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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.
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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,qwith1[.4(W)79.9(e)-0.0001 Tc
(12)Tj
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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
e
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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
it-
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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
-
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e
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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
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2(detectarizatIc90F4 1 77.2(F4 1 0new)-283.8D
[Tw 1 08(seeTw 1 08(the)- 1 0n(perturbatihe)- 1 0ineeTw 1 08(the)5)64.6(VBM)w 1 08(stat,he)- 1 0ines)]TJ
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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-
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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 0 TD90il-332.9(polarizatioO.



e
adjoining chains the perturbation is limited in extent. Furth
 r



te

n
on
d
of

s

s
p
is

pu
pt
re
fo
n
is

o
R

sp
—
t

al
e
-

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
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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
a
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FIRST-PRINCIPLES INVESTIGATION OF THE . . . PHY
~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.
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atom fixed, e.g., Mn, but changing the host crystal G
→GaP
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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
-
e

nd
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a
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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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