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First-principles investigation of the assumptions underlying model-Hamiltonian approaches
to ferromagnetism of 3d impurities in III-V semiconductors
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~Received 15 August 2003; published 24 March 2004!

We use first-principles calculations for transition-metal impurities V, Cr, Mn, Fe, Co, and Ni in GaAs, as
well as Cr and Mn in GaN, GaP, and GaSb, to identify the basic features of the electronic structures of these
systems. The microscopic details of the hole state such as the symmetry and the orbital character, as well as the
nature of the coupling between the hole and the transition-metal impurity, are determined. This could help in
the construction of model Hamiltonians to obtain a description of various properties beyond what current
first-principles methods are capable of. We find that the introduction of a transition-metal impurity in III-V
semiconductor introduces a pair of levels witht2 symmetry—one localized primarily on the transition-metal
atom, referred to as crystal-field resonance~CFR!, and the other localized primarily on the neighboring anions,
referred to as the dangling bond hybrid~DBH!. In addition, a set of nonbonding states withe symmetry,
localized on the transition-metal atom, are also introduced. Each of the levels is also spin split. Considering Mn
in the host crystal series GaN→GaP→GaAs→GaSb, we find that while in GaN the hole resides in thetCFR

level deep in the band gap, in GaAs and GaSb it resides in thetDBH level located just above the valence-band
maximum. Thus, a DBH-CFR level anticrossing exists along this host-crystal series. A similar anticrossing
occurs for a fixed host crystal~e.g., GaAs! and changing the 3d impurity along the 3d series: V in GaAs
represents a DBH-below-CFR limit, whereas Mn corresponds to the DBH-above-CFR case. Consequently, the
identity of the hole-carrying orbital changes. The symmetry (e vs t2) and the character~DBH vs CFR!, as well
as the occupancy of the gap level, determine the magnetic ground state favored by the transition-metal impu-
rity. LDA 1U calculations are used to model the effect of pushing the occupied Mn states deeper into the
valence band by varying U. We find that this makes the DBH state more hostlike, and at the same time
diminishes ferromagnetism. While the spin-splitting of the host valence band in the presence of the impurity
has been used to estimate the exchange coupling between the hole and the transition-metal impurity, we show
how using this would result in a gross underestimation of the coupling.

DOI: 10.1103/PhysRevB.69.115211 PACS number~s!: 75.50.Pp, 71.15.Mb, 75.30.Et
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I. INTRODUCTION: ELECTRONIC STRUCTURE AS A
TOOL FOR CONSTRAINING MODEL HAMILTONIANS

The prospect of manipulating the electron spin to st
and transport information in semiconductor devices has
to renewed interest in the physics of transition-metal~TM!
impurities in semiconductors—an area which was int
sively studied in the 1980s.1–3 The current interest4–19 in the
achievement of ferromagnetism~FM! at ambient tempera
tures has led to the investigation of the mechanism that
bilizes FM in transition-metal-doped semiconductors. O
useful approach to obtain an understanding of the electr
properties of these systems is thefirst-principles electronic
structure approach, where one focuses on the explicit ele
tronic and spin wave functions of the system. A variation
minimization of the total energy determines, within the u
derlying approximations of the spin density function
theory, some of the basic features of the states involved, s
as the extent of the localization, the magnitude of the s
interactions, as well as the identity of the disorder and co
pensating defects~antisites, interstitials!. However, the ap-
proach does have the drawback of underestimating the ex
of electron correlations in addition to being a zer
temperature approach. While comparison with experim
~e.g., ferromagnetic temperature vs. alloy composition13! can
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be used to assess the extent to which electron correlation
underestimated, the first-principle results have to be ge
ally mapped onto a model Hamiltonian to calculate fin
temperature properties. An additional limitation of the firs
principles approach is the size of the system that can
handled. A supercell of the host material is constructed w
one or more transition metal atoms to represent the di
magnetic semiconductor. One can divide the experiment
realized situations into three domains of dopant concen
tion. First-principles calculationscannotprobe all the experi-
mentally realized scenarios. In the low concentration lim
one is talking of TM concentrations less than 1018 per cm3.
In this limit the hole is bound to the impurity atom an
occupies an isolated level in the band gap of the host se
conductor. The supercell cell sizes that can be considere
us in our calculations cannot probe this regime. In the in
mediate concentration regime-high 1018–1020 TM atoms per
cm3, the impurity induced levels broaden to form a ba
which is split off from the host-like states and lies in th
band gap of the host semiconductor. In this regime, the s
tem does not show any Hall effect, and shows an activa
behavior in the transport as the holes are in the impu
band. This regime can be accessed by us in our calculati
For larger TM concentrations—4310,20 the impurity band
broadens and merges with the valence band of the host s
©2004 The American Physical Society11-1
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PRIYA MAHADEVAN AND ALEX ZUNGER PHYSICAL REVIEW B 69, 115211 ~2004!
conductor. As the holes are not confined to the impurity ba
in this case, the Hall effect appears.

While model Hamiltonians14–18have been widely used t
describe the properties of these systems, the underlying
sumptions in choosing a particular form for the Hamiltoni
are rarely justified in their own right. Generally,14–18 one
renormalizes away the electronic degree of freedom and
tains only the spin degree of freedom for the transition me
impurity. One then assumes a local interaction between
transition metal impurity and the free carrier~usually
Rudermann-Kittel-Kasuya-Yoshida–like!, and then solves
for various physical properties of these systems.

In the present work we use first-principles calculations
examine whether the assumptions made in model Ha
tonian treatments are consistent with anab initio description
of the electronic structure of these systems. Our detailed
sults are then cast in the language of a simple electro
structure model, which could be used in an informed c
struction of model Hamiltonians.

We start by identifying the main physical quantities th
come into play in determining the electronic structure
these systems. When a trivalent cation site such as Ga
III-V semiconductor is replaced by divalent Mn, an accep
level @denoted as E(0/2)] is generally created in the ban
gap. If the Fermi leveleF lies below this E(0/2) level, then
Mn is charge neutral, i.e., its formal oxidation13 equals
that of the Ga atom being replaced. In this case there
hole in the Mn-related orbital. If, on the other hand, t
Fermi level is above E(0/2), then the Mn-related orbita
captures an electron from the Fermi sea~i.e., creating a hole
there!, becoming negatively charged~i.e., oxidation state
Mn21). In this case the hole resides in the Fermi sea. T
Mn-induced hole foreF,E(0/2) features prominantly in
contemporary theories of ferromagnetism.

The model Hamiltonians involve three entities—the h
crystal states, the transition metal atom, and the impur
induced hole state. There are approximations made at var
levels which involve decoupling various degrees of freedo
At the first level, one decouples the orbital degrees of fr
dom associated with the transition metal atom, describin
with a localized spin-only part. The spin is interacting with
hole system through a local exchange interaction. At the n
level of approximation, one reduces the problem to that
the transition-metal spin interacting with the hole spin,
suming that the host crystal is unperturbed. The main
sumptions made in such approaches, which we wish to
amine, are the following.

~i! The hole resides in a bulklike, hydrogenic, delocaliz
state. This picture is based on the assumption that the p
turbing potentialVMn(r )2VGa(r ) generated by the impurity
is dominated by a long-ranged Coulomb part, as a resu
which only a small percentage of the charge resides in
Wigner-Seitz cell and the rest is distributed over a large p
tion of the host crystal. In this ‘‘hostlike hole’’ picture, on
reduces the problem to a quasihydrogenic form in which
acceptor state is designated via quantum numb
(s, p . . . ) of thehost lattice. In such cases the wave fun
tion of the acceptor level is delocalized, and can essenti
be constructed from the host crystalG states. This picture is
11521
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motivated by the fact that divalent, post-transition-me
atom elements such as Zn21 form in III-V semiconductors
quasi-hydrogenic acceptor states20 with small binding ener-
gies. Similarly, extrinsicp-type doping of II-VI dilute mag-
netic semiconductor CdMnTe~Ref. 21! also form hydrogenic
hole states. However, unlike Zn in GaAs or extrinsicp-type
CdMnTe, the Mn atom introduced into III-V’s has chem
cally actived orbitals,1 so it is not obvious that the accepto
state it forms in GaN, GaP, or GaAs would qualify as
delocalized hostlike hydrogenic state. Indeed, the mic
scopic features determining the localization of the hole wa
function, such as thed character of the acceptor level, mu
be considered. Such interactions could change the symm
(t2 vs e) of the hole state, and hence its coupling to the ho
The pertinent quantum designation of the hole state is
impuritylike (t2 ,e), not hostlike, effective mass.15

