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Electronic states of single Mn impurities and magnetic couplings between Mn spins in diluted magnetic
semiconductors have been studied systematically. It has been clearly shown that in the ground state, Mn spin
antiferromagnetically (AFM) couples to surrounding As(N) when p-d hybridization V,, is large and both the
hole level E, and the impurity level E, are close to the middle of the gap; or very weak ferromagnetically (FM)
when V,,; is small and both E, and E; are deep in the valence band. The Mn spin couplings are Heisenberg
AFM for half-filled hole orbits; on the contrary, the couplings between Mn spins are double-exchange-like FM
when the hole occupation in the p orbits is away from half-filling, and this accounts for the FM order in III-V
semiconductors. The important role of the antisite As(N) compensation or the hole phase separation for the
stability of FM ground state in wide-gap diluted magnetic semiconductors is emphasized.
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I. INTRODUCTION

Diluted magnetic semiconductors (DMS), such as
Ga;_Mn,As and Ga,_Mn,N, with ferromagnetic (FM) Cu-
rie temperature (7,) as high as 110 K in Ga,_Mn,As, or
even as room temperature in Ga;_,Mn,N have attracted
much attention, since these compounds provide perspective
applications in the fabrication of spintronics devices as well
as in quantum computers.' The unusually high FM Curie
temperatures in Mn-doped or Cr-doped III-V semiconductors
with such low concentrated magnetic ions and the interesting
magnetotransport properties have also raised many funda-
mental problems, e.g., the electronic states of 3d impurities
and the origin of the FM long-range order>* (LRO). Many
experiments have established the fact that local magnetic
moments S and hole states are simultaneously introduced in
DMS as galliums are substituted by manganeses. An elabo-
rate relationship between the Mn concentration and the Curie
point 7, in Ref. 1 and lots of other experiments®’ demon-
strated the important role of mobile hole carriers in the for-
mation of FMLRO in DMS, suggesting that the FM coupling
between Mn spins is mediated through these delocalized
holes.

Some microscopic mechanisms have been proposed to ex-
plain the microscopic origin of the carrier-induced®~'> FM-
LRO in DMS. The coexistence of local magnetic moments at
the Mn site and mobile carriers at surrounding As(N) sites
suggests that the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction between Mn spins is a natural candidate to ac-
count for the origin of FMLRO in III-V semiconductors.
Dietl et al® interpreted the magnetic properties of
Ga;_,Mn,As in terms of the RKKY interaction and Zener
scenario within the mean-field approximation. Although this
theory successfully explained the dependence of the Curie
temperature 7. and the spontaneous magnetization on the
doping concentration in some doping range,’ there are still
some important issues to be clarified. First of all, the mean-
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field RKKY theory is valid only when isolated local spins are
merged in the sea of highly degenerate carriers, i.e., local
spin density N, is much less than carrier density n;,, and the
carrier bandwidth D is much greater than the spin-hole ex-
change constant J. However, in DMS, the hole density, n,
<N, and the Mn-As(N) spin-hole exchange constant, J
=1 eV, is much larger than the Fermi energy, E=~0.3 eV,
of the hole carriers.'* Second, an updated experiment has
clearly shown that in Ga;_,Mn,As, the holes are bound to
Mn acceptors'~1¢ and form an impurity band in the heavy
doping regime, rather than a degenerate wide conduction
band. Furthermore, the averaged Mn coordinate number z is
less than that of the conventional three-dimensional ferro-
magnets, thus it is expected that there will be a large discrep-
ancy between the mean-field result and the realistic situation.
Therefore, the mean-field RKKY or Zener® theory might not
be accurate for describing the FM ordering® in DMS.

The double-exchange model, which is responsible for the
FM order in doped perovskite manganites, was also sug-
gested for the FM coupling of distant Mn spins in DMS
theoretically and experimentally.>!*!! Based on the first-
principles calculation, Akai found in (In,Mn)As,? the carriers
are d character and the FM state is half-metallic, an analogy
with doped manganites, so he suggested the double-
exchange interaction stabilizes the FM ground-state (GS) in
(In,Mn)As. However, there exist lots of difference between
DMS and manganites: the spatial separation of Mn spins in
DMS is much further than that of dense Mn spins in manga-
nites; the direct hopping integral between d electrons is very
small in Mn-doped GaAs, and the valence fluctuation in Mn
3d orbits is small, dissimilar to the mixed valence of 34> and
3d* in doped manganites. It is well known that in double-
exchange manganites, the magnetic coupling between two
nearest-neighbor Mn spins approximately behaves as
|cos(6/2)]; here 6 is the azimuthal angle of two spins.
To date, this behavior has not been explicitly confirmed in
DMS experimentally. Also the polaronic mediated FM
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mechanism'? and some other theories'’"!? are also proposed

to interpret the origin of FMLRO. Several debated theories
indicate that more efforts are needed for the microscopic
origin of the FM order in DMS.

