. Vanadium related defects

For the ZPL at 0.94 eV, PLE and magneto-optic
measurements46,52,53clearly prove ad2 configuration with a
3A2(F) ground state. According to our results only CrGa

41 and
VGa

31 offer a 3d2-configuration among the isolated TMGa de-
fects in GaN~see also Fig. 1!. From our results we canno
exclude CrGa

41 . However, the similarity of the 0.94 eV emis
sion in GaN with the PL spectra of V31 in other III-V com-
pounds~GaAs, GaP, and InP! suggests this line to be due t
VGa

31 .52

For a 3d2 system, seven different configurations can
combined into twelve many-particle terms. Fortunately, b
sides the ground state3A2(F), also the exited states3T2(F)
and 3T1(P) can be expressed as a single determina
configuration20 ~see also Fig. 4!. The ground state3A2(F) is
constructed from thee↑

2 configuration. According to our cal
culations the3T2(F) excited state~which is the ground state
in the subspacee↑

1t2↑
1 ) gives rise to a level which is abou

1.12 eV above the ground state, a value that compares
with the experimental value of 0.931 eV given by Bauret
al.52 ~see Table V!.

The same authors reported additional absorption band
2.54 and 2.75 eV.46 Diagonalizing empirical crystal-field ma
trices they tentatively assigned these transitions to abs
tions into 1T2(D) and 3T1(P) excited states of isolated
VGa

31 . In fact, for the3T1(P) excited state which is the singl
determinantal ground state within the subspace oft2↑

2 con-
figurations, our LSDA prediction is 2.67 eV, in close agre
ment with the experimental value.
FIG. 3. Contour plots of the induced particle densities in the~110! plane. Part~a! shows the magnetization density of the isolated VacN
21

and ~b! the magnetization density of the VacN
21ScAl

0 complex.
4-5



ho
.9
lN
pi
m

is
el

o

ec

s

tin
Se
V

th

her

na-
tion

ies

n,
ally

are
ly,
ib-
for
be-

en
gly
le

rm

f

-
no

s

or-

he
y,

ith
he

to

A
re-
es
ing
A

-
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While in temperature-dependent studies for GaN a
line was detected at 1.6 meV above the main peak at 0
eV, for AlN no such hot line has been found. Hence, for A
the corresponding excited state was attributed to a s
singlet 1E(F).53 According to the Tanabe-Sugano diagra
for 3d2 systems~see Fig. 4!, a slightly higher crystal-field
splitting of AlN as compared to GaN accounts for th
change of symmetry for the first excited state. Unfortunat
the determination of the energy of the1E(D) state, which
cannot be represented by a single determinantal, is bey
the scope of this work.

Whereas in most semiconductors a variety of 3d TM de-
fects can be introduced by various techniques, these t
niques are less successful in the III-nitrides.54–56Only Vana-
dium implantation studies by Kaufmannet al.57 have lead to
a new, obviously VGa-related ZPL at 0.820 eV. An analogou
ZPL in AlN was found at 0.797 eV.53 This strongest PL in
the series of TM related peaks is observed in semiconduc
samples exclusively. A similar series of PL lines in Zn
was assigned to the different oxidation states of isolatedZn
point defects.58,59

According to our calculations, isolated VGa in GaN can
have three different 3dN states withN50, 1, and 2. The VGa

31

oxidation state was already used for the explanation of

FIG. 4. Energy levels for 3d2 configurations~Tanabe-Sugano
diagram! from Ref. 20.

TABLE V. Excitation energies~in eV! of vanadium-related de
fects in GaN and AlN.

LSDA Exp.

VGa
31 3T2(F) e↑

1t2↑
1e↓

0t2↓
0 1.12 0.931

1T2(D) 2.54
3T1(P) e↑

0t2↑
2e↓

0t2↓
0 2.67 2.75

VacN
1VGa

31 3A1(F) a1
2e↑

1t2↑
1e↓

0t2↓
0 0.80 0.820

VAl
31 1E(D) 0.943

VacN
1VAl

31 3A1(F) a1
2e↑

1t2↑
1e↓

0t2↓
0 0.72 0.797
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ZPL at 0.931 eV, while for the 3d0 configuration there is no
state to be excited. For the remaining VGa

41 oxidation state
there is a single transition (2T2– 2E), which according to our
calculations has a transition energy of 1.33 eV, clearly hig
than the corresponding value in the VGa

31 oxidation state. Al-
ternatively, we propose that the 0.82 eV ZPL is due to va
dium paired with a nitrogen vacancy, created as a radia
defect.53,57 According to our calculations, VacN

1-TM com-
plexes are stable in group-III nitrides with formation energ
of about 1 eV inn-type and semiconducting samples~see
also Fig. 2!.