~ii ! The host valence band maximum (VBM) levels
unperturbed by the transition-metal impurity. In this view,
the host band structure represented in the model Hamilto
could be described by ak•p model, valid for the pure hos
crystal and is decoupled from the part of the Hamiltoni
involving the host1hole system. However, since one of th
symmetry representations of the Mnd orbitals in tetrahedral
sites (t2 , e) is the same as that of the zincblende VBM (t2),
such states could couple, hence become mutually pertur

~iii ! The spin of the hole couples to the spin of the tra
sition metal impurity via an interatomic local exchange i
teraction Jpd . As only the spin degree of freedom of th
transition-metal atom is considered, while the orbital deg
of freedom is ignored, the free carriers feel the effect
magnetic field produced by the transition-metal impur
spin. This is modeled as alocal exchange interactionJpd
between the transition-metal impurity and the spin of the f
carrier. Hence, the magnitude ofJpd determines the energ
scale of ferromagnetic ordering. Areas visited by the fr
carrier are rendered ferromagnetic. However, cert
materials22 are found to show an activated behavior in th
transport, implying no free charge carriers, yet they exh
ferromagnetism. The current model which requires deloc
ized carriers cannot explain ferromagnetism in such syste

In what follows, we use first-principles calculations
examine the validity of assumptions~i!–~iii ! for 3d impuri-
ties V, Cr, Mn, Fe, Co, and Ni in GaAs, as well as for M
and Cr in GaN, GaP, and GaSb. We then construct a qu
tative model that explains our numerical results. While t
actual supercell calculations are performed at a large set
points over the entire Brillouin zone, the model describ
uses representative energy levels as an abstraction of th
nite width density of states. We find the following

~i! The Mn-induced hole could have a significant 3d char-
acter. The assumption of a ‘‘delocalized hydrogenic hole’
not supported by first-principles calculations. The depth
the acceptor level~reflecting its localization! and the cou-
pling of the 3d impurity orbitals to the hole change marked
with the host crystal in the series GaN→GaP→GaAs
→GaSb. The hole generated by introducing Mn in GaN
found to have a significant 3d character, while in GaSb the
hole is found to have primarily a host character. Further,
symmetry of the hole depends on the combination of the h
1-2
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FIRST-PRINCIPLES INVESTIGATION OF THE . . . PHYSICAL REVIEW B 69, 115211 ~2004!
crystal with the impurity atom. For example, while
GaAs:Co the hole has a dominantlyt2 character, the corre
sponding isoelectronic impurity ZnSe:Fe has a hole withe
symmetry.

~ii ! The presence of the transition-metal impurity pertu
the valence band of the host semiconductor. The extent o
perturbation depends on the relative position of the impu
generated levels~referenced to the valence band maximu
of the host! which have the same symmetry as the valen
band maximum. In GaAs:V, which has levels withe symme-
try in the band gap, the perturbation is small, while f
GaAs:Mn the perturbation is large.

~iii ! The interaction between the spin of the TM atom a
the spin of the hostlike hole has a predominantly nonlo
part. This is evidenced by the strong stabilization of the f
romagnetic state for Mn and Cr pairs in GaAs at an;8-Å
separation. This interaction induces a spin-polarization of
hostlike states. The direction of the spin polarization depe
on the relative energy position of the cation vacancy gen
ated~hostlike! states with respect to the impurity states. F
thermore, the band-theoretic description of Cr in GaP sho
a partially occupied midgap band, and the wave functio
associated with this midgap state are localized. Yet, eve
the absence of free carriers, our total energy calculati
predict a ferromagnetic ground state to be strongly stabiliz
while no long range magnetic order is expected.

II. EARLIER ELECTRONIC STRUCTURE
CALCULATIONS

There has been considerable earlier first-principles6–13

work on the electronic structure of these systems. One of
most well-studied systems is Mn in GaAs, which is found
be half-metallic.6–8,11,12The GaAs cell with one Mn atom in
it has a net magnetic moment of 4mB ,6,8,11,12with part of the
moment residing on the As neighbors of the Mn atom. T
hole state is found to be strongly hybridized with t
transition-metal state, and has been referred to as a hy
ized band of holes.11 The Mn atom and its four nearest neig
bors are found to account for most of the density of state
the valence band edge.11 Since only the first shell of As at
oms surrounding Mn are affected by the spin polarization
the Mn atom, the interactions are believed to be sh
ranged.11 The first-principles results have been interpreted
Ref. 6 as suggestive of ad5/d6 electron configuration on
Mn.6 LDA1U calculations9 have been used to obtain a d
scription of the electronic structure consistent with pho
emission.

First-principles calculations have been used earlier to
cidate the magnetism in these systems. Mahadevan
Zunger19 developed a simple model of the interaction of t
cation-vacancy generated states with the transition-m
states to understand how ferromagnetism results when M
doped into the chalcopyrite semiconductor CdGeP2. Sato
and Katayama-Yoshida13 have calculated the energy diffe
ence between ferromagnetic and the random alloy to de
mine which impurity could give rise to ferromagnetism
They found that at low concentrations V, Cr, and Mn dopi
in III-V stabilized the ferromagnetic state, while Fe, Co, a
11521
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Ni doping stabilized the magnetically disordered state. Mir
Sanyal, and Mohn12 showed that the interaction of th
transition-metal impurity with the As dangling bond stat
could result in a spin polarization of the hybridized dangli
bond states. The partial occupancy of these spin-polar
levels results in ferromagnetism. Sanvito, Ordejon, and H6

found a decrease in the spin splitting of the valence b
maximum of the GaAs host with impurity concentratio
This is in contrast to what is expected from the mean-fi
Kondo Hamiltonian traditionally used to describe the
systems.23 They attribute the deviation to a breakdown of t
mean-field approximation, while they say that the Kon
Hamiltonian is good enough to provide a description of t
ferromagnetism. Schilfgaarde and Mryasov7 have used the
total energies obtained from first-principles calculations
different materials to extract exchange interaction streng
They find a decrease of the exchange interactions with c
centration which prompts them to suggest that
picture14–18 of carrier-mediated ferromagnetism is not val
for these systems.

We build on the current understanding of the electro
and magnetic properties that exists in the literature. Ho
ever, we focus our calculations specifically on the exami
tion of features~i!–~iii !, assumed as ‘‘input’’ to most mode
Hamiltonian theories.

III. METHOD OF CALCULATIONS

We have carried out first-principles electronic structu
calculations using density functional theory, within the m
mentum space total energy pseudopotential method,24 using
ultrasoft pseudopotentials25 as implemented in theVASP ~Ref.
26! code. The Ga pseudopotentials that we used for G
and GaP did not include the Ga 3d states in the valence
While this is usually a good approximation for GaAs a
GaP, it has been found that for GaN not retaining Gad
states in the valence leads to erroneous results for s
physical properties such as the optimized lattice constan
cohesive energy.27 We therefore used ultrasoft pseudopote
tials which included Gad states in the basis for GaN. W
studied transition-metal impurities V, Cr, Mn, Fe, Co, and
in 64-atom supercells of zinc-blende GaSb, GaAs, GaP,
GaN. In Table I we compare the calculated lattice consta
of pure III-V using the PW91 generalized gradient appro
mation ~GGA! exchange functional28 with the experimental
values.29 We have fixed the equilibrium lattice constant
the supercells at the calculated values of the pure host g
in Table I. The basis sets had a cutoff energy for plane wa
equal to 13.3 Ry for GaSb, GaAs, and GaP, and 29.4 Ry

TABLE I. Comparison of GGA optimized lattice constants wi
experiment for the pure host.

System Experiment a~in Å) GGA PW 91 a~in Å)

GaN a54.49; 4.51 a54.53
GaP a55.45 a55.489
GaAs a55.65 a55.728
GaSb a56.10 a56.18
1-3
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PRIYA MAHADEVAN AND ALEX ZUNGER PHYSICAL REVIEW B 69, 115211 ~2004!
GaN. We used a Monkhorst Pack grid of 43434 k points
which includesG. The cell-internal positions of the atom
were allowed to relax to minimize the forces. The equil
rium transition metal-to-As bond lengths in GaAs were 2.
2.47, 2.48, 2.44, 2.36, and 2.34 Å for V, Cr, Mn, Fe, Co, a
Ni, respectively.

Thed partial density of states as well as the local mom
at the transition-metal were calculated within a sphere
radius of 1.2 Å about the atoms, and have been broade
with a Gaussian of 0.2 eV full width at half maximum. Th
total energy differences were computed for TM pairs at fi
and fourth neighbor separations for parallel~ferromagnetic!
and antiparallel~antiferromagnetic! arrangements of thei
spins to determine whether a specific transition metal im
rity resulted in a ferromagnetic state or not.

LDA vs GGA: In order to compare LDA~Ref. 30! and
GGA ~Ref. 28! exchange functionals, we consider the case
Co impurity in GaAs, where earlier LDA work12 suggests a
nonmagnetic ground state. Using the experimental lat
constant of 5.65 Å for GaAs, we find that the GGA calcu
tions lead to a magnetic ground state with a moment of 2mB .
The energy of this state is strongly stabilized by;150 meV
compared to the nonmagnetic state. Using a LDA excha
functional we find that while the nonmagnetic state is sta
lized for a 23232 Monkhorst-Pack grid as used in the ea
lier work,12 the magnetic state with the moment of 2mB is
stabilized by;40 meV for a 43434 Monkhorst-Pack k
point grid. These observations are consistent with the
that GGA calculations have a greater ability to stabilize
magnetic ground state than LDA calculations. For other
purities, such as Cr and Mn in GaAs, the LDA and GG
results are found to give the same ground state. We use
GGA exchange functional throughout this work.

The introduction of various transition-metal impuritie
lead to defect levels in the band gap of the semiconduc
host. We compute the formation energies of the transiti
metal impurities in various charge statesq. The formation
energy for a defect comprising of atomsa in the charge state
q was computed using the expression31

DH f
a,q~e f ,m!5E~a!2E~0!1(

a
nama

a1q~Ev1eF!,

~1!

whereE(a) andE(0) are, respectively the total energies
a supercell with and without the defecta. na denotes the
number of atoms of defecta transferred in or out of the
reservoir, whilema

a denotes their chemical potentials.
Total energies:The total energies of the charged sup

cells were computed by compensating any additional cha
on the impurity atom by a uniform jellium background an
have been corrected for interactions between charge
neighboring cells using the Makov and Payne correctio32

We use the static dielectric constant values 15.69 for Ga
12.4 for GaAs, 11.11 for GaP, and 10.4 for GaN.33 The quad-
rupole moment of the isolated defects was calculated as
difference between the moments of the supercell with
charged defect and that with the neutral defect.
11521
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Transition energies:The defect transition energye(q,q8)
is the value of the Fermi energyeF at which DHa,q(e f)
5DHa,q8(e f). The zero of the Fermi energy is chosen as
valence band maximumEv of the pure host.

Chemical potential limits:As the reservoir supplying the
atoms could be elemental solids, or compounds formed fr
elements, we expressma

a as the sum of the energy of th
element in its most stable structurema

s , and an additional
energyma i.e., ma

a5ma
s 1ma . The stable structures we con

sidered for the elements were nonmagnetic body-cente
cubic ~bcc! for V, antiferromagnetic bcc for Cr, the antifer
romagnetic face-centered-cubic~fcc! for Mn, ferromagnetic
bcc for Fe, ferromagnetic hexagonal for Co, ferromagne
fcc for Ni, and to have a nonmagnetic base-centered or
rhombic structure for Ga.

The required ranges ofma are determined bymGa<0;
mTM<0, mSb,As,P,N<0 ~no precipitation of solid elements!,
and by the formation energies of the semiconducting h
and competing binary phases formed between the elem
of the semiconductor and the transition metal impurity. T
could be the most stable NiAs phase of MnAs in the case
GaAs:Mn and the MnP phase of CrAs for GaAs:Cr.

The energies E(a), E~0!, and ma entering Eq.~1! are
calculated within the density functional formalism discuss
earlier. No correction for the band gap underestimation w
made. Changing the k point mesh from 23232 to 434
34 changed the formation energies by;20 meV. We used
a plane wave cutoff of 13.3 Ry for the calculations involvin
Mn in GaAs. Increasing the cutoff to 29.4 Ry, changed t
formation energies by;10 meV.

IV. RESULTS OF DENSITY FUNCTIONAL
CALCULATIONS

We now divide the main features of the first-principl
calculations into three main entities introduced in Sec. I:~A!
the nature of the impurity-induced level in the gap,~B! the
impurity-induced valence-band resonances, and~C! the per-
turbed host VBM. Then, in Sec. V, we will provide a simp
model that explains all of our numerical results qualitative

A. Nature of the impurity-induced level in the gap

Figure 1 shows the transition-metal local density of sta
~DOS! for V, Cr, Mn, Fe, Co, and Ni in GaAs, projected int
irreducible representationst2 and e and spin directions1
and2. The VBM is at the zero of the energy. The GGA ba
gap of pure GaAs is found to be 0.3 eV; all the impuriti
V-Ni introduce levels into this band gap. We first discuss t
nature of these gap levels, and then the circumstances
and when a hole is present in them.

From Fig. 1 we see that the sequence of levels occup
for Cr in GaAs aret1 , e1 , t2 , andt1 in order of increasing
energy. For a free atom one would expect levels of one s
channel to be filled up before levels of the other spin ch
nel; the deviation that one observes here reflects solid s
effects. The two sets oft1 andt2 levels that we find for each
impurity are suggestive of bonding/antibonding combin
tions arising from hybridization. We therefore determined t
1-4
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FIG. 1. The TM projected density of states fo
substitutional V-Ni impurities in GaAs evaluate
in a sphere of radius 1.2 Å for spin-upt1 ~shaded
region!, spin-down t2 ~solid black line!, and e
~dashed line! symmetries. The zero of energy rep
resents the valence band maximum of the ho
The number of k points used is 64.
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atoms on which each of thet2 states are localized by com
puting the atom-projected DOS. Bonding states with a la
wave function amplitude on the TM site are referred to
crystal field resonances~CFRs!,1 whereas antibondingt2
states with low contribution on the TM which are localize
instead on the four nearest As atoms are referred to as
dangling bond hybrid~DBH!. The full explanation of the
genesis of these states will be provided in Sec. V. We see
following

~1! Symmetry of gap levels and lowest unoccupied lev:
Substituting Cr, Mn, and Co in GaAs introduces levels w
an up-spin character andt2 symmetry in the band gap. Thes
levels are partially occupied by one, two, and two electro
for neutral Cr, Mn, and Co, respectively: Cr0 (t1

1 ),
Mn0 (t1

2 ), and Co0 (t1
2 ). The levels introduced by V0 (e1

2 )
and Fe0 (t1

3 e1
2 ) are fully occupied. The first unoccupied lev

els havet1 ande2 symmetries for V and Fe, respectively
~2! d character of gap levels: The transition metal pro-

jected partial density of states for different transition me
impurities in GaAs given in Fig. 1 indicates that the g
level/first unoccupied level is stronglyd like for the early
transition metal impurities V and Cr, while for the heavi
3d elements, e.g., Mn, these levels have lessd character. An
increasedd character of the gap level would imply an in
creased spatial localization of the wave function in the vic
ity of the impurity.

~3! Degree of localization of gap levels: We quantify the
degree of localization by plotting, in Fig. 2, the char
Q(R1)5*R1

R11Dc2r 2dr enclosed between concentric sphe

with radiusR1 andR11D centered about the impurity atom
The integrated charge between the spheres is plotted
function of R1. For comparison, we show also the res
expected for a homogeneous charge distribution~electron
gas!, where the charge density at any point in the cell
11521
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given by reciprocal volume 1/V. We see that Q(R1) for the
TM impurities has little similarity to the results for an ele
tron gas. Changing the impurity from Mn to Cr in GaAs, w
see an increase in the charge density localized in the vici
of the impurity. We find that till a radius which include
second neighbors of the TM atom, the integrated charge
Cr is higher than for Mn. Further, we find that the enclos
charge in the vicinity of the impurity atom is higher i
GaN:Mn than in GaAs:Mn and the decay of the wave fun
tion is faster.