One of the central problems in DMS is to understand the
electronic state properties of the impurities and the magnetic
interaction of manganese spins, especially their evolution
with various physical parameters and the doping concentra-
tion of DMS. These electronic properties are essential for our
understanding of the microscopic mechanism of FMLRO in
DMS. Earlier studies by Zunger and Lindefelt,>*?! Delerue
et al.** and some other authors?*?* on the electronic struc-
tures of single Mn and other transition-metal impurity III-V
and IV semiconductors provided much valuable information.
Based on local density approximation and unconstrained
mean-field approximation, Zunger and Lindefelt,?*2! studied
the chemical trends of the effective crystalline fields, the
energy levels, and the density of states (DOS) of the
transition-metal impurities. The substitutional impurity state
properties of different transition-metal atoms in III-V semi-
conductors were also analytically studied in Ref. 22 to ex-
plore the dependence of the impurity energy levels on the
nuclei charges of the transition-metal atoms. More recently
the FM GS in Mn-doped DMS has been confirmed by a lot
of authors based on the first-principles electronic structure
calculations, for example, see Refs. 23 and 24. However, it is
not well understood the nature of the couplings between Mn
spins, the evolution of the magnetic couplings between Mn
spins with the doping concentration, the p-d hybridization
strength, the energy gap of the host III-V semiconductors,
and the energy levels of the 3d impurities and of the 4p
holes, etc. These factors are crucial for our understanding the
FM ordering and the unusual transport in DMS.

The aim of this paper is to elucidate the electronic states
and the magnetic properties of a single Mn—-As(N) cluster
and the spin couplings between two Mn—As(N) clusters for
various parameters. We find that in DMS, the azimuthal
angle dependence of the magnetic coupling energy between
two Mn spins is proportional to |cos(#/2)|, indicating that the
FM origin in DMS is double-exchange-like. In the rest of
this paper, after describing the model Hamiltonian in Sec. II,
we first study the GS of single Mn—As(N) clusters for vari-
ous electron configurations, determining the parameter
range of the antiferromagnetic (AFM) coupling in the
single Mn—As(N) cluster in Sec. IIT A; then in Sec. III B,
we present the Mn—Mn spin couplings in the GS of two
Mn-As(N) clusters and show that the FM coupling is
double-exchange-like for the hole occupation away from the
half-filling, or Heisenberg-like AFM for the half-filling, and
the compensation of antisite defects to the substitutions or
the inhomogeneity of the hole distribution (electron phase
separation) plays crucial roles for stable FM ground state in
DMS. Section IV is devoted to the remarks and conclusions.

II. MODEL HAMILTONIAN

As manganeses substitute the host atoms In, Ga, or Al in
III-V semiconductors, such as InAs, GaAs, GaN, or AIN, we
now have a basic interaction scenario in DMS from various
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early experimental and theoretical studies: the five valence
electrons of As(N) occupy the four sp? dangling bonds with
symmetry A; and 7,, and the two outer 4s electrons of Mn
covalently couple to the A, orbit of the As or N dangling
bonds. The Mn impurity, as an effective mass acceptor, con-
tributes a spin and a hole. The spin localizes in Mn site,
while the hole is bound to As or N site around Mn with an
extension radius of r, larger than the lattice constant. The
five 3d electrons of Mn are separated into an inert local spin
S of 3d* configuration and a 3d electron which hybridizes
with 4p orbit, which couple with each other via strong
Hund’s coupling Jy. The 3d electrons interact with the holes
in the p orbits of the surrounding As or N sites through the
hybridization V,,. Under the T, symmetry environment of
the zinc-blende III-V semiconductors, the hole randomly oc-
cupies one of the three 7, orbits contributed from four
nearest-neighbor As or N atoms around the Mn spin. Mean-
while, in the T, crystalline field, the 3d orbits of Mn ions
split into lower energy E,-like d orbits with pure atomic
character and almost not coupling to As or N atoms, and
higher energy T>,-like orbits coupling to the T,p orbits of As
or N atoms.?” Due to the strong Hund’s coupling, the 3d
electron hybridized with holes still interacts with the rest
electrons of the local spin S(S=2) of Mn 3d* configuration
via Hund’s coupling Jy. The on-site Coulomb interactions
between 3d electrons U, and between holes U, are also taken
into account. Here, U, is usually much smaller than U,;.*?