In analogy to the interpretation of the 0.931 eV emissio
the luminescence is expected to occur between a trigon
distorted 3T2(F) excited state and the distorted3A2(F)
ground state. For this transition, our LSDA estimates
0.80 and 0.72 eV for the ZPL in GaN and AlN, respective
in fair agreement with the experiments. In thermal equil
rium this charge state of the TM-vacancy pair exists
semiconducting samples with a Fermi level in the range
tween 0.99 and 2.71 eV above the valence band edge.

For a tightly bound trigonal pair the admixture betwe
the vacancy-related and TM-related states is surprisin
small. This is illustrated in Fig. 5, where the induced partic
density is split into contributions from states that transfo
according to thea1 ande irreducible representations ofC3v .
Whereas the density derived froma1 states resembles that o
an isolated VacN ~see also Fig. 3!, the density of thee states
is typical for d-like orbitals.

2. Iron related ZPLs in GaN and AlN

ESR, ODMR, Zeeman, and photoluminescence~PL! in-
vestigations have shown28,29 the 1.299 eV ZPL in GaN to be
due to a@4T1(G) – 6A1(S)] transition of the 3d5 electron
system of isolated FeGa

31 . The high-spin ground state is con
firmed by our self-consistent calculations. There can be
excited states withS55/2, and therefore optical transition
into this state are spin-forbidden.

In a study of optical excitations for isolated FeGa defects
in GaN, Heitzet al.31 found two intra-3d transitions at 2.009
and 2.731 eV. These can be assigned to a4T2(G) and a
4E(G) excited state, respectively, according to the level
dering of the Tanabe-Sugano diagram for a 3d5

configuration.20

Describing the4T1(G) excited state by ane↑
2t2↑

2 e↓
1 con-

figuration, we obtain a transition energy of 0.97 eV for t
transition from4T1(G), the excited state with lowest energ
into the 6A1(S). For the analogous FeAl

31 in AlN we obtain a
transition energy of 1.12 eV in reasonable agreement w
the experimental value of 1.297 eV. The energy of t
4T2(G) state if approximated by that of thee↑

2t2↑
2 t2↓

1 con-
figuration gives a transition energy of 2.04 eV, very close
the experimental value of 2.009 eV. Again, the4E(G) exited
state cannot be treated within our simple approach.

In Table VI our results are compiled using both the LSD
and the modified GGA functionals for exchange and cor
lation. The modified GGA predicts transitions energi
which are by about 0.1 eV higher than the correspond
LSDA values. Whereas our modified version of the GG
4-6
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FIG. 5. Contour plots of the induced particle densities of the VacN
1VGa

31 in GaN in a~110! plane. Shown is the density due to states th
transform according to thea1 irreducible representation ofC3v in ~a!, and to thee representation in~b!.
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leads to a factor-of-two enhancement of the central isotro
hf interaction parameters, the same correction hardly aff
the calculated transition energies.

3. The ZPL at 1.2 eV in GaN and AlN

The 1.2 eV ZPL can be identified as an intracen
@1E(D) – 3A2(F)] transition within a 3d2-configuration of
an isolated TM.60 The assignment to Cr41 as in Refs. 46 and
61 or to Ti21 impurities, proposed by Refs. 31 and 62 on t
other hand, is still controversial.

Baur et al.46,52 assign this ZPL in AlN to isolated CrAl
41

because of the correlation between this emission and the
related EPR signal in AlN: after neutron irradiation, causi
a change of the Fermi level because of radiation defects
Cr-related EPR signal disappears while simultaneously
1.201 eV ZPL increases dramatically.

The observed broadening of additional lines near 1.2
in Cr-doped GaN samples was explained by the presenc
Cr-related defect pairs.46,52 This suggestion is corroborate
by our finding of stable pairs of Cr with VacN : we predict
four different charge states, a fact that could explain the
currence of several additional lines. For the single posit

TABLE VI. Excitation energies~in eV! of iron-related defects
in GaN and AlN. The theoretical results are obtained using
LSDA and the modified GGA approximations.

LSDA mod. GGA Exp.

FeGa
31 4T1(G) e↑

2t2↑
2e↓

1t2↓
0 0.97 1.04 1.299

4T2(G) e↑
2t2↑

2e↓
0t2↓

1 2.04 2.05 2.009
4E(G) 2.731

FeAl
31 4T1(G) e↑

2t2↑
2e↓

1t2↓
0 1.12 1.30 1.297
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charge state of the pair we obtain transition energies of 1
and 1.13 eV in GaN and AlN, respectively. Here we assu
a @3A1(F) – 3A2(F)] transition of the 3d2 configuration in
analogy with the excitation mechanism for the VacN

1V31

complex.
Heitz et al.60 observed an effective excitation of the 1.19

eV emission via higher excited states at 1.7 and 2.8 eV
n-type GaN samples. Their proposal that TiGa

21 is responsible
for the 1.193 eV transition must be questioned on the ba
of our results: We do not find the TiGa

21 oxidation state in
GaN. In n-type GaN, only VGa

31 has a 3d2 configuration, a
defect state that was already shown to be responsible for
0.931 eV emission.