~4! The negative exchange splitting of the gap leve:
Having established the identity of the gap levels, we n
investigate their spin splittings. In Fig. 3 we plot the sp

FIG. 2. The accumulated charge Q within spheres of radiusR1

and R11DR1 about the TM impurity for Mn in GaN~filled
squares!, Cr in GaAs ~open inverted triangles!, and Mn in GaAs
~filled circles! compared with the result for an electron gas~solid
line!. a is the lattice constant of the host supercell.
1-5
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splittings of the CFR and DBH levels at theG point for the
impurities V-Co in GaAs obtained from an analysis of th
eigenvalues and eigenfunctions. For V and Cr the spin s
ting of the DBH levels is positive, i.e.,t1

DBH states are a
lower energies compared tot2

DBH . However, for Mn, Fe, and
Co the splitting is negative with thet2

DBH states at lower
energies compared tot1

DBH . A similar negative exchange
splitting was observed earlier for the Te states in MnTe,34 the
Ce states in CeFe2,35 and the Mo states in Sr2FeMoO6.36 The
explanation for this is that thep states of Te in CdTe, thed
states of Ce in CeFe2, and thed states of Mo in Sr2FeMoO6
are sandwitched in between the 3d states of the transition
metal atom. Thep-d hybridization results in an exchang
splitting of these states opposite in direction to that of
transition-metal atom. Indeed we see from Fig. 1 that for
cases where the DBH states are bracketed by the spin-
CFR states, the spin splitting is negative. As a result of
negative exchange splitting of the DBH levels, the mom
on the As atoms is antiparallel to that on the Mn atom for M
in GaAs.37 In contrast, for Mn in GaN, which has DBH
levels below the CFR levels, the exchange splitting of b
set of levels are in the same direction. Hence, the indu
moment on the N is aligned parallel to that on Mn. T
antiparallel arrangement of the induced moment in M
doped GaAs was earlier interpreted38 as evidence of the
RKKY mechanism, but is fully explainable within ou
model.

~5! Enhanced exchange splitting for tCFR states: From
Fig. 3, we see that the exchange splitting of thetCFR states is
larger than that of theeCFR states for Mn, Fe, and Co impu
rities.

FIG. 3. The exchange splitting at theG point for tCFR, eCFR

~upper panel!, andtDBH ~lower panel! states for V-Co impurities in
GaAs.
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Having discussed the existence of impurity-induced lev
in the band gap of the host semiconductor, we next disc
the location of these levels.

~6! Acceptor transitions for gap levels: Single particle
LDA or GGA levels do not have any rigorous meaning. W
thus calculatetransitionenergies,e(q,q8) which correspond
to the value of the Fermi energyeF at which the defect
changes from a charge stateq to q8. Table II provides the
calculated and measured3,39 acceptor/donor transition ene
gies for various transition-metal impurities in GaAs. The c
culated acceptor levels for Mn and Cr in GaSb, GaAs, G
and GaN are plotted in Fig. 4, where the host band edges
aligned according to their calculated unstrained valence b
offsets.40 We see that as the electronegativity of the h
crystal increases in the sequence GaSb→GaAs→GaP
→GaN, its bulk ionization energy~the position of VBM
with respect to vacuum! increases. The acceptor level is th
farther away from the VBM of GaN than it is from the VBM
of GaAs. Thus, GaN:Mn and GaP:Cr have more localiz
hole states whereas GaSb:Mn has more delocalized h
This behavior, whereby the acceptor energy level does
follow the host valence band energy~as in the case of hydro
genic impurities! characterizes localized states.39,41

~7! Multiplet states and violation of isovalency rule: We
use the level occupancies~Fig. 1! as well as the net magneti
moments that we obtain for different transition metal imp
rities in GaAs~Table III! to obtain the multiplet configura
tion describing the ground state. These are given in Table
We also provide the multiplet configuration observed fro
experiment3 and find that there is agreement in all cases. I
interesting to compare the ground state multiplets of t
isoelectronic cases ZnSe:Fe21 and GaAs:Co31 in their neu-
tral charge states. In both cases we expect an electron
figuration of d6. Normally, one would expect to find equa
multiplets for isoelectronic cases1 ~isovalency rule!. This ex-
pectation is based on the fact that we are looking at a
transition-metal impurity concentration regime where ba
crystal field theory ideas are expected to be sufficient to
plain the observed ordering of energy levels. However,
GaAs:Co31 we find the configuration3T2, i.e., the hole is in
the tDBH level (tCFR1

3 eCFR1
2 eCFR2

2 tDBH2
3 tDBH1

2 ), whereas in
ZnSe:Fe21 we find 5E, i.e., the hole is in theeCFR level
(tCFR1

3 eCFR1
2 tDBH2

3 tDBH1
3 eCFR2

1 ). The reason for the differ-
ence is that the strongerp-d hybridization for GaAs:Co
pushes thet1

DBH levels to higher energies, so that thee2
CFR

levels are occupied first and the hole resides in thet1
DBH

level. We thus conclude that the isovalency rule is not ap
cable, and one cannot assume that the hole is in a ‘‘gene
d state.

~8! FM vs AFM ground state and their relation to th
symmetry of the gap levels: Having summarized the nature o
the level induced in the gap by the introduction of t
transition-metal impurity, we now analyze when a ferroma
netic state is favored. In Table III we provide the ener
difference between the ferromagnetic and antiferromagn
energies for two TM atoms at nearestDENN and fourth
neighbor DE4NN fcc positions in a 64-atom supercell o
GaAs. We find that~a! when the level in the gap is fully
1-6
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TABLE II. Impurity formation energies with and without Makov-Payne charge corrections for the ac
tor transitions for 3d impurities in GaAs. Experimental transitions have been given in brackets for com
son.

System Formation energies Formation energies
~no charge correction! ~with charge correction!

GaAs:V (q50) 1.221mGa2mV 1.22
GaAs:V (q511) 1.321mGa2mV1eF 1.41
GaAs:V (q521) 2.051mGa2mV2eF 2.15
GaAs:V (q522) 3.181mGa2mV22eF 3.56

(0/2)50.83 eV (0/2)50.93 eV
(2/22)51.13 eV (2/22)51.41 eV

GaAs:Cr (q50) 1.611mGa2mCr 1.61
GaAs:Cr (q511) 1.471mGa2mCr1eF 1.56
GaAs:Cr (q521) 2.021mGa2mCr2eF 2.115
GaAs:Cr (q522) 2.811mGa2mCr22eF 3.20

(0/2)50.41 (0.74) eV (0/2)50.51 (0.74) eV
(2/22)50.79 (1.57) eV (2/22)51.09 (1.57) eV

GaAs:Mn (q50) 1.041mGa2mMn 1.04
GaAs:Mn (q511) 1.151mGa2mMn1eF 1.24
GaAs:Mn (q521) 1.131mGa2mMn2eF 1.23

(0/2)50.09 (0.11) eV (0/2)50.19 (0.11) eV
GaAs:Fe (q50) 1.791mGa2mFe 1.79
GaAs:Fe (q511) 1.831mGa2mFe1eF 1.92
GaAs:Fe (q521) 2.101mGa2mFe2eF 2.21
GaAs:Fe (q522) 2.821mGa2mFe22eF 3.27

(0/2)50.31 eV (0/2)50.42 eV
(2/22)50.72 eV (2/22)51.06 eV

GaAs:Co (q50) 1.841mGa2mCo 1.84
GaAs:Co (q511) 1.901mGa2mCo1eF 1.99
GaAs:Co (q521) 1.921mGa2mCo2eF 2.01

(0/2)50.08 (0.16) eV (0/2)50.17 (0.16) eV
GaAs:Ni (q50) 1.731mGa2mNi 1.73
GaAs:Ni (q511) 1.761mGa2mNi1eF 1.86
GaAs:Ni (q521) 1.861mGa2mNi2eF 1.96
GaAs:Ni (q522) 2.271mGa2mNi22eF 2.68