With the increase of Mn concentration, the wave func-
tions of the holes centered at As or N sites with large radius
r, start to overlap with each other. The hopping integral be-
tween holes V), crucially depends on the extension radius r,
and the hole density 7n;,. Thus the Hamiltonian modeling the
preceding physics in DMS reads
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(ijyo
where H(i) describes the electronic interactions in the ith
Mn-As cluster, and H; the hopping process between holes.
E,; and E, denote the bare d-electron and p-orbit energy lev-

els, respectively; cAifU and ¢]  are the creation operators of
the 3d electron and 4p electrons with spin o in the ith
Mn—-As(N) unit; n¢_ and n¢, denote the electron occupation
number of the hybridized d orbit and p orbit with spin o, and
n=3,(nS+n?) is the total electron number.

Unlike some other authors, this Hamiltonian is not ex-
pressed as a simple Kondo lattice model. As we addressed in
Sec. I, there exists strong pd hybridization between Mn 3d
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FIG. 1. Hybridization dependence of magnetic moment m; of
the hybridized d electron and magnetic moment m, and spin polar-
ization P of p electrons in the GS of Mn-As(N) cluster for (a)
GaAs:Mn, E,=-0.95 eV, E;=—1.2 eV; (b) GaN:Mn, E,=—1.8 eV,
E;=-0.5 eV. The other parameters: U,;,=4.0 eV, U,=0.35¢eV, Jy
=1.0eV.

orbits and As or N p orbits, so the 3d electron occupation
varies with the pd hybridization and the total Mn spins are
not completely localized. In the present scenario, the p holes
are bound near Mn sites or extend only over a few of lattice
constants, forming an impurity band with very narrow band-
width. So the Kondo lattice model is not proper in describing
the physics in DMS. In this paper, the p and d levels, E, and
E,, are taken with respect to the middle of the band gap.

III. THEORETICAL RESULTS

In the following, we present first the electronic states of a
single Mn impurity and its evolution with the interaction
parameters in a single Mn—As cluster, and then the effective
couplings between Mn spins of two Mn—As clusters in the
DMS background.

A. Single Mn impurity

We study the electronic states of a cluster with a Mn
impurity and its ligand As or N, which describes the situation
that the distance of Mn ions is so far that the Mn—Mn inter-
action can be neglected and V;,=0, thus no summation over
the lattice is needed in Egs. (1)—(3). The local spin S is
assumed to be aligned in the z axis. The electronic states and
the magnetic properties of the Mn—As cluster are easily ob-
tained by the exact diagonalization to H, for various physical
parameters and electron configurations. In contrast to the lo-
cal moments formation in the Anderson impurity model, the
p electron is AFM polarized with respect to the local spin as
the p-d hybridization V,, is stronger than a critical value V.,
as seen in Fig. 1. When V,,<V,, we find that the p orbit is
almost fulfilled in the GS and the polarization of the elec-
trons in the p orbit is positive and very weak. The p and d
electron occupations are almost fixed with the increase of
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V,a- A very small fraction of spin-down p electron transfers
to the 3d orbit, and the magnetic moment of the hybridized
3d orbit deviates from 1ug very little, which leads to the
weak and positive polarization of the p orbit and S=5/2 at
Mn site. The maximum of the polarized moment of each As
or N is about 0.023up in the Mn—As cluster or 0.021up in
the Mn—-N cluster as V,;— V..

As V,; becomes larger than V,~1.0 eV in the Mn-As
cluster or V.~ 1.3 eV in the Mn—N cluster, the holes strongly
hybridizing with the 3d electron, a considerable fraction of
the 3d electron transfers to the hole p orbit, leading to the
AFM polarization of the hole p electron with respect to the
local spin. This AFM polarization is in agreement with
widely observed negative As magnetic circular dichroism
signal.”> The strong dependence of the AFM polarization of
the As or N p orbit on the hybridization strength is also
shown in Fig. 1. The maximum of the polarized magnetic
moment of each As(N) is about —0.63up in the Mn—As clus-
ter or —0.32up in the Mn—N cluster. Our result for the Mn—-N
cluster is in good agreement with that obtained by the first-
principles electronic structure calculation in Ref. 26 for the
Mn-N clusters, but considerably larger than that obtained for
periodic systems,?’ which is attributed to the finite size effect
in Ref. 26 and the present study. Owing to four coordinates
of each Mn atom, it is more reasonable to average the polar-
ized moment on four As(N) sites, giving rise to —0.16up for
GaAs:Mn and -0.08up for GaN:Mn. The data is in agree-
ment with the first-principles results.?’

