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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 GasSb, 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 [lI-V
semiconductor introduces a pair of levels withsymmetry—one localized primarily on the transition-metal
atom, referred to as crystal-field resonaf€€&R), and the other localized primarily on the neighboring anions,
referred to as the dangling bond hybiBBH). In addition, a set of nonbonding states wihsymmetry,
localized on the transition-metal atom, are also introduced. Each of the levels is also spin split. Considering Mn
in the host crystal series GaNGaP— GaAs— GaSh, we find that while in GaN the hole resides in the?
level deep in the band gap, in GaAs and GasSb it resides itPftitlevel 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 crystde.g., GaA$ and changing the @ impurity along the 8 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 symmeg&ygt,) and the charactéDBH vs CFR), as well
as the occupancy of the gap level, determine the magnetic ground state favored by the transition-metal impu-
rity. LDA +U 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.
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I. INTRODUCTION: ELECTRONIC STRUCTURE AS A be used to assess the extent to which electron correlations are
TOOL FOR CONSTRAINING MODEL HAMILTONIANS underestimated, the first-principle results have to be gener-

ally mapped onto a model Hamiltonian to calculate finite

The prospect of manipulating the electron spin to storaemperature properties. An additional limitation of the first-
and transport information in semiconductor devices has legrinciples approach is the size of the system that can be
to renewed interest in the physics of transition-m&Tayl) handled. A supercell of the host material is constructed with
impurities in semiconductors—an area which was inten-one or more transition metal atoms to represent the dilute
sively studied in the 198053 The current intere$t'®in the  magnetic semiconductor. One can divide the experimentally
achievement of ferromagnetistfFM) at ambient tempera- realized situations into three domains of dopant concentra-
tures has led to the investigation of the mechanism that staion. First-principles calculationsannotprobe all the experi-
bilizes FM in transition-metal-doped semiconductors. Onementally realized scenarios. In the low concentration limit,
useful approach to obtain an understanding of the electronione is talking of TM concentrations less than&per cn?.
properties of these systems is tfikst-principles electronic  In this limit the hole is bound to the impurity atom and
structure approachwhere one focuses on the explicit elec- occupies an isolated level in the band gap of the host semi-
tronic and spin wave functions of the system. A variationalconductor. The supercell cell sizes that can be considered by
minimization of the total energy determines, within the un-us in our calculations cannot probe this regime. In the inter-
derlying approximations of the spin density functional mediate concentration regime-high'$010°° TM atoms per
theory, some of the basic features of the states involved, suan?®, the impurity induced levels broaden to form a band
as the extent of the localization, the magnitude of the spiwhich is split off from the host-like states and lies in the
interactions, as well as the identity of the disorder and comband gap of the host semiconductor. In this regime, the sys-
pensating defect§antisites, interstitials However, the ap- tem does not show any Hall effect, and shows an activated
proach does have the drawback of underestimating the extebehavior in the transport as the holes are in the impurity
of electron correlations in addition to being a zero-band. This regime can be accessed by us in our calculations.
temperature approach. While comparison with experimenEor larger TM concentrations—410,2° the impurity band
(e.g., ferromagnetic temperature vs. alloy compostfiocan  broadens and merges with the valence band of the host semi-
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conductor. As the holes are not confined to the impurity bandanotivated by the fact that divalent, post-transition-metal
in this case, the Hall effect appears. atom elements such as Znform in 1lI-V semiconductors
While model Hamiltonian$~*®have been widely used to quasi-hydrogenic acceptor stétewith small binding ener-
describe the properties of these systems, the underlying agies. Similarly, extrinsiq-type doping of II-VI dilute mag-
sumptions in choosing a particular form for the Hamiltoniannetic semiconductor CdMnTg&ef. 21 also form hydrogenic
are rarely justified in their own right. Generalff;'® one  hole states. However, unlike Zn in GaAs or extringitype
renormalizes away the electronic degree of freedom and résdMnTe, the Mn atom introduced into 1I-V’s has chemi-
tains only the spin degree of freedom for the transition metatally actived orbitals’ so it is not obvious that the acceptor
impurity. One then assumes a local interaction between thstate it forms in GaN, GaP, or GaAs would qualify as a
transition metal impurity and the free carrigusually delocalized hostlike hydrogenic state. Indeed, the micro-
Rudermann-Kittel-Kasuya-Yoshida—likeand then solves scopic features determining the localization of the hole wave
for various physical properties of these systems. function, such as thd character of the acceptor level, must
In the present work we use first-principles calculations tobe considered. Such interactions could change the symmetry
examine whether the assumptions made in model Hamil(t, vse) of the hole state, and hence its coupling to the host.
tonian treatments are consistent withaminitio description ~ The pertinent quantum designation of the hole state is an
of the electronic structure of these systems. Our detailed rémpuritylike (t,,€), not hostlike, effective mass.
sults are then cast in the language of a simple electronic (ii) The host valence band maximum (VBM) levels are
structure model, which could be used in an informed conunperturbed by the transition-metal impuritin this view,
struction of model Hamiltonians. the host band structure represented in the model Hamiltonian
We start by identifying the main physical quantities thatcould be described by k- p model, valid for the pure host
come into play in determining the electronic structure ofcrystal and is decoupled from the part of the Hamiltonian
these systems. When a trivalent cation site such as Ga ofiavolving the host-hole system. However, since one of the
[1I-V semiconductor is replaced by divalent Mn, an acceptorsymmetry representations of the Mirorbitals in tetrahedral
level [denoted as E(6/)] is generally created in the band sites ¢,, e) is the same as that of the zincblende VBM)(
gap. If the Fermi levekg lies below this E(0#) level, then  such states could couple, hence become mutually perturbed.
Mn is charge neutral, i.e., its formal oxidation3 equals (iii) The spin of the hole couples to the spin of the tran-
that of the Ga atom being replaced. In this case there is aition metal impurity via an interatomic local exchange in-
hole in the Mn-related orbital. If, on the other hand, theteraction J,4. As only the spin degree of freedom of the
Fermi level is above E(6/), then the Mn-related orbital transition-metal atom is considered, while the orbital degree
captures an electron from the Fermi gea., creating a hole of freedom is ignored, the free carriers feel the effective
there, becoming negatively charged.e., oxidation state magnetic field produced by the transition-metal impurity
Mn?"). In this case the hole resides in the Fermi sea. Thepin. This is modeled as lcal exchange interactiod g
Mn-induced hole foree<E(0/—) features prominantly in between the transition-metal impurity and the spin of the free
contemporary theories of ferromagnetism. carrier. Hence, the magnitude dfy determines the energy
The model Hamiltonians involve three entities—the hostscale of ferromagnetic ordering. Areas visited by the free
crystal states, the transition metal atom, and the impuritycarrier are rendered ferromagnetic. However, certain
induced hole state. There are approximations made at variousateriald® are found to show an activated behavior in their
levels which involve decoupling various degrees of freedomtransport, implying no free charge carriers, yet they exhibit
At the first level, one decouples the orbital degrees of freeferromagnetism. The current model which requires delocal-
dom associated with the transition metal atom, describing itzed carriers cannot explain ferromagnetism in such systems.
with a localized spin-only part. The spin is interacting with a  In what follows, we use first-principles calculations to
hole system through a local exchange interaction. At the nex¢xamine the validity of assumptiorig—(iii ) for 3d impuri-
level of approximation, one reduces the problem to that ofies V, Cr, Mn, Fe, Co, and Ni in GaAs, as well as for Mn
the transition-metal spin interacting with the hole spin, as-and Cr in GaN, GaP, and GaSh. We then construct a quali-
suming that the host crystal is unperturbed. The main astative model that explains our numerical results. While the
sumptions made in such approaches, which we wish to exactual supercell calculations are performed at a large set of k
amine, are the following. points over the entire Brillouin zone, the model described
(i) The hole resides in a bulklike, hydrogenic, delocalizeduses representative energy levels as an abstraction of the fi-
state This picture is based on the assumption that the pemite width density of states. We find the following
turbing potentiaV;,(r) —Vga(r) generated by the impurity (i) The Mn-induced hole could have a significart &nhar-
is dominated by a long-ranged Coulomb part, as a result oficter. The assumption of a “delocalized hydrogenic hole” is
which only a small percentage of the charge resides in thaeot supported by first-principles calculations. The depth of
Wigner-Seitz cell and the rest is distributed over a large porthe acceptor leve{reflecting its localizationand the cou-
tion of the host crystal. In this “hostlike hole” picture, one pling of the 3d impurity orbitals to the hole change markedly
reduces the problem to a quasihydrogenic form in which thevith the host crystal in the series GaNsaP— GaAs
acceptor state is designated via quantum numbers>GaSh. The hole generated by introducing Mn in GaN is
(s, p ...) of thehost lattice. In such cases the wave func-found to have a significantd3character, while in GaSb the
tion of the acceptor level is delocalized, and can essentialljole is found to have primarily a host character. Further, the
be constructed from the host crystalstates. This picture is symmetry of the hole depends on the combination of the host
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crystal with the impurity atom. For example, while in TABLE |. Comparison of GGA optimized lattice constants with

GaAs:Co the hole has a dominantly character, the corre- experiment for the pure host.

sponding isoelectronic impurity ZnSe:Fe has a hole with

symmetry. System Experiment én A) GGA PW 91 a(in A)
(ii) The presence of the transit?on—metal impurity perturbsGaN a=4.49: 451 =453

the valence band of the host semiconductor. The extent of t

. . . . . 5.45 5.489
perturbation depends on the relative position of the impurity & &
generated levelgreferenced to the valence band maximumGaAS a565 a5.728

GaSh &6.10 a=6.18

of the host which have the same symmetry as the valence
band maximum. In GaAs:V, which has levels wélsymme-

try in the band gap, the perturbation is small, while for; 4oping stabilized the magnetically disordered state. Mirbt,

GaAg:ME the pertqrbation is Iar%e. i of th Sanyal, and Mohtf showed that the interaction of the
(iii) The interaction between the spin of the TM atom andy» \jtion-metal impurity with the As dangling bond states
the spin of the hostlike hole has a predominantly nonloca

. . e ould result in a spin polarization of the hybridized dangling
part. This is evidenced by the strong stabilization of the fery .4 states. The partial occupancy of these spin-polarized

romagnetic state for Mn and Cr pairs in GaAs at-aB-A  |eyels results in ferromagnetism. Sanvito, Ordejon, and Hill
separation. This interaction induces a spin-polarization of th¢, ,nd a decrease in the spin splitting of the valence band
hostlike states. The direction of the spin polarization depend§,,vimum of the GaAs host with impurity concentration.
on the relative energy position of the cation vacancy generrys is in contrast to what is expected from the mean-field
ated(hostlike states with respect to the impurity states. Fur-y 40 Hamiltonian traditionally used to describe these
thermore, the band-theoretic description of Cr in GaP showgy gteme3 They attribute the deviation to a breakdown of the
a partially occupied midgap band, and the wave functiongnean field approximation, while they say that the Kondo
associated with this midgap state are localized. Yet, even iy miitonian is good enough to provide a description of the
the :_absence of free _carriers, our total energy Calc“"fi_tior:feﬁomagnetism. Schilfgaarde and Mryabdave used the
predict a ferromagnetic ground state to be strongly stabilizeqy4| energies obtained from first-principles calculations for
while no long range magnetic order is expected. different materials to extract exchange interaction strengths.
They find a decrease of the exchange interactions with con-

Il. EARLIER ELECTRONIC STRUCTURE centration which prompts them to suggest that the
CALCULATIONS picturé*~8 of carrier-mediated ferromagnetism is not valid

for these systems.
There has been considerable earlier first-princfpfes We build on the current understanding of the electronic

work on the electronic structure of these systems. One of thend magnetic properties that exists in the literature. How-
most well-studied systems is Mn in GaAs, which is found toever, we focus our calculations specifically on the examina-
be half-metallic~®*'?The GaAs cell with one Mn atom in tion of features(i)(iii ), assumed as “input” to most model
it has a net magnetic moment ofi4 ,%®12with part of the  Hamiltonian theories.
moment residing on the As neighbors of the Mn atom. The
hole state is found to be strongly hybridized with the_ IIl. METHOD OF CALCULATIONS
transition-metal state, and has been referred to as a hybrid-
ized band of hole$! The Mn atom and its four nearest neigh- ~ We have carried out first-principles electronic structure
bors are found to account for most of the density of states atalculations using density functional theory, within the mo-
the valence band eddéSince only the first shell of As at- mentum space total energy pseudopotential metfodjng
oms surrounding Mn are affected by the spin polarization olultrasoft pseudopotenti&fas implemented in theasp (Ref.
the Mn atom, the interactions are believed to be shor26) code. The Ga pseudopotentials that we used for GaAs
ranged! The first-principles results have been interpreted inand GaP did not include the Gal3states in the valence.
Ref. 6 as suggestive of d°/d® electron configuration on While this is usually a good approximation for GaAs and
Mn.® LDA +U calculationg have been used to obtain a de- GaP, it has been found that for GaN not retaining Gh 3
scription of the electronic structure consistent with photo-states in the valence leads to erroneous results for some
emission. physical properties such as the optimized lattice constant on
First-principles calculations have been used earlier to elueohesive energy. We therefore used ultrasoft pseudopoten-
cidate the magnetism in these systems. Mahadevan anils which included Gal states in the basis for GaN. We
Zunget® developed a simple model of the interaction of thestudied transition-metal impurities V, Cr, Mn, Fe, Co, and Ni
cation-vacancy generated states with the transition-metah 64-atom supercells of zinc-blende GaSh, GaAs, GaP, and
states to understand how ferromagnetism results when Mn iSaN. In Table | we compare the calculated lattice constants
doped into the chalcopyrite semiconductor Cdé&eBato  of pure IlI-V using the PW91 generalized gradient approxi-
and Katayama-Yoshid& have calculated the energy differ- mation (GGA) exchange functiond with the experimental
ence between ferromagnetic and the random alloy to deteralues?® We have fixed the equilibrium lattice constant of
mine which impurity could give rise to ferromagnetism. the supercells at the calculated values of the pure host given
They found that at low concentrations V, Cr, and Mn dopingin Table I. The basis sets had a cutoff energy for plane waves
in 111-V stabilized the ferromagnetic state, while Fe, Co, andequal to 13.3 Ry for GaSh, GaAs, and GaP, and 29.4 Ry for
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GaN. We used a Monkhorst Pack grid oK4 X4 k points Transition energiesThe defect transition energs(q,q’)
which includesI’. The cell-internal positions of the atoms is the value of the Fermi energg: at which AH* 9% ;)
were allowed to relax to minimize the forces. The equilib' :AH”‘:q/(Ef)_ The zero of the Fermi energy is chosen as the
rium transition metal-to-As bond lengths in GaAs were 2.47 yalence band maximurl, of the pure host.

2.47,2.48, 2.44, 2.36, and 2.34 A for V, Cr, Mn, Fe, Co, and  Chemical potential limitsAs the reservoir supplying the

Ni, respectiv_ely. ) atoms could be elemental solids, or compounds formed from
Thed partial density of states as well as the local momeniglements, we express? as the sum of the energy of the

at the transition-metal were calculated within a sphere of,oment in its most stable structuge , and an additional
. o
radius of 1.2 A about the atoms, and have been broadene ergyu,, i.e. ud=uS+ u,. The stable structures we con-

with a Gaus&gn of 0.2 eV full width at half maximum. The sidered for the elements were nonmagnetic body-centered-
total energy differences were computed for TM pairs at first

and fourth neighbor separations for paralfigrromagnetit cubic (bco for V, antiferromagnetic bcc for Cr, the antifer-
. 9 Sep P 9 . romagnetic face-centered-culdiitc) for Mn, ferromagnetic
and antiparallel(antiferromagnetic arrangements of their

: . oo ", . bcc for Fe, ferromagnetic hexagonal for Co, ferromagnetic
spins to detgrmme whether a specific transition metal 'MPU%cc for Ni, and to have a nonmagnetic base-centered ortho-
rity resulted in a ferromagnetic state or not. rhombic s’tructure for Ga

LDA vs GGA:In order to compare LDA(R_ef. 30 and The required ranges qfc are determined byug,<0;
GGA (Ref. 28 exchange functionals, we consider the case of @ Ga=r>

Co impurity in GaAs, where earlier LDA wotk suggests a urm=0, MsbAs,P,N,go (no prgcipitation of sqlid eIemgnts
nonmagnetic ground state. Using the experimental lattic nd by the formation energies of the semiconducting host

constant of 5.65 A for GaAs, we find that the GGA calcula—and competing binary phases formed between the elements

tions lead to a magnetic ground state with a momentof 2 of the semiconductor and the transition metal impurity. This

. - . could be the most stable NiAs phase of MnAs in the case of
The energy of this state is strongly stabilized by50 meV GaAs:Mn and the MnP phase of CrAs for GaAs:Cr.

compared to the nonmagnetic state. Using a LDA exchange The energies &), E(0), and u, entering Eq.(1) are

functional we find that while the nonmagnetic state is Stabi'calculated within the density functional formalism discussed
lized for a 2<2X2 Monkhorst-Pack grid as used in the ear- y

. 12 . : . earlier. No correction for the band gap underestimation was
lier \{v_ork, the magnetic state with the moment ofeg is made. Changing the k point mesh fromx2x 2 to 4x 4
St?b"'ze.d by~40 meV for a HAx4 Mo_nkhorst—_Pack K X4 changed the formation energies 820 meV. We used
point grid. These observations are consistent with the fac plane wave cutoff of 13.3 Ry for the calculations involving
that GGA calculations have a greater ability to stabilize BN in GaAs Increasing t.he cutoff to 29.4 Ry, changed the
magnetic ground state than LDA calculations. For other im'formation en.ergies by-10 meV ' '
purities, such as Cr and Mn in GaAs, the LDA and GGA '
results are found to give the same ground state. We use the
GGA exchange functional throughout this work. IV. RESULTS OF DENSITY FUNCTIONAL

The introduction of various transition-metal impurities CALCULATIONS
lead to defect levels in the band gap of the semiconducting
host. We compute the formation energies of the transition
metal impurities in various charge statgsThe formation
energy for a defect comprising of atomsgn the charge state
q was computed using the expression

We now divide the main features of the first-principles
calculations into three main entities introduced in Se¢Al:
the nature of the impurity-induced level in the g&B) the
impurity-induced valence-band resonances, @idthe per-
turbed host VBM. Then, in Sec. V, we will provide a simple
model that explains all of our numerical results qualitatively.
a, _ a
AH(er,u) =E(a)- E(0)+§ Natte T A(E, T €F), A. Nature of the impurity-induced level in the gap
@ Figure 1 shows the transition-metal local density of states
(DOS) for V, Cr, Mn, Fe, Co, and Ni in GaAs, projected into
whereE(a) andE(0) are, respectively the total energies of irreducible representationts and e and spin directionst
a supercell with and without the defeat n, denotes the and—. The VBM is at the zero of the energy. The GGA band
number of atoms of defeat transferred in or out of the gap of pure GaAs is found to be 0.3 eV; all the impurities
reservoir, whilex® denotes their chemical potentials. V-Ni introduce levels into this band gap. We first discuss the
Total energies:The total energies of the charged super-nature of these gap levels, and then the circumstances how
cells were computed by compensating any additional chargand when a hole is present in them.
on the impurity atom by a uniform jellium background and From Fig. 1 we see that the sequence of levels occupied
have been corrected for interactions between charges ifor Crin GaAs ard. , e, , t_, andt, in order of increasing
neighboring cells using the Makov and Payne correction. energy. For a free atom one would expect levels of one spin
We use the static dielectric constant values 15.69 for GaSlghannel to be filled up before levels of the other spin chan-
12.4 for GaAs, 11.11 for GaP, and 10.4 for GENthe quad-  nel; the deviation that one observes here reflects solid state
rupole moment of the isolated defects was calculated as theffects. The two sets @f. andt_ levels that we find for each
difference between the moments of the supercell with thempurity are suggestive of bonding/antibonding combina-
charged defect and that with the neutral defect. tions arising from hybridization. We therefore determined the
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GaAs:V e+.". GaAs:.Cr Q_,_ t+ :'-_ e_

s it

2

@ Z . . I Z I I Z I

g GaAs:Mn ~e_| | GaAs:Fe se. . .

o .".t e, FIG. 1. The TM projected density of states for
prs t, - - t o t substitutional V-Ni impurities in GaAs evaluated
Q D + L in a sphere of radius 1.2 A for spin-tip (shaded
o region), spin-downt_ (solid black ling, and e
© : .

s (dashed lingsymmetries. The zero of energy rep-
~ resents the valence band maximum of the host.

The number of k points used is 64.

///{2’({,

4 3 2 1 0 1 2
Energy (eV)

atoms on which each of thig states are localized by com- given by reciprocal volume V. We see that Q(B for the
puting the atom-projected DOS. Bonding states with a largery impurities has little similarity to the results for an elec-
wave function amplitude on the TM site are referred to asyon gas. Changing the impurity from Mn to Cr in GaAs, we
crystal field resonance¢éCFRs," whereas antibondind,  see an increase in the charge density localized in the vicinity
states with low contribution on the TM which are localized of the impurity. We find that till a radius which includes
instead on the four nearest As atoms are referred to as th@cond neighbors of the TM atom, the integrated charge for
dangling bond hybridDBH). The full explanation of the cr js higher than for Mn. Further, we find that the enclosed
genesjs of these states will be provided in Sec. V. We see tr’@narge in the vicinity of the impurity atom is higher in
following GaN:Mn than in GaAs:Mn and the decay of the wave func-

(1) Symmetry of gap levels and lowest unoccupied levelsign is faster.
Substituting Cr, Mn, and Co in GaAs introduces levels with (4) The negative exchange splitting of the gap levels
an up-spin character arg symmetry in the band gap. These Haying established the identity of the gap levels, we now
levels are partially occupied by one, two, and two electronsnyestigate their spin splittings. In Fig. 3 we plot the spin
for neutral Cr, Mn, and Co, respectively: (qrti),
Mn® (t2), and C8 (t2). The levels introduced by 8/(e?) 0.10
and F& (t2e?) are fully occupied. The first unoccupied lev-
els havet, ande_ symmetries for V and Fe, respectively.

(2) d character of gap levelsThe transition metal pro-
jected partial density of states for different transition metal
impurities in GaAs given in Fig. 1 indicates that the gap
level/first unoccupied level is stronglg like for the early
transition metal impurities V and Cr, while for the heavier
3d elements, e.g., Mn, these levels have lésharacter. An
increasedd character of the gap level would imply an in-
creased spatial localization of the wave function in the vicin-
ity of the impurity.