(0/2)50.13 (0.22) eV (0/2)50.23 (0.22) eV
(2/22)50.41 (1.13) eV (2/22)50.72 (1.13) eV
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occupied as in V0 and Fe0, the favored ground state is ant
ferromagnetic.~b! When the level in the gap is partially oc
cupied and hast2 symmetry as in Cr0 and Mn0, the ferro-
magnetic state is lower in energy. This is also the case
electron doped V2 in GaAs which is strongly ferromagnetic
Although Co0 ( 3T2) also has a hole in thet2 level, the sys-
tem is at the brink of a ferromagnetic-to-nonmagnetic tr
sition. ~c! When the level in the gap hase symmetry, as in
the case of electron doped Fe2, the stability of the FM state
is weaker. Evidently thesymmetryof the hole carrying state
strongly determines the magnetic order.We conclude that
FM is stabilized strongly only when the hole resides in
level with t2 symmetry. ~Note, viz. Sec. V, that inTd symme-
try t2 states are strongly bonded to their neighboring ato
whereas the lobes of thee orbitals point in between the
nearest-neighbor atoms.!
11521
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B. Impurity-induced valence band resonances

Figure 1 shows that in addition to the gap levels, t
introduction of a transition-metal atom gives rise to res
nance levels that lie deep within the valence band of the h
semiconductor. In most model Hamiltonian theories,14–18one
usually ignores the orbital degree of freedom of t
transition-metal impurity, and the presence of the impurity
included only as a localized spin of value 5/2. In our calc
lations we find that the degree of localization of such de
resonances~thus, the possibility of depicting them as loc
pointlike spin! varies sharply with the position of the impu
rity in the Periodic Table. For heavier TMs such as Fe a
Mn, the deeper resonance level has a significant TMd char-
acter~being crystal-field resonances!, while for the early TM
impurities in GaAs, one finds that the deepert2 levels have
1-7
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PRIYA MAHADEVAN AND ALEX ZUNGER PHYSICAL REVIEW B 69, 115211 ~2004!
significantly less TM character~being dangling bond hy-
brids!. This is discussed next.

~1! Anticrossing of the two t2 levels in different host ma
terials: Level anticrossing is evident when keeping the i
purity atom fixed, and, changing the host semiconduc
Considering the example of Mn, we find that by changing
host from GaSb to GaN, the DBH and CFR exhibit anticro
ing. This is not the only difference: We find that the e
change splitting of the DBH levels is in the same direction
the CFR levels ~positive! in GaN:Mn, in contrast to
GaAs:Mn. Further, in GaN:Mn thet1

CFR levels lie above the
e1

CFR levels, unlike the case in GaAs:Mn. The reason is e
dent from Fig. 4, which shows that the VBM of GaN is mu
deeper than the VBM of GaAs. Since the free Mn21 ion has
its d orbitals abovethe GaN VBM, butbelow the VBM of

FIG. 4. The (0/2) acceptor transition energies for Cr and M
impurities in GaN, GaP, GaAs, and GaSb. The band edges o
host semiconductors are aligned according to the LDA-calcula
unstrained band offsets~Ref. 40!, and the gaps are the experimen
values.

TABLE III. The calculated energy-minimizing configuration fo
neutral substitutional 3d impurities in GaAs. CFR states are give
in square brackets and DBH states in round brackets. Boldface
ters denote the first unoccupied orbital. Also shown are ground s
multiplet and, in parentheses, the local momentm loc within a sphere
of radius 1.2 Å for isolated impurities. The last two columns gi
the total energy differenceDE between FM and AFM spin arrange
ments of TM pairs at first~NN! and fourth neighbors~4NN!. Aster-
isk denotes the configuration with lowest energy.

TM Configuration Multiplet DENN DE4NN

(m loc) ~in meV! ~in meV!

Ni ~0.53! 12.85 14.3*
Co @ t1

3 e1
2 t2

0 e2
2 #(t2

3 t1
2 ) 3T2 ~1.58! 29.6* 222.6

Fe @ t1
3 e1

2 t2
0 e2

0 #(t2
3 t1

3 ) 6A1 ~3.27! 1298* 1205
Mn @ t1

3 e1
2 t2

0 e2
0 #(t2

3 t1
2 ) 5T2 ~3.75! 2247* 2227

Cr @ t1
3 e1

2 t2
0 e2

0 #(t2
3 t1

1 ) 4T1 ~2.99! 2315* 2258
V @ t1

0 e1
2 t2

0 e2
0 #(t2

3 t1
3 ) 3A2 ~1.84! 240 131*

V2 @ t1
0.5e1

2 t2
0 e2

0 #(t2
3 t1

3 ) 2204
Fe2 @ t1

3 e1
2 t2

0 e2
0.5#(t2

3 t1
3 ) 1259
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GaSb or GaAs, an anticrossing occurs along the G
→GaP→GaAs→GaSb series. This is illustrated in Fig. 5
which shows that in GaN:Mn for the up-spin channel, t
upper t2 is more localized than the lowert2, whereas in
GaAs:Mn the localization sequence is reversed. This clari
a confusion that existed in the literature42 regarding the ques
tion of whether the gap level is localized or not. Our res
shows that the answer depends on the host. These re
also clarify the nature of the acceptor transition for M
in different materials. GaN:Mn can be viewed as ad4-like
case since its configuration iseCFR1

2 tCFR1
2 ~hole in t1

CFR),
and the (0/2) acceptor transition is from a Mn config
uration d4 to d5. On the other hand for Mn in GaP, GaA
and GaSb we have the configuration (d51hole), i.e.,
eCFR1

2 tCFR1
3 tDBH2

3 tDBH1
2 and the acceptor transition is from

a Mn configuration of (d51hole) tod5.
~2! Occupancy of the valence band resonances and c

parison with photoemission: Table III gives the calculated
occupancy of the crystal field resonances of the 3d impuri-
ties in GaAs~in square brackets!. These levels are found to
have a configuration of ‘‘d5’’ for Cr, Mn, and Fe. Experimen-
tally the position of these levels can be detected by vale
band photoemission.43 By suitably tuning the photon energ
so that the photoionization cross section is maximum for
TM-related states, an electron can be ionized from these d
CFR levels. Kobayashiet al.43 used resonant valence ban
photoemission and showed that the CFR levels for Mn
GaAs are located atEv24 eV. A direct comparison of the
position of these levels with the single-particle density
states calculated for GaAs:Mn places these energies aEv
22 –3 eV. The LDA error in the position of these states
because of the self-interaction correction~SIC! that places
these energies too high.44 As pointed out earlier45 for the 3d

he
d

t-
te

FIG. 5. The up- and down-spin Mnd projected partial density of
states evaluated within a sphere of radius 1.2 Å for a Mn impu
in GaN ~upper panel! and GaAs~lower panel!. The number of k
points used is 64.
1-8
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FIRST-PRINCIPLES INVESTIGATION OF THE . . . PHYSICAL REVIEW B 69, 115211 ~2004!
states in II-VI’s, the experimental result should be compa
with the total energy difference between the configuratio
d4 andd5 and not with the bare single particle eigenvalu
Alternatively, the LDA error can be empirically corrected b
using the simplified LDA1U version of the SIC. In Fig. 6
we plot the Mnt1

CFR partial density of states as a function
U for GaAs:Mn. As U increases, the position of the M
related levels and therefore thetCFR level is pushed deepe
into the GaAs valence band. Agreement with x-ray pho
emission spectroscopy~XPS! for the t1

CFR being at Ev
24 eV occurs for U;2 eV. As U increases, the CFR leve
t2 and e are pushed to deeper energies~larger binding en-
ergy!, become spatially more localized and increase their
change splitting. On the other hand, the DBH level becom
more delocalized, has less Mn character, lower excha
splitting. This is because the energy separating the Md
levels and the dangling bond levels increases with U, a
result of which the effective coupling between Mn and t
host-like states decreases. TheTc is consequently reduced
The picture of a ‘‘hostlike hole’’ obtained for unphysicall
large U leads to nearly vanishing FM stabilization ener
Clearly, the picture of ‘‘hostlike hole’’ is invalid for
GaAs:Mn, since for the U that leads to agreement with X
the DBH hole is still localized to some extent, whereas
very large U, when the hole is delocalized, there is no fer
magnetism.

C. The perturbed host VBM

Having studied the impurity-induced levels in the gap a
deep in the host valence band, we next examine the pe
bation of the host states, especially the host valence b
maximum by the presence of the impurity atom. Figure
shows the up- and down-spin band dispersions for a 3%
doped GaP supercell@panels~a! and ~b!#. The band disper-

FIG. 6. Mn t1 projected partial density of states evaluat
within a sphere of radius 1.2 Å for on-site Coulomb interacti
strengths U50, 6, and 10 and 15 for Mn in GaAs. The number
k points used is 43434. The inset shows the variation in E~FM!-
E~AFM! for two Mn atoms at nearest neighbor positions.
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sion of the GaP host without the impurity has been provid
in panel ~c! for comparison. The thickness of the lines d
picting these bands has been made proportional to the Cd
character of the states. We see that Cr introduces a new
within the band gap of GaP. In a band-theoretic picture, t
system is metallic, with the Fermi energy within the impuri
band.

Interestingly, ~1! the host band dispersions are signi
cantly altered by the presence of the impurity. In particu
the VBM is found to have a significant TMd character for
the 3% Cr concentration represented by the supercell.~2! A
Cr-induced spin splitting of the valence band maximum
observed. Effects~1! and ~2! suggest that the host VBM is
sufficiently perturbed by the transition metal.

Another way of detecting perturbations in the host ban
is to examine the host projected DOS of the system cont
ing the impurity. In Fig. 8 we plot the Asp partial density of
states projected onto different As atoms labeled 1–4 fo
GaAs supercell containing two Mn atoms. The As atom
beled 1 has one Mn nearest neighbor, while the As at
labeled 2 has two Mn nearest neighbors. The As atoms s
a strong polarization which increases with the number of
neighbors. The As atoms labeled 3 and 4, which are far a
from the Mn atoms, show a reduced polarization.

To pictorially see the perturbation in the VBM states,
Fig. 9 we compare the wave function squared along t
chains in the~110! plane for the valence band maximum
the pure GaAs host@panel~a!# as well as the VBM~i.e., the
state below DBH! of the system with the Mn impurity in the
up @panel~b!# and down@panel~c!# spin channels. The uppe
chain in panels~b! and~c! contains the perturbing Mn impu
rity. The perturbation of the VBM in the presence of th
impurity can be assessed by comparing the perturbed ch
density for each spin channel with the unperturbed cha
density of the host lattice. We find that the perturbations
significant in the chain containing the Mn atom, while

FIG. 7. ~Color online! The band dispersions in~a! up- and~b!
down-spin channels for GaP:Cr compared with~c! the host super-
cell. The thickness of the lines represents the Cr weight in
bands.
1-9
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PRIYA MAHADEVAN AND ALEX ZUNGER PHYSICAL REVIEW B 69, 115211 ~2004!
adjoining chains the perturbation is limited in extent. Furth
the perturbations are stronger in the up-spin channel tha
the down-spin channel.

To evaluate the 3d-induced spin splitting in the VBM, we
reference the up- and down-spin VBM eigenvalues of
impure system to the corresponding VBM of the pure h
semiconductor. This is done by aligning the average po
tials on Ga atoms far away from the impurity for the tw
systems. The presence of the impurity band witht2 symme-
try above the VBM for Mn and Cr impurities complicates th
identification of the valence band maximum. We assoc
the highest occupied triply degenerate eigenvalues at thG
point with the impurity band, and the next deeper set asEv

1 .
The shift with respect to the pure hostDEv

1

5Ev
1(GaAs:Mn)2Ev ~GaAs! and DEv

25Ev
2(GaAs:Mn)

2Ev ~GaAs! is given in Table IV for the impurities V, Cr
and Mn in different host semiconductors. We find that t
perturbation of the host VBM is smaller in the down-sp
channel compared to the up spin channel. This is consis
with what we find from the charge density plotted in Fig.
The spin splitting of the valence band maximum depe
strongly on the transition-metal impurity and host semico
ductor combination. Considering the case of impurities
GaAs, we find that while the spin splitting associated w
the introduction of V is only 0.06 eV, it increases to 0.39 e
for Mn. Keeping the impurity fixed~Mn!, and varying the
semiconductor host~GaAs to GaN!, we find the splitting
decreases from 0.39 to 0.1 eV. The small valence band s
tings in the case of V in GaAs as well as Mn in GaN co
pared with that for Mn in GaAs is because of the larg
energy separation between the interactingt2 states in the
former cases compared to the latter. Magnetic circular
chroism experiments of Komoriet al.38 found a spin splitting
of 50 meV which they associated with the spin splitting
the valence band maximum. This observation was provi

FIG. 8. Up ~solid line! and down~dashed line! spin projected
partial densities of states for As atoms labeled 1–4 in Mn sub
tuted GaAs evaluated within spheres of radius 1.2 Å using 6
points. The positions of the As atoms~filled circles! with respect to
the Mn atoms are shown in the inset.
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as experimental evidence for the RKKY mechanism. Ho
ever, this could be a splitting in the DBH as discussed he

D. Summary of the electronic structure as obtained by density
functional

We are now in a position to examine whether the physi
picture of the electronic structure of 3d impurities as as-

i-
k

FIG. 9. The wave function squared at the valence band m
mum for ~a! the pure host GaAs~b! for GaAs:Mn in the up-spin
channel and the~c! down-spin channels. The lowest contour corr
sponds to 0.0015e/Å3 and each contour is 1.6 times larger.
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FIRST-PRINCIPLES INVESTIGATION OF THE . . . PHYSICAL REVIEW B 69, 115211 ~2004!
sumed in model Hamiltonian theories~reviewed in Sec. I! is
consistent with first-principles calculations~outlined in Sec.
IV !.

~i! The nature of the TM-induced hole state: A 3d impu-
rity in a III-V semiconductor generates two sets of sta
with t2 symmetry, and one set of states withe symmetry in
each spin channel. While one set oft2 states are localized o
the TM atom~CFR!, the other are localized on the host ani
atoms next to the impurity~DBH!. These states CFR an
DBH exhibit an anticrossing for a fixed TM as a function
the host anion GaN→GaP→GaAs→GaSb, or for a fixed
host as a function of the impurity V→Mn. The localization
of the hole state decreases as we move from Mn in GaN
Mn in GaP, and then to Mn in GaSb. Not all impuritie
introduce holes. In GaAs, V0 and Fe0 have no hole; Cr0,
Mn0, and V2 have t2 holes; and Fe2 has ane hole. In all
cases, however, the hole is nonhydrogenic, manifesting a
nificant admixture of 3d character and showing deep acce
tor levels whose energies do not follow the host VBM. Th
implies that the neglect of the short-range part of the im
rity potential and the consequent expansion of the acce
wave function in terms of a single host wave function a
questionable. The effective mass of the hole state is there
different from that of the host, as observed in rece
experiments.46 The exchange splitting of the CFR states
different for thet2 states from that for thee states. While the
splitting for thee states is larger than that for thet2 states for
V and Cr in GaAs, the order is reversed for Mn, Fe, and C
This reversal in the order of the spin splitting of the CF
states is accompanied by a reversal in the sign of the
splitting of the DBH states. The identity of the hole state
both the symmetry as well as the character—depends on
impurity-host combination. While the hole carrying orbit
for Fe in ZnSe hase symmetry, the hole is found to b
located in an orbital witht2 symmetry for the isovalent dop
ing of Co in GaAs.

~ii ! The nature of the host VBM: The introduction of the
transition metal perturbs the valence band of the host cry
We find this perturbation to be large when the state in the
has atDBH character. This is because the effective coupling
larger since the DBH states have a strong host character
find that the VBM is spin split in the presence of 3d impu-

TABLE IV. Spin-up and down eigenvalues atG for 3d impuri-
ties in GaN, GaP, and GaAs, referenced to the valence band m
mum of the pure host.D corresponds to the spin splitting betwee
up- and down-spin states.

System Ev
1 ~eV! Ev

2 ~eV! D ~eV!

GaAs:V 20.14 20.08 0.06
GaAs:Cr 20.26 20.08 0.18
GaAs:Mn 20.47 20.08 0.39
GaP:Cr 20.22 20.08 0.14
GaP:Mn 20.39 20.09 0.30
GaN:Cr 20.07 20.03 0.04
GaN:Mn 20.13 20.03 0.10
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rity, and that the VBM in the up-spin channel is perturb
more strongly than in the spin down channel in the prese
of the impurity.

~iii ! Ferromagnetism and symmetry: Impurities with fully
occupied DBH-liket2 gap states such as V0 and Fe0 show
antiferromagnetism. A partial occupation oftDBH as in Cr0,
Mn0, or V2 shows ferromagnetism. A partially occupie
e-like level as in Fe2 shows weak or no ferromagnetism.

~iv! Ferromagnetism and hole localization: Using
LDA1U as an artificial device to explore the consequen
of delocalized hostlike hole states we find~inset to Fig. 8!
that in this limit there is reduced ferromagnetism.

We find that despite the well known GGA-LDA band ga
error, as well as the underestimation of the location of de
CFR states due to SIC, these first-principle calculations p
vide us with the correct spin multiplets. LDA1U changes
some details~CFR locations!, but does not alter the basi
picture emerging from GGA/LDA when the hole is DBH
like as in GaAs:Mn.

V. SIMPLE MODEL OF THE ELECTRONIC STRUCTURE
OF 3d IMPURITIES IN GAAS

A. Model

Most of the results of the density functional study of t
electronic structure of 3d impurities in III-V’s ~Sec. III! can
be captured by a simple model. While the actual super
calculations are performed at a large set of k points over
entire Brillouin zone, the model described uses represe
tive energy levels as an abstraction of the finite-width den
of states. The electronic structure of substitutional 3d in
III-V semiconductors can be understood as arising from
interaction of the host cation vacancy~anion dangling bonds!
with the crystal-field and exchange-split orbitals of a 3d ion.

~a! The dangling bonds for a column III cation vacanc
VIII : A cation vacancy for a column III element gives rise
a fully occupieds-like a1 level located deep in the host va
lence band, and a partially occupiedp-like t2 level located
just above the host valence band maximum, with a wa
function amplitude localized primarily on the neighborin
atoms.47 This is evident from the wave function squared
the Ga vacancy dangling bond state shown in the~110! plane
in Fig. 10. The neutral vacancyVIII

0 has a deficiency of three
electrons, i.e., the orbital configuration isa1

2t2
3(p), wherep

denotes its major orbital character. Spin polarization sp
this t2(p) vacancy level into spin-up@ t1(p)# and spin-down
@ t2(p)# states, but the splitting is small~90 meV at theG
point! on account of the rather delocalized nature of the
pure host dangling bond orbitals.

~b! The crystal-field-split TM3d orbitals: The tetrahedral
crystal field of the zincblende host splits the TMd levels into
e(d) and t2(d), with e below t2 in the point-ion limit;48 the
crystal-field ~CF! splitting of the ion is denoted byDCF(t2
2e). Exchange interactions further split these levels in
spin-up (1) and spin-down (2), with exchange splittings
Dx(e)[@e2(d)2e1(d)# andDx(t)[@ t2(d)2t1(d)#.

The energy levels of a cation-substituted TM in a III-
semiconductor can be thought of1 as the result of a hybrid-

xi-
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PRIYA MAHADEVAN AND ALEX ZUNGER PHYSICAL REVIEW B 69, 115211 ~2004!
ization between the anion dangling bonds generated b
column III cation vacancyVIII @~i! above#, and the crystal-
field and exchange-splitd levels of a TM ion placed at the
vacant site@~ii ! above#. There are two limiting cases: Whe
the 3d levels are well below the host cation dangling bon
~e.g., Mn in GaAs, Fig. 11!, or when the 3d levels are well
above the host cation dangling bonds~e.g., V in GaAs, Fig.
12!. The dangling bond states are shown on the right h
side of Figs. 11 and 12, while the crystal field and excha
split TM d levels are shown on the left hand side of Figs.
and 12. The levels generated after hybridization are show
the central panel. Thet2(p) levels of the anion dangling
bond hybridize with thet2(d) levels of the transition metal
In contrast, thee(d) level of the TM ion remains largely
unperturbed since the host does not have localizede states in
this energy range, available for significant coupling. Cons
ering the examples of Mn in GaAs and GaN, we plot t
charge density of thee and thet2 states in the~110! plane in
Fig. 13. It is evident that thee states for Mn in GaAs are
essentially nonbonding, while in GaN, as a result of the
duced Mn-Mn separation, there is a weak interaction

FIG. 10. The wave function squared for the~a! up- and ~b!
down-spin Ga-vacancy-generated dangling bond states witht2 sym-
metry in pure GaAs. The lowest contour corresponds to 0.0017e3

and each contour is 1.6 times larger.
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tween the Mn atoms. The hybridization in thet2-channel
creates bonding, transition-metal localized CFRs:t1

CFR and
t2
CFR , as well as the host-anion localized antibonding DB

t1
DBH and t2

DBH , whereas thee channel creates the nonbon
ing e1

CFR ande2
CFR states. This model explains the existen

of two sets oft1 and t2 levels that we found in Fig. 1. The
available electrons for occupation of these levels are N5(n
21)16 for adns2 transition-metal atom@three electrons are
used to complete the anion dangling bond state tot2

6(p),
leavingdn21 at the transition metal ion#. For GaAs:V~Fig.
12! the ordering of levels after hybridization is

t1
DBH,t2

DBH,e1
CFR,t1

CFR,e2
CFR,t2

CFR ,

with increasing energy. Hence for V we have N5(n21)
1658 electrons occupy the DBH and CFR levels. Thus,
has the configuration (tDBH1

3 tDBH2
3 eCFR1

2 ), as seen in Fig. 1
and Table III.

The order of levels for

GaAs:Mn is ~ tCFR1
3 ,eCFR1

2 ,tDBH2
3 ,tDBH1

2 !,

GaAs:Fe is ~ tCFR1
3 ,eCFR1

2 ,tDBH2
3 ,tDBH1

3 !,

GaAs:Co is ~ tCFR1
3 ,eCFR1

2 ,eCFR2
2 ,tDBH2

3 ,tDBH1
2 !

FIG. 11. ~Color online! The schematic energy level diagram fo
the levels~central panel! generated from the interaction between t
crystal-field and exchange-split split levels on the 3d transition-
metal ion ~left panel! with the anion dangling bond levels~right
panel!, when the TMd levels are energetically deeper than t
dangling bond levels.
1-12
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FIRST-PRINCIPLES INVESTIGATION OF THE . . . PHYSICAL REVIEW B 69, 115211 ~2004!
~Fig. 11!. The number of electrons (n21)16 is 10, 11, and
12 for Mn, Fe and Co, respectively. This agrees with Fig
showing that Mn and Fe in GaAs have the ordering of lev
shown in Fig. 11, with fully filledt1

CFR ande1
CFR levels and

2, 1, and 0 holes in thet1
DBH level. By an analysis of the

density of states obtained within our first-principle calcu
tions, we have determined~Table III! the energy minimizing
orbital configurations for the transition, metal impurities
Cr, Mn, Fe, and Co in GaAs in fully relaxed configuration
The first unoccupied orbital for each impurity has been in
cated in boldface in Table III. The simple model of Figs.
and 12 gives the same result.

B. Qualitative consequences of the simple model

~1! Level anticrossing: The model explains how the hop
ping interaction between thet2 states on the transition-meta
impurity with the cation-vacancy states generates a pair ot2
states in each spin channel. The bonding-antibonding c
acter of these states is determined by the relative separ
of the interacting levels as well as their interaction streng
Hence, as depicted in Fig. 14, one could by a suita
choice of the TM impurity change the character of the g
levels. When the orbital energy of the 3d ion lies below
the host dangling bond, we have a ‘‘CFR-below-DBH’’ sit
ation, illustrated in Fig. 11. In this case one has CFR sta
in the valence band of the semiconductor while the g

FIG. 12. ~Color online! The schematic energy level diagram f
the levels~central panel! generated from the interaction between t
crystal-field and exchange-split split levels on the 3d transition
metal ion ~left panel! with the anion dangling bond levels~right
panel!, when the TMd levels are energetically shallower than th
dangling bond levels.
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levels are more delocalized with dominant weight in t
dangling bonds. This is the case for GaAs:Fe, Mn, and
Conversely, when the orbital energy of the 3d ion liesabove
the host dangling bond, we have the ‘‘CFR-above-DBH
situation, illustrated in Fig. 12. In this case the gap lev
is CFR-like.

While Fig. 1 illustrates anticrossing when changing t
3d atom, but keeping the host fixed, e.g., GaAs, Fig. 5 s
gests that there is also anticrossing when keeping thed

FIG. 13. The wave function squared of Mn induced~a! eCFR in
GaAs:Mn,~b! eCFR in zinc blende GaN:Mn,~c! tCFR in GaAs:Mn,
~d! tCFR in zinc blende GaN:Mn,~e! tDBH in GaAs:Mn, and~f! tDBH

in zinc blende GaN:Mn. The lowest contour corresponds
0.015e/Å3 and each contour is 1.6 times larger.

FIG. 14. ~Color online! The schematic plot of band anticrossin
between the twot2-like levels in GaAs for different 3d impurities.
1-13
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PRIYA MAHADEVAN AND ALEX ZUNGER PHYSICAL REVIEW B 69, 115211 ~2004!
atom fixed, e.g., Mn, but changing the host crystal G
→GaP→GaSb. Indeed, as the anion dangling bond beco
deeper (GaSb→GaAs→GaP→GaN) or the TMd level be-
comes shallower (Mn→V), there will be a DBH-CFR anti-
crossing, resulting in the level ordering shown in Fig. 1
The CFR-above-DBH is exemplified by GaAs:V~see Fig. 1!
which has a shallowd level and by GaN:V, Cr and Mn
which have a deep semiconductor VBM.40 For GaAs:V, this
level anticrossing results in a reducedDx(t2) exchange
splitting compared to the cases where this crossing
notoccur~Cr and beyond!. For Mn in III-V’s we see a rever-
sal between hole-in-DBH case for GaAs:Mn with
@ t1

3 e1
2 t2

0 e2
0 #CFR (t1

2 t2
3 )DBH configuration to the case o

hole-in-CFR @ t1
2 e1

2 t2
0 e2

0 #CFR (t1
3 t2

3 )DBH for GaN:Mn. As
the CFR is much more localized than DBH, this is reflec
by a change in acceptor level depth.

~2! Negative exchange splitting in the DBH manifold a
low-spin configurations: For Co, Fe, and Mn in GaAs th
special position of the Ga-vacancy levelt7(p) betweenthe
exchange-split TM ion levelst1(d) andt2(d) ~Fig. 11!, re-
sults in a hybridization-induced exchange splitting of t
DBH states~Fig. 3!, opposite in direction to the splitting o
the CFR levels~Fig. 3!. This results from the fact thatt2

DBH

is pushed down byt2(d)2t2(p) coupling more than the
t1(d)2t1(p) coupling pushest1

DBH up. Such a negative ex
change splitting was also observed in bulk MnTe,34 CeF2,35

and Sr2FeMoO6.36 As seen in Table III, the negative ex
change splitting leads to the DBH orbital configuratio
(t2

3 t1
2 ) and (t1

3 t2
3 ) for Mn and Fe, respectively. This corre

sponds to a low-spin configurations for Mn with a mome
of 4. Co, on the other hand, has a configuration
@ t1

3 e1
2 e2

2 #CFR (t2
3 t1

2 )DBH , so m52mB . Note that the mo-
ment m54 for GaAs:Mn is a consequence ofDx,0: the
e1

2 t1
3 CFR levels give a spin of 5/2, and thet2

DBH-below-
t1
DBH gives a configurationt2

3 t1
2 , so the total spin is 4/2, an

m54. Had t2
DBH been abovet1

DBH , we would have had the
configurationt1

3 t2
2 with S53, andm56. As a result of the

negative exchange splitting of the DBH states, one finds
the exchange splitting for the more delocalizedtCFR levels is
larger than that for the more localizedeCFR levels. At this
juncture, we would like to point out that the experimenta
measured moment is smaller than 4.49 This reduction in the
moment could be explained by the compensating def
such as As antisites49 or Mn interstitials.50

~3! Migration of the d holes into the DBH acceptor stat
of GaAs:Cr, Mn and Co: Thedn21 configuration of the triva-
lent TM ion corresponds tod3 for Cr andd4 for Mn in GaAs
and thus to two holes and one hole, respectively, relativ
d5. However, since for these impurities thet1

CFR and e1
CFR

levels are deeper in energy than thetDBH levels ~Fig. 11!, it
is energetically favorable for thed holes to ‘‘float’’ into the
higher tDBH levels. As a result, we find that GaAs:Cr (d3)
has a configuration@ t1

3 e1
2 #CFR(t2

3 t1
1 )DBH with two holes in

the DBH, while for GaAs:Mn (d4) we find
@ t1

3 e1
2 #CFR(t2

3 t1
2 )DBH with one hole, and GaAs:Fe (d5) has

a closed-shell configuration of@ t1
3 e1

2 e2
0 #CFR(t1

3 t2
3 )DBH .

One expects Co (d6) to have a configuration
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@ t1
3 e1

2 e2
1 #CFR(t2

3 t1
3 )DBH , i.e., a ground state multiplet5E

with a hole ineCFR. However, we find that the lowest energ
configuration for Co is@ t1

3 e1
2 e2

2 #CFR(t2
3 t1

2 )DBH with a hole
in the DBH level i.e., ground state multiplet3T2. The mi-
gration of the holes from the TM-localized deep CFR lev
into the dangling-bond manifold for Cr, Mn, and Co in GaA
creates partially occupiedp-d hybridized states at the Ferm
level with significant delocalized Asp character.

~4! Perturbation of the valence band maximum of t
host: The valence band maximum of the pure host hast2
symmetry. Hence, they can interact with the states with
same symmetry on the dangling bonds as well as the TM
The consequent spin splitting of the VBM must depend
the relative separation of the levels involved as well as
coupling strength. Our analysis for different TM-host com
binations suggests that when the gap level has atDBH char-
acter the spin splitting of the VBM is large (;0.4 eV for Mn
in GaAs!. Changing the host semiconductor from GaAs
GaN, increases the energy separation between the dan
bond levels generated by the Ga vacancy and the vale
band levels. Consequently the perturbation of the vale
band levels resulting in the observed spin splitting is sma
(;0.1 eV for Mn in GaN!. This VBM spin splitting of the
impure system has been traditionally used to estimate
exchange interaction strengthJpd between the hole and th
transition-metal atom. We see that the spin splittings of
VBM of the impure system grossly underestimate the s
splitting of the impurity band~DBH and CFR!, as seen in
Figs. 1, 3, and 5.

VI. CONCLUSIONS

We have analyzed the basic electronic structure ofd
transition-metal impurities in III-V semiconductors. We fin
that the introduction of a 3d impurity is accompanied by the
introduction of a pair of states witht2 symmetry in addition
to nonbonding states withe symmetry. Not all 3d impurities
introduce holes. The basic symmetry and character of
hole state depends strongly on the semiconductor-impu
combination. We find that the hole has a significant 3d char-
acter. We have constructed a microscopic model which c
tures the basic aspects of the electronic structure
transition-metal impurities in semiconductors. The eleme
of this model are the relative separation of the dangling bo
and transition-metal levels, thep-d hybridization strength,
and the crystal-field and exchange splittings of the transiti
metal levels. We model a change in these interact
strengths by changing the semiconducting host, keeping
transition-metal impurity fixed—Mn. We find that while th
hole introduced by Mn has a significant 3d character in GaN,
it is more delocalized in GaAs. The symmetry (e vs t2), the
character~DBH vs CFR!, as well as the occupancy of the ga
level determine the magnetic ground state favored by
transition-metal impurity. When the hole has a dominant h
character, an exchange splitting is induced in the hole st
which is opposite in direction to that on that the transitio
metal atom. The nature of the exchange couplingJpd that
exists between the transition-metal atom and the hole co
1-14
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automatically from such a microscopic model. The pertur
tion of the host valence band is not directly related to
coupling strengthJpd . When the hole has primarily a DBH
character, one finds the perturbation of the host valence b
is larger. The basic picture that emerges from our fir
principles calculations could be used to replace the m
naive model Hamiltonian treatments which have assume
hostlike hole picture, an unperturbed valence band, an
yn
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spin of the hole that couples to the spin of the TM via a lo
exchange interaction.
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