Therefore, an assignment to CrGa
41 appears to be the mos

probable possibility. The excitation energies for CrGa
41 are

summarized in Table VII. The high excitation efficiency fo
the 1.193 eV emission inn-type samples requires the pre
ence of other defects coupled to CrGa

41 by generation or cap-
ture of holes. Two-color stimulation experiments e.g. pro
energy transfer between the yellow luminescence~YL ! and
FeGa

31 centers by hole transfer.63

e
TABLE VII. Excitation energies~in eV! for chromium-related

defects in GaN and AlN.

LSDA Exp.

CrGa
41 1E(D) 1.193

3T1(F) 1.6
3T1(P) e↑

0t2↑
2e↓

0t2↓
0 2.69 2.8

VacN
1CrGa

41 3A1(F) a1
2e↑

1t2↑
1e↓

0t2↓
0 1.16 1.188

CrAl
41 1E(D) 1.201
4-7
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Based upon this observation Heitzet al.31 claim the cap-
ture of holeshvb to be the excitation process of the FeGa

31

luminescence inn-type samples:

FeGa
21~5E!1hvb→~FeGa

31!* ~4T2!.

A similar mechanism for CrGa
31 in n-type GaN would end up

in the 3A2 ground state of the 1.193 eV emission:

CrGa
31~4T1!1hvb→CrGa

41~3A2!.

Starting from this 3A2(F) ground state various excitatio
processes are possible, especially an efficient recharging
cess into the neutral charge state CrGa

31 for which we calculate
a charge transfer energy of about 1.98 eV and last but
least the observed excitation of the 1.193 eV luminesce
via the spin- and symmetry-allowed transitions into t
3T1(F) ~1.7 eV excitation! and 3T1(P) ~2.8 eV excitation!
terms. Therefore, the absorption between 1.6 and 2.0
might be attributed to a superposition of the bands due to
absorption@3A2(F) – 3T1(F)] and a recharging process int
the neutral charge state.

Unfortunately, the3T1(F) excited state cannot be de
scribed as a ground state of a symmetry subspace, preve
an estimate for the@3A2(F) – 3T1(F)] excitation energy.
However, the next higher lying3T1(P) excited state is the
ground state within the subspace of thet2↑

2 configuration.
Our calculation places this absorption into the blue/gre
spectral range—namely 2.69 eV, in fair agreement with
experimental value of about 2.8 eV.

4. The ZPL at 1.045 eV in GaN and AlN

The 1.045 eV ZPL shows the clear fingerprint of
@4T2(F) – 4A2(F)] transition due to a 3d7 configuration of
an isolated TM in GaN.56 According to our total energy cal
culations, only CoGa

21 and NiGa
31 offer a 4T2(F) ground state

of the d7 electronic configuration. Then-type samples used
by Presselet al.,56 grown using a modified sublimation san
wich technique,64 contain Fe, Cr, Ti, and Ni as unintention
h

y

07520
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ot
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defects. The 1.047 eV ZPL was observed after excitation
1.6 eV without a detectable charge transfer process and
tentatively assigned to CoGa

21 .56 In fact, according to our cal-
culations, inn-type GaN at thermal equilibrium only CoGa

21

can be in a 3d7 state, but Co is not considered to be a dom
nant contamination in these samples. Also, the presenc
NiGa

31 after the capture of holes generated by other cen
cannot be excluded.

The excited4T2(F) term in both cases can be well ap
proximated as the ground state of thee↑

2t2↑
3 e↓

1t2↓
1 subspace.

For NiGa
21 we obtain a transition energy of 1.14 and 1.04 e

for GaN and AlN, respectively, in fair agreement with th
experimental values of 1.043 and 1.047 eV. The calcula
estimates for CoGa

21 are only about 0.2 eV too low in energy
Therefore, the previous assignment34,36of the emissions nea
1.045 eV to isolated NiGa

31 centers is not really unique.

IV. CONCLUSIONS

We have shown that for 3d TM defects in group-III ni-
trides most of the optical ZPL can be interpreted consiste
on the basis ofab initio calculations using the general LSD
framework. At least for those excited states that can be
garded as single-determinantal ground state of somedN con-
figuration, the LSDA total energies provide a reasonable
proximation of the state energies. We further have sho
that an accurate estimate of the various band offsets ca
made combining our defect charge transfer level positi
with the assumption that the Langer-Heinrich rule is stric
valid within the group-III nitrides. Comparison with data fo
GaP shows that the ionic group-III nitrides are distinctly d
ferent from the conventional III-V compound semicondu
tors.
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