(3) Degree of localization of gap levelgVe quantify the

0.08 1 GaN:Mn

GaAs:Cr

electron gas

Accumulated charge Q(R,)

0.0 0.1 0.2 0.3 0.4 0.5

degree of localization by plotting, in Fig. 2, the charge _
Q(R1)=f§1+A¢2r2dr enclosed between concentric spheres Sphere radius R,/2a

with radiusR; andR; + A centered about the impurity atom. g1, 2. The accumulated charge Q within spheres of raRius
The integrated charge between the spheres is plotted asagd R,+AR; about the TM impurity for Mn in GaN(filled
function of R. For comparison, we show also the resultsquares Cr in GaAs(open inverted trianglésand Mn in GaAs
expected for a homogeneous charge distribufielectron  (filled circles compared with the result for an electron gaslid
ga9, where the charge density at any point in the cell isline). a is the lattice constant of the host supercell.
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| Exchange splittings of TM in GaAs | _ Having discussed the existencg of impurity-induced I_evels
5 in the band gap of the host semiconductor, we next discuss
oo the location of these levels.
] P ] (6) Acceptor transitions for gap levelsSingle particle
4 4 /0 R LDA or GGA levels do not have any rigorous meaning. We
P thus calculateransition energiesg(q,q’) which correspond
to the value of the Fermi energy: at which the defect
changes from a charge stajeto q'. Table Il provides the
CFR .
] € ] calculated and measuretl acceptor/donor transition ener-
gies for various transition-metal impurities in GaAs. The cal-
/ culated acceptor levels for Mn and Cr in GaSh, GaAs, GaP,
and GaN are plotted in Fig. 4, where the host band edges are
1 o/ 7] aligned according to their calculated unstrained valence band
S

p o E

Exchange splittings (eV)
n
1
o
1

. offsets?® We see that as the electronegativity of the host
| . L . ! . ! crystal increases in the sequence GaSkaAs—GaP
. T T T , : . —GaN, its bulk ionization energythe position of VBM
1 o O\ 1 with respect to vacuujrincreases. The acceptor level is thus

. farther away from the VBM of GaN than it is from the VBM

DBH 1 of GaAs. Thus, GaN:Mn and GaP:Cr have more localized

o A hole states whereas GaSbh:Mn has more delocalized holes.

I : I ‘ L ‘ I : I This behavior, whereby the acceptor energy level does not

v Cr Mn Fe Co follow the host valence band enerps in the case of hydro-
genic impuritie$ characterizes localized staf&é'!

FIG. 3. The exchange splitting at tHe point for t°FR, e“FR (7) Multiplet states and violation of isovalency ruld/e
(upper pangl andt®®" (lower panel states for V-Co impurities in  use the level occupanciéig. 1) as well as the net magnetic
GaAs. moments that we obtain for different transition metal impu-

rities in GaAs(Table Ill) to obtain the multiplet configura-
splittings of the CFR and DBH levels at thiepoint for the  tion describing the ground state. These are given in Table Il
impurities V-Co in GaAs obtained from an analysis of their We also provide the multiplet configuration observed from
eigenvalues and eigenfunctions. For V and Cr the spin splitexperiment and find that there is agreement in all cases. It is
ting of the DBH levels is positive, i.et?B" states are at interesting to compare the ground state multiplets of two
lower energies compared tBBH However, for Mn, Fe, and isoelectronic cases ZnSeZeand GaAs:Cd" in their neu-
Co the splitting is negative with the®®" states at lower t_raI ch_arge states. In both cases we expect an glectron con-
energies compared t?2". A similar negative exchange figuration ofd_ﬁ. Normally, one would expect to find equal
splitting was observed earlier for the Te states in Miffine ~ Multiplets for isoelectronic casefisovalency rulg This ex-
Ce states in CeR@® and the Mo states in SFeMoQy.6 The pectation is basgd on.the fact that we are looking at a Iqw
explanation for this is that the states of Te in CdTe, the transmon-metal impurity concentration regime vyhere basic
states of Ce in Ceheand thed states of Mo in SiFeMoQ cry_stal field theory ideas are expected to be sufficient to ex-
are sandwitched in between thel 3tates of the transition- Plain the i)bser\_/ed ordering of energy levels. However, in
metal atom. Thep-d hybridization results in an exchange GaAgE:}Sé we g'nd thg: conf2|gurat3|or°?T2,2|.e., the hole is in
splitting of these states opposite in direction to that of theN€t™" " level (tcrr. 8crr+ €crr-toar-tDeH+), Whereas in
transition-metal atom. Indeed we see from Fig. 1 that for theZnSe:Fé" we find °E, i.e., the hole is in thecrg level
cases where the DBH states are bracketed by the spin-spfitcrr+€Grr+tan-toen+€rr-) The reason for the differ-
CFR states, the spin splitting is negative. As a result of the&nce is that the stronggs-d hybridization for GaAs:Co
negative exchange splitting of the DBH levels, the momenpushes the>®" levels to higher energies, so that thg™"
on the As atoms is antiparallel to that on the Mn atom for Mnlevels are occupied first and the hole resides in tl'ﬁ%ﬁ
in GaAs®’ In contrast, for Mn in GaN, which has DBH level. We thus conclude that the isovalency rule is not appli-
levels below the CFR levels, the exchange splitting of bothcable, and one cannot assume that the hole is in a “generic”
set of levels are in the same direction. Hence, the induced state.
moment on the N is aligned parallel to that on Mn. The (8) FM vs AFM ground state and their relation to the
antiparallel arrangement of the induced moment in Mnsymmetry of the gap leveldaving summarized the nature of
doped GaAs was earlier interpretBdas evidence of the the level induced in the gap by the introduction of the
RKKY mechanism, but is fully explainable within our transition-metal impurity, we now analyze when a ferromag-
model. netic state is favored. In Table Il we provide the energy

(5) Enhanced exchange splitting fof® states From  difference between the ferromagnetic and antiferromagnetic
Fig. 3, we see that the exchange splitting of the® states is  energies for two TM atoms at neareAfEy, and fourth
larger than that of the“"R states for Mn, Fe, and Co impu- neighbor AE,yy fcc positions in a 64-atom supercell of
rities. GaAs. We find that(@ when the level in the gap is fully
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TABLE II. Impurity formation energies with and without Makov-Payne charge corrections for the accep-
tor transitions for 8 impurities in GaAs. Experimental transitions have been given in brackets for compari-

son.
System Formation energies Formation energies
(no charge correction (with charge correction
GaAs:V (g=0) 1.224+ pga— v 1.22
GaAs.V (= +1) 1.32+ pga— pmyt € 1.41
GaAsV (= —1) 2.05+ pga— py— € 2.15
GaAsV (= —2) 318t puga— my—2€f 3.56
(0/-)=0.83 eV (0~)=0.93 eV
(—=/2-)=1.13 eV /2—)=141eV
GaAs:Cr (g=0) 1.6+ puga— Mer 1.61
GaAs:.Cr (g +1) 1.4 pga— Mert €r 1.56
GaAS:CI‘ (qul) 2.02‘|‘/Leafﬂc[7€|: 2115
GaAs:Cr (= —2) 2.8 puga— Mo~ 2€ 3.20

(0/—)=0.41 (0.74) eV

(—/2—)=0.79 (1.57) eV

(0+)=0.51 (0.74) eV
¢/2—)=1.09 (1.57) eV

GaAs:Mn (¢=0) 1.04+ nga— Mmn 1.04
GaAs:Mn (g= +1) 1.15+ uga— Mmnt € 1.24
GaAs:Mn (g=—1) 1.13+ pga— Mmn— € 1.23
(0/—)=0.09 (0.11) eV (0+)=0.19 (0.11) eV
GaAs:Fe (¢0) 1.7 pga— Mre 1.79
GaAs:Fe (g +1) 1.83+ pga— Mret €F 1.92
GaAs:Fe (e —1) 2.10+ pga— Mpe— € 221
GaAs:Fe (¢ —2) 2.82¢ phga— MEe— 2€ 3.27
(0/-)=0.31eV (0F)=0.42 eV
(=/2—)=0.72 eV (~/2-)=1.06 eV
GaAs:Co (g=0) 1.84+ pga— Mco 1.84
GaAs:Co (¢ +1) 1.90+ pwga— McoT €F 1.99
GaAs:Co (¢ —1) 1.92+ pga— Mco— €F 2.01
(0/—)=0.08 (0.16) eV (0+)=0.17 (0.16) eV
GaAs:Ni (¢=0) 1.73+ pga— i 1.73
GaAs:Ni (= +1) 1.76+ uga— mnit € 1.86
GaAs:Ni (=—1) 1.86+ pga— MNi— €F 1.96
GaAs:Ni (g=—2) 22T pga— Mni— 2€r 2.68

(0/—)=0.13 (0.22) eV

(—/2—)=0.41 (1.13) eV

(0+)=0.23 (0.22) eV
€/2-)=0.72 (1.13) eV

occupied as in ¥ and Fé&, the favored ground state is anti-
ferromagnetic(b) When the level in the gap is partially oc-

B. Impurity-induced valence band resonances

cupied and has, symmetry as in Crand MrP, the ferro- Figure 1 shows that in addition to the gap levels, the
magnetic state is lower in energy. This is also the case foftroduction of a transition-metal atom gives rise to reso-
electron doped V in GaAs which is strongly ferromagnetic. hance levels that lie deep within the valence band of the host
Although C@ (3T,) also has a hole in the level, the sys-  semiconductor. In most model Hamiltonian theori&s ®one
tem is at the brink of a ferromagnetic-to-nonmagnetic tranusually ignores the orbital degree of freedom of the
sition. (c) When the level in the gap hassymmetry, as in transition-metal impurity, and the presence of the impurity is
the case of electron doped Fethe stability of the FM state included only as a localized spin of value 5/2. In our calcu-
is weaker. Evidently theymmetryof the hole carrying state lations we find that the degree of localization of such deep
strongly determines the magnetic ordéve conclude that resonancesthus, the possibility of depicting them as local
FM is stabilized strongly only when the hole resides in thepointlike spin varies sharply with the position of the impu-
level with t, symmetry(Note, viz. Sec. V, that if; symme-  rity in the Periodic Table. For heavier TMs such as Fe and
try t, states are strongly bonded to their neighboring atomsiVin, the deeper resonance level has a significantdidhar-
whereas the lobes of the orbitals point in between the acter(being crystal-field resonangesvhile for the early TM
nearest-neighbor atoms. impurities in GaAs, one finds that the deepglevels have
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Mn d PDOS (States /eV cell)

FIG. 4. The (0f) acceptor transition energies for Cr and Mn
impurities in GaN, GaP, GaAs, and GaSb. The band edges of the
host semiconductors are aligned according to the LDA-calculated
unstrained band offse{Ref. 40, and the gaps are the experimental
values.

FIG. 5. The up- and down-spin Mihprojected partial density of
states evaluated within a sphere of radius 1.2 A for a Mn impurity
in GaN (upper panegland GaAs(lower panel. The number of k
points used is 64.

significantly less TM charactefbeing dangling bond hy-
brids). This is discussed next.

(1) Anticrossing of the two,tlevels in different host ma-
terials: Level anticrossing is evident when keeping the im-

purity atom fixed, and, changing the host semiconductorGasph or GaAs, an anticrossing occurs along the GaN
Considering the example of Mn, we find that by changing the_, Gap, GaAs—GaSb series. This is illustrated in Fig. 5,
host from GaSb to GaN, the DBH and CFR exhibit anticrossyyhich shows that in GaN:Mn for the up-spin channel, the
ing. This is not the only difference: We find that the ex-yppert, is more localized than the lowes, whereas in
change splitting of the DBH levels is in the same direction asgaAs:Mn the localization sequence is reversed. This clarifies
the CFR levels (positive in GaNFEMn, In_contrast t0 g confusion that existed in the literatffeegarding the ques-
GaAs:Mn. Further, in GaN:Mn the;" levels lie above the tion of whether the gap level is localized or not. Our result
e$ R levels, unlike the case in GaAs:Mn. The reason is evishows that the answer depends on the host. These results
dent from Fig. 4, which shows that the VBM of GaN is much also clarify the nature of the acceptor transition for Mn
deeper than the VBM of GaAs. Since the free¥rion has in different materials. GaN:Mn can be viewed asl‘alike

its d orbitals abovethe GaN VBM, butbelowthe VBM of case since its configuration E%FR+t(2:FR+ (hole in tEFR),

and the (0f) acceptor transition is from a Mn config-

TABLE IlI. The calculated energy-minimizing configuration for ,ration d4 to d®. On the other hand for Mn in GaP, GaAs,
neutral substitutional @ impurities in GaAs. CFR states are given 5.4 c35p we have the configuratio®¢ hole), i.e.,
in square brackets and DBH states in round brackets. Boldface Iegz t3 £3 t2 and the acceptor transition is from
ters denote the first unoccupied orbital. Also shown are ground stataecl\':/l'?rC%ERfr uDrBaTiE)nD(BJ?EiSJr hole) tod
multiplet and, in parentheses, the local momegpt within a sphere 9 :
of radius 1.2 A for isolated impurities. The last two columns give (,2) Occgpancy of the \_/alence band, resonances and com-
the total energy differencAE between FM and AFM spin arrange- Parison with photoemissiorirable Il gives the calculated

ments of TM pairs at firstNN) and fourth neighborNN). Aster-  0ccupancy of the crystal field resonances of tii®puri-

isk denotes the configuration with lowest energy. ties in GaAs(in square brackefsThese levels are found to
have a configuration ofd®” for Cr, Mn, and Fe. Experimen-
™ Configuration Multiplet ~ AEyy AEnn tally the position of these levels can be detected by valence

(t100) (in meV) (in meV) band photoemissiof?. By suitably tuning the photon energy
so that the photoionization cross section is maximum for the

Ni (0.53 +2.85  +4.3* TM-related states, an electron can be ionized from these deep
Co [t3e3t%e?](t3t]) °T, (158 -—9.6* —226 CFR levels. Kobayashét al*® used resonant valence band
Fe [t2e2t2e2(t2t3)  °A; (3.27)  +298 +205 photoemission and showed that the CFR levels for Mn in
Mn  [3et%e?](t3t2) 5T, (379 —247* -227 GaAs are located & ,—4 eV. A direct comparison of the

Cr [t2e2t%e (t3t1) 4T, (299 —315 —258 position of these levels with the single-particle density of
v [t%e2t%e)(t3t3)  3A, (1.89 —-40 +31* states calculated for GaAs:Mn places these energids, at

Voo [12%At%e2 (12 t3) —204 —2-3 eV. The LDA error in the position of these states is
Fe— [t3e2t2e29)(t3¢3) +259 because of the self-interaction correcti®IC) that places

these energies too high As pointed out earliér for the 3d
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FIG. 6. Mn t, projected partial density of states evaluated g|G. 7. (Color online The band dispersions ifa) up- and(b)

within a Sphere of radius 1.2 A for on-site Coulomb interaction down_spin channels for GaP:Cr Compared V\(lth the host super-
strengths -0, 6, and 10 and 15 for Mn in GaAs. The number of ce||. The thickness of the lines represents the Cr weight in the
k points used is (4 X 4. The inset shows the variation in(fBvl)- bands.

E(AFM) for two Mn atoms at nearest neighbor positions.

sion of the GaP host without the impurity has been provided

states in 1I-VI's, the experimental result should be comparedn panel(c) for comparison. The thickness of the lines de-
with the total energy difference between the configurationgicting these bands has been made proportional to the Cr
d* andd® and not with the bare single particle eigenvalues.character of the states. We see that Cr introduces a new band
Alternatively, the LDA error can be empirically corrected by within the band gap of GaP. In a band-theoretic picture, this
using the simplified LDAFU version of the SIC. In Fig. 6 system is metallic, with the Fermi energy within the impurity
we plot the Mnt$™R partial density of states as a function of band.
U for GaAs:Mn. As U increases, the position of the Mn Interestingly, (1) the host band dispersions are signifi-
related levels and therefore the™R level is pushed deeper cantly altered by the presence of the impurity. In particular
into the GaAs valence band. Agreement with x-ray photothe VBM is found to have a significant T character for
emission spectroscopyXPS) for the tSFR being atE,  the 3% Cr concentration represented by the super@Ii
—4 eV occurs for U~2 eV. As U increases, the CFR levels Cr-induced spin splitting of the valence band maximum is
t, and e are pushed to deeper energiéarger binding en- observed. Effect¢l) and (2) suggest that the host VBM is
ergy), become spatially more localized and increase their exsufficiently perturbed by the transition metal.
change splitting. On the other hand, the DBH level becomes Another way of detecting perturbations in the host bands
more delocalized, has less Mn character, lower exchangé to examine the host projected DOS of the system contain-
splitting. This is because the energy separating the din Ing the impurity. In Fig. 8 we plot the Ap partial density of
levels and the dangling bond levels increases with U, as &tates projected onto different As atoms labeled 1-4 for a
result of which the effective coupling between Mn and theGaAs supercell containing two Mn atoms. The As atom la-
host-like states decreases. Thgis consequently reduced. beled 1 has one Mn nearest neighbor, while the As atom
The picture of a “hostlike hole” obtained for unphysically labeled 2 has two Mn nearest neighbors. The As atoms show
large U leads to nearly vanishing FM stabilization energy.@ strong polarization which increases with the number of Mn
Clearly, the picture of “hostlike hole” is invalid for neighbors. The As atoms labeled 3 and 4, which are far away
GaAs:Mn, since for the U that leads to agreement with XPSrom the Mn atoms, show a reduced polarization.
the DBH hole is still localized to some extent, whereas for To pictorially see the perturbation in the VBM states, in
very large U, when the hole is delocalized, there is no ferroFig. 9 we compare the wave function squared along two
magnetism. chains in the(110) plane for the valence band maximum of
the pure GaAs hogpanel(a)] as well as the VBMi.e., the
state below DBH of the system with the Mn impurity in the
up [panel(b)] and down panel(c)] spin channels. The upper

Having studied the impurity-induced levels in the gap andchain in panelgb) and(c) contains the perturbing Mn impu-
deep in the host valence band, we next examine the perturity. The perturbation of the VBM in the presence of the
bation of the host states, especially the host valence barichpurity can be assessed by comparing the perturbed charge
maximum by the presence of the impurity atom. Figure 7density for each spin channel with the unperturbed charge
shows the up- and down-spin band dispersions for a 3% Cuensity of the host lattice. We find that the perturbations are
doped GaP supercdlpanels(a) and (b)]. The band disper- significant in the chain containing the Mn atom, while in

C. The perturbed host VBM
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FIG. 8. Up(solid line) and down(dashed ling spin projected
partial densities of states for As atoms labeled 1-4 in Mn substi-
tuted GaAs evaluated within spheres of radius 1.2 A using 64 k
points. The positions of the As atorffilled circles with respect to
the Mn atoms are shown in the inset.

adjoining chains the perturbation is limited in extent. Further
the perturbations are stronger in the up-spin channel than ir
the down-spin channel.

To evaluate the 8-induced spin splitting in the VBM, we
reference the up- and down-spin VBM eigenvalues of the
impure system to the corresponding VBM of the pure host
semiconductor. This is done by aligning the average poten-
tials on Ga atoms far away from the impurity for the two
systems. The presence of the impurity band wijtlsymme-
try above the VBM for Mn and Cr impurities complicates the
identification of the valence band maximum. We associate
the highest occupied triply degenerate eigenvalues ai'the
point with the impurity band, and the next deeper seEas
The shift with respect to the pure hostAE
=E, (GaAs:Mn)—-E, (GaAs and AE, =E, (GaAs:Mn)
—E, (GaAs is given in Table IV for the impurities V, Cr,
and Mn in different host semiconductors. We find that the
perturbation of the host VBM is smaller in the down-spin
channel compared to the up spin channel. This is consisten
with what we find from the charge density plotted in Fig. 9.
The spin splitting of the valence band maximum depends
strongly on the transition-metal impurity and host semicon-
ductor combination. Considering the case of impurities in
GaAs, we find that while the spin splitting associated with

Wavefunction at Valence band maximum atT’

(a) GaAs

FIG. 9. The wave function squared at the valence band maxi-

the introduction of V is only 0.06 eV, it increases to 0.39 e\ Mum for (a) the pure host GaAgb) for GaAs:Mn in the up-spin

for Mn. Keeping the impurity fixedMn), and varying the
semiconductor hostGaAs to Gal, we find the splitting
decreases from 0.39 to 0.1 eV. The small valence band spli
tings in the case of V in GaAs as well as Mn in GaN com-
pared with that for Mn in GaAs is because of the larger
energy separation between the interacttpgstates in the
former cases compared to the latter. Magnetic circular di-
chroism experiments of Komoeit al 8 found a spin splitting
of 50 meV which they associated with the spin splitting of

channel and théc) down-spin channels. The lowest contour corre-
sponds to 0.0015efRand each contour is 1.6 times larger.

Es experimental evidence for the RKKY mechanism. How-
ever, this could be a splitting in the DBH as discussed here.

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

We are now in a position to examine whether the physical

the valence band maximum. This observation was providegicture of the electronic structure ofd3impurities as as-
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TABLE IV. Spin-up and down eigenvalues Etfor 3d impuri-  rity, and that the VBM in the up-spin channel is perturbed

ties in GaN, GaP, and GaAs, referenced to the valence band maxmnore strongly than in the spin down channel in the presence
mum of the pure hostA corresponds to the spin splitting between of the impurity.

up- and down-spin states. (iii) Ferromagnetism and symmetiynpurities with fully

; = occupied DBH-liket, gap states such as®\and F& show
System E, (eV) E, (eV) A (eV) antiferromagnetism. A partial occupation B as in CP,
GaAsV ~0.14 ~0.08 0.06 Mr)o, or V- shows ferromagnetism. A partially occupied
GaAs:Cr —0.26 —0.08 0.18 ellke level as in Fe §hows weak or no ferrqma}gnet|§m.
GaAs:Mn —0.47 —0.08 0.39 (iv) Ferromagnc_et_lsm a_nd hole localizatipnUsing
GaP-Cr 022 008 0.14 LDA +U as an artificial device to explore the consequences

of delocalized hostlike hole states we fifidset to Fig. 8

GaP:M —-0.39 —0.09 0.30 ; L. ; .

a ] : that in this limit there is reduced ferromagnetism.
Gan:Cr —0.07 ~003 0.04 We find that despite the well known GGA-LDA band ga
GaN:Mn ~0.13 ~0.03 0.10 P 9ap

error, as well as the underestimation of the location of deep
CFR states due to SIC, these first-principle calculations pro-
vide us with the correct spin multiplets. LDWUJ changes
sumed in model Hamiltonian theoriéeviewed in Sec.)lis  some detailsSCFR locationg but does not alter the basic
consistent with first-principles calculationsutlined in Sec. picture emerging from GGA/LDA when the hole is DBH-
V). like as in GaAs:Mn.

(i) The nature of the TM-induced hole stafe3d impu-
rity in a lll-V semiconductor generates two sets of states
with t, symmetry, and one set of states watsymmetry in V. SIMPLE MODEL OF THE ELECTRONIC STRUCTURE
each spin channel. While one settgfstates are localized on OF 3d IMPURITIES IN GAAS
the TM atom(CFR), the other are localized on the host anion A. Model
atoms next to the impurityDBH). These states CFR and ) )
DBH exhibit an anticrossing for a fixed TM as a function of  Most of the results of the density functional study of the
the host anion GaNGaP—GaAs—GaSh, or for a fixed electronic structure pf($|mpur|t|es in !II-V’s (Sec. ) can
host as a function of the impurity Mn. The localization be captured by a simple model. While the actual supercell

of the hole state decreases as we move from Mn in GaN t8alcu|ations are performed at a large set of k points over the
Mn in GaP, and then to Mn in GaSb. Not all impurities entire Brillouin zone, the model described uses representa-

) ) tive energy levels as an abstraction of the finite-width density
mtrooduce holes. In GaAs, Vand Fé have no hole; Ct of states. The electronic structure of substitutional i8
Mn®, and V"~ havet, holes; and Fe has ane hole. In all

i ) N .11V semiconductors can be understood as arising from the
cases, however, the hole is nonhydrogenic, manifesting a sigsaraction of the host cation vacangnion dangling bonds

nificant admixture of 8 character and showing deep accep-yith the crystal-field and exchange-split orbitals ofdi8n.
tor levels whose energies do not follow the host VBM. This 5) The ‘dangling bonds for a column Il cation vacancy
implies that the neglect of the short-range part of the impuy, - A cation vacancy for a column Il element gives rise to
rity potential and the consequent expansion of the acceptq{ fully occupieds-like a; level located deep in the host va-
wave function in terms of a single host wave function arejence band, and a partially occupigdike t, level located
questionable. The effective mass of the hole state is therefolgst above the host valence band maximum, with a wave
different from that of the host, as observed in recentfunction amplitude localized primarily on the neighboring
experiment$® The exchange splitting of the CFR states isatoms?” This is evident from the wave function squared of
different for thet, states from that for the states. While the the Ga vacancy dangling bond state shown in(iti€) plane
splitting for thee states is larger than that for thestates for  in Fig. 10. The neutral vacandy?, has a deficiency of three
V and Cr in GaAs, the order is reversed for Mn, Fe, and Coelectrons, i.e., the orbital configuration aitg(p), wherep
This reversal in the order of the spin splitting of the CFRdenotes its major orbital character. Spin polarization splits
states is accompanied by a reversal in the sign of the spithist,(p) vacancy level into spin-ufpt. (p)] and spin-down
splitting of the DBH states. The identity of the hole state—[t_(p)] states, but the splitting is sma®0 meV at thel’
both the symmetry as well as the character—depends on thmoint) on account of the rather delocalized nature of these
impurity-host combination. While the hole carrying orbital pure host dangling bond orbitals.
for Fe in ZnSe hae symmetry, the hole is found to be (b) The crystal-field-split TMBd orbitals The tetrahedral
located in an orbital with, symmetry for the isovalent dop- crystal field of the zincblende host splits the TiMevels into
ing of Co in GaAs. e(d) andt,(d), with e belowt, in the point-ion limit®® the

(i) The nature of the host VBNIhe introduction of the crystal-field (CF) splitting of the ion is denoted by cg(t,
transition metal perturbs the valence band of the host crystak-e). Exchange interactions further split these levels into
We find this perturbation to be large when the state in the gagpin-up ) and spin-down ), with exchange splittings
has aP®" character. This is because the effective coupling isA (e)=[e_(d)—e. (d)] and A, (t)=[t_(d)—t, (d)].
larger since the DBH states have a strong host character. We The energy levels of a cation-substituted TM in a lll-V
find that the VBM is spin split in the presence off 3npu-  semiconductor can be thought'afs the result of a hybrid-
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| Ga-vacancy dangling bond states in GaAs at T | Shallow semiconductor VBM, deep TM d level
(GaAs: Mn, Fe, Co)

o

dm! dangling
bonds
VGas-

tCFR

t_(d)

Ga Ga-vac Ga

“T o

A _a

| | e
e+(d) T T
{CFR

+

Ga Ga-vac Ga FIG. 11. (Color online The schematic energy level diagram for
the levels(central panglgenerated from the interaction between the
crystal-field and exchange-split split levels on theé Bansition-
metal ion (left pane) with the anion dangling bond levelsight

pane), when the TMd levels are energetically deeper than the
Asﬂ QAS dangling bond levels.

(b) dn spin (unoccupied)

tween the Mn atoms. The hybridization in thgchannel
creates bonding, transition-metal localized CFESR and

FIG. 10. The wave function squared for tii@ up- and (b) CER i . X .
down-spin Ga-vacancy-generated dangling bond statestyaym- t="", as well as the host-anion localized antlbondlng DBHs
DBH andtPB" | whereas the channel creates the nonbond-

metry in pure GaAs. The lowest contour corresponds to 0.00F7e/At5 """ and
and each contour is 1.6 times larger. ing e5"R ande® R states. This model explains the existence

of two sets oft, andt_ levels that we found in Fig. 1. The

ization between the anion dangling bonds generated by gvailable electrons for 'o'ccupation of these levels are(N
column 1l cation vacancy/,,, [(i) abovd, and the crystal- —1)+6 for ad"s? tran5|t|or1-metal at-orﬁthree electr%ns are
field and exchange-spld levels of a TM ion placed at the used to complete the anion dangling bond state(@),
vacant sitd(ii) above. There are two limiting cases: When leavingd"~* at the transition metal idn For GaAs:V (Fig.
the 3d levels are well below the host cation dangling bonds12) the ordering of levels after hybridization is

(e.g., Mn in GaAs, Fig. 11 or when the 8 levels are well

above the host cation dangling bon@sg., V in GaAs, Fig. tDBH < {DBH < gCFR{CFR gCFR{CFR

12). The dangling bond states are shown on the right hand

side of Figs. 11 and 12, while the crystal field and exchange

split TM d levels are shown on the left hand side of Figs. 11v+wgh_|gcriaastmg energy. Tﬁn(é)erHor Vdvéigﬁveth}ﬁ) v
and 12. The levels generated after hybridization are shown in —© €electrons occlpy S 2an evels. Thus,
as the configurationtd g, t35,_€2rr. ), as seen in Fig. 1

the central panel. Thé,(p) levels of the anion dangling

bond hybridize with thet,(d) levels of the transition metal, @nd Table Iil.

In contrast, thee(d) level of the TM ion remains largely The order of levels for
unperturbed since the host does not have locakzsdtes in

this energy range, available for significant coupling. Consid- ~ GaAs:Mnis (t2er, <€Zrr: <tpgn-_<tppn-),
ering the examples of Mn in GaAs and GaN, we plot the
charge density of the and thet, states in thé¢110) plane in GaAs:Feis (t3rn; <€2rr: <t3an_<t3ans),

Fig. 13. It is evident that the states for Mn in GaAs are
essentially nonbonding, while in GaN, as a result of the re- ] 3 5 5 3 )
duced Mn-Mn separation, there is a weak interaction be- Ga8As:Cois (tcrr: <€Crr+ <€Crr-<tpBH-<lDBH+)
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(GaAs:V, GaN:Mn)

PHYSICAL REVIEW B 69, 115211 (2004

| Mn-induced state in GaAs and GaN at I point |

Sdion e
dnt dangling
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ek \\ 12
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FIG. 13. The wave function squared of Mn indudeiie“™R in
FIG. 12. (Color onling The schematic energy level diagram for GaAs:Mn,(b) e“FR in zinc blende GaN:Mn(c) t°7R in GaAs:Mn,

the levels(central panélgenerated from the interaction between the (d) tFRin zinc blende GaN:Mn(e) t°B" in GaAs:Mn, andf) tP&"

crystal-field and exchange-split split levels on thd 8ansition in zinc blende GaN:Mn. The lowest contour corresponds to

metal ion (left pane) with the anion dangling bond levelsight ~ 0.015e/& and each contour is 1.6 times larger.

pane), when the TMd levels are energetically shallower than the

dangling bond levels. levels are more delocalized with dominant weight in the

dangling bonds. This is the case for GaAs:Fe, Mn, and Co.
. . Conversely, when the orbital energy of the ®n liesabove
(Fig. 11). The number of electr(_ms 6n1)_+6 Is 10, 11' an_d the host dangling bond, we have the “CFR-above-DBH”
12 for Mn, Fe and Co, respectively. This agrees with Fig. 1_..~ . . . .
: . . situation, illustrated in Fig. 12. In this case the gap level
showing that Mn and Fe in GaAs have the ordering of Ievelsis CER-like
P ; 1k CFR CFR -like.
shown in Fig. 11, V\_”th f“ﬁg,j'”ed” andey Iev_els and While Fig. 1 illustrates anticrossing when changing the
2, 1, and 0 holes in the;™" level. By an analysis of the 34

, X o : Y atom, but keeping the host fixed, e.g., GaAs, Fig. 5 sug-
density of states obtained within our first-principle calcula-gegis that there is also anticrossing when keeping the 3
tions, we have determingdable Ill) the energy minimizing
orbital configurations for the transition, metal impurities V,
Cr, Mn, Fe, and Co in GaAs in fully relaxed configurations.
The first unoccupied orbital for each impurity has been indi-
cated in boldface in Table Ill. The simple model of Figs. 11
and 12 gives the same result.

Changing 3d impurity in GaAs

B. Qualitative consequences of the simple model

(1) Level anticrossingThe model explains how the hop-
ping interaction between thg states on the transition-metal
impurity with the cation-vacancy states generates a pdiy of
states in each spin channel. The bonding-antibonding char
acter of these states is determined by the relative separatio
of the interacting levels as well as their interaction strengths.
Hence, as depicted in Fig. 14, one could by a suitable
choice of the TM impurity change the character of the gap
levels. When the orbital energy of thed3on lies below
the host dangling bond, we have a “CFR-below-DBH” situ-
ation, illustrated in Fig. 11. In this case one has CFR states FIG. 14. (Color onling The schematic plot of band anticrossing
in the valence band of the semiconductor while the gapbetween the twa,-like levels in GaAs for different 8 impurities.

Energy

GaAs:Mn,Fe GaAs:V, Cr
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atom fixed, e.g., Mn, but changing the host crystal GaNt>e? e! |crr(t3t3)pgy, i.€., a ground state multipletE
—GaP—GasSb. Indeed, as the anion dangling bond becomegith a hole ine“"R. However, we find that the lowest energy
deeper (GaSk GaAs—GaP—GaN) or the TMd level be-  configuration for Co igt3 €2 e? 1cer(t3t2 ) pey With a hole
comes shallower (MiV), there will be a DBH-CFR anti- in the DBH level i.e., ground state multipléT,. The mi-
crossing, resulting in the level ordering shown in Fig. 12.gration of the holes from the TM-localized deep CFR levels
The CFR-above-DBH is exemplified by GaAs(see Fig. 1  into the dangling-bond manifold for Cr, Mn, and Co in GaAs
which has a shallowd level and by GaN:V, Cr and Mn creates partially occupiep-d hybridized states at the Fermi
which have a deep semiconductor VBRIFor GaAs:V, this  level with significant delocalized Ap character.

level anticrossing results in a reduceXl(t,) exchange (4) Perturbation of the valence band maximum of the
splitting compared to the cases where this crossing didhost The valence band maximum of the pure host has
notoccur(Cr and beyond For Mn in 1lI-V’s we see a rever- Symmetry. Hence, they can interact with the states with the

sal between hole-in-DBH case for GaAs:Mn with a Same symmetry on the dangling bonds as well as the TM ion.
[tieit‘le(iicpa (titi)DBH configuration to the case of The consequent spin splitting of the VBM must depend on

hole-in-CFR[t2 €2t° €° org (123 ) pay for GaN:Mn. As the relative separation of the levels involved as well as the

the CFR is much more localized than DBH, this is reerctedEQUp!mg strength. Our analysis for different TMB'hOSt com-
. inations suggests that when the gap level h&$®8 char-
by a change in acceptor level depth.

. e : acter the spin splitting of the VBM is large<(0.4 eV for Mn

(2) i_\legativ_e exc_hange splitting in the DBH_ manifold andin GaAs. ghan%ing sEhe host semicongsc(tor from GaAs to
Iow-spm coi"i.figurationsFor Co, Fe, and Mn in GaAs the GaN, increases the energy separation between the dangling
special posmc_)n of ihe Ga-vacancy level(p) bgtweenthe bond levels generated by the Ga vacancy and the valence
exlciha.nge-srﬁ)lg TdM '?.n Ie.v?jl&(%) and;_(d) (Flgl'.tt'lj)’ ref- th band levels. Consequently the perturbation of the valence
sults in a hybridization-induced exchange spliting ot ey, 5,4 1ayg|g resulting in the observed spin splitting is smaller
DBH states(Fig. 3), opposite in direction to the splitthgHon (~0.1 eV for Mn in GaN. This VBM spin splitting of the
the CFR levelgFig. 3). This results from the fact thaP impure system has been traditionally used to estimate the
is pushed down by_(d)—t_(é)choupling more than the  gychange interaction strengdh 4 between the hole and the
t,(d)~t.(p) coupling pushes,”™ up. Such a negative ex- ransition-metal atom. We see that the spin splittings of the
change splitting was also observed in bulk Mif€eF,, VBM of the impure system grossly underestimate the spin

and SgFeMoQ;.*° As seen in Table Ill, the negative ex- spiitting of the impurity bandDBH and CFR, as seen in
change splitting leads to the DBH orbital configurationsgigs. 1, 3, and 5.

(t3t2) and ¢3t>) for Mn and Fe, respectively. This corre-
sponds to a low-spin configurations for Mn with a moment

of 4. Co, on the other hand, has a configuration of VI. CONCLUSIONS
[t2e?e®lcrr (t312)ppy, SO w=2ug. Note that the mo- _ _
ment u=4 for GaAs:Mn is a consequence af<0: the We have analyzed the basic electronic structure of 3

eiti CFR levels give a spin of 5/2, and thBBH_pelow- transitiori—metal impurities in III—\( sgmiconducto_rs. We find
{DBH that the introduction of a@® impurity is accompanied by the
N introduction of a pair of states witty symmetry in addition
to nonbonding states withsymmetry. Not all 8 impurities
introduce holes. The basic symmetry and character of the
Hole state depends strongly on the semiconductor-impurity
combination. We find that the hole has a significadtchar-
) ) i . acter. We have constructed a microscopic model which cap-
juncture, we would like to point 0“5 that the experimentally ;o5 the basic aspects of the electronic structure of
measured moment is sm_aller thad®4chis reductior_i in the transition-metal impurities in semiconductors. The elements
moment could . b_e explaingd by.t.he Sgompensating defectgf this model are the relative separation of the dangling bond
such as As qntisné%or Mn mtgrsuuals. and transition-metal levels, the-d hybridization strength,

(3) Migration of the d hOIEHS_'lntO th_e DBH acceptor _states and the crystal-field and exchange splittings of the transition-
of GaAs:Cr, Mn and CoThed" " configuration of the triva- o5 |evels. We model a change in these interaction

lent TM ion corresponds td” for Cr andd* for Mn In GaA; strengths by changing the semiconducting host, keeping the
agd thus to tWO_ holes and ong h°|ej .respethg/ely, recli\gve t‘ﬂ'ansition-metal impurity fixed—Mn. We find that while the
d®. However, since for these impurities th ande™™  pole introduced by Mn has a significard 8haracter in GaN,
levels are deeper in energy than t&" levels (Fig. 11, it it is more delocalized in GaAs. The symmetgy\(st,), the

is_ enerngBthally favorable for the holt_es to “float” into tlge characte(DBH vs CFR), as well as the occupancy of the gap
highert™=" levels. A;,S a resulté ve find that GaAs:GdY)  |eve| determine the magnetic ground state favored by the
has a configuratiofit’ e’ Jcrr(t2t)ppn With two holes in - transition-metal impurity. When the hole has a dominant host
the DBH, while for GaAs:Mn @%) we find character, an exchange splitting is induced in the hole states
[t%e% lcer(t®t%)per With one hole, and GaAs:Falf) has  which is opposite in direction to that on that the transition-
a closed-shell configuration oﬁtieﬁe‘l]eFR(titi)DBH. metal atom. The nature of the exchange couplipg that
One expects Co of) to have a configuration exists between the transition-metal atom and the hole comes

gives a configuration® t2 , so the total spin is 4/2, and
w=4. Hadt®®" been above?®", we would have had the
configurationtitz, with S=3, andu=6. As a result of the
negative exchange splitting of the DBH states, one finds th
the exchange splitting for the more delocaliz&6R levels is
larger than that for the more localizet"R levels. At this
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automatically from such a microscopic model. The perturbaspin of the hole that couples to the spin of the TM via a local
tion of the host valence band is not directly related to theexchange interaction.

coupling strengthl,4. When the hole has primarily a DBH

character, one finds the perturbation of the host valence band ACKNOWLEDGMENT
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