We also find that the dependence of the magnetic moment
and the polarization of the p orbits on the 3d energy level E,
is very similar to that on the hybridization V,,; in Fig. 1. For
the very deep 3d energy level E,, the electron in the p orbits
is weakly and positively polarized; there also exists a critical
value E. for E,; that when E, is shallower than E_, the elec-
trons in the p orbits are AFM polarized, and the polarization
of the p orbit is about —40% for GaAs:Mn or —20% for
GaN:Mn. One finds that the closer the E, is to E,, the larger
the p-d hybridization is, and the more the d electrons transfer
to the p orbit, hence, a stronger polarization of the p electron.
A too deep or too shallow E, level is not favorable of the
formation of the AFM Mn—As(N) cluster. In the GS and for
V,4=1.0 eV, the energy difference between FM and AFM
configurations of Mn-As(N) cluster is —-0.93 eV for
GaAs:Mn and —-1.26 eV for GaN:Mn. Obviously such a
strong pd exchange energy, much larger than the hole band-
width, invalidates the RKKY model. The pd exchange en-
ergy in GaAs:Mn quantitatively agrees with the photoemis-
sion data obtained by Okabayashi et al.,’® in which the
exchange constant is evaluated to be —1.2+0.2 eV by the
configuration interaction (CI) cluster model. Meanwhile, we
notice that their electron occupation numbers in the d and the
p orbits differ from ours. One finds that in their Mn>* state,
the spin-up states in Mn are fully occupied, and only the p
electrons in As(N) which have spins antiparallel to the Mn
spins can transfer to the Mn 3d orbits. However in our
model, because of the large hybridization V,,; and large on-
site Coulomb interaction between 3d electrons, the 3d elec-
trons tend to transfer to the partially filled p orbits. Thus, the
3d electron number of Mn in GaAs is less than 5, about 4.75,
which is in agreement with the result by electronic structure
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FIG. 2. The phase diagram of Mn-As(N) cluster. (a) V), vs E,,,
E;=-0.5 eV, and (b) E; vs E,, V,;,=1.0 eV. The other parameters
are the same as in Fig. 1.

calculation.?® Our study also showed that the presence of the
AFM polarization is not affected by the charge transfer from
the d to p orbits or from the p to d orbits.

The magnetic phase diagrams of single Mn—As(N) cluster
on E, vs V,, and V,,; vs E, are shown in Figs. 2(a) and 2(b).
The common character of the phase diagrams is that there
exists very weak FM and strong AFM polarized regions.
When both E; and E, are very deep, the electrons in the p
orbits are fulfilled and not polarized, this nonmagnetic region
is not shown in Fig. 2. As E; and E, are lifted, the p elec-
trons become weak FM polarization to the Mn spin. And for
large V,; and shallow E, or E,, the p electrons in the As(N)
sites are strongly AFM polarized. Though we have little in-
formation about the exact position of the energy levels of d
and p electrons in various DMS, the configuration interaction
analysis in Ref. 28 showed that the realistic physical param-
eters of GaAs:Mn fall into the AFM region in Fig. 2. This
phase diagram also provides the clue for searching new high-
T. DMS materials. The strong AFM coupling between Mn
and As(N) provides such a possibility that the Mn spins in-
teract through the AFM polarized As(N) ligands and form the
FM correlation. As we showed in the following, the Mn
spins establish the double-exchange-like FM coupling via the
polarized p-d hybridized band. This large pd exchange cou-
pling also validates Konig et al.’s FM spin wave theory'® for
DMS, which is based on strong pd exchange interaction.

B. Magnetic coupling of two Mn spins

Next we consider two Mn—As(N) clusters to study the GS
magnetic configuration and the spin couplings between Mn
ions. With the increasing of Mn doping density and hole
concentration, the separation between holes becomes smaller
and smaller, the wave functions of these holes begin to over-
lap, and the holes can hop back and forth. The hopping in-
tegral between two holes at sites R; and R; is depicted by
Vi, /) = (R ol 1, (Ry)), where #,(R;) is the hole wave
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FIG. 3. Dependence of the GS energy difference between FM
and AFM coupled (Mn-As) clusters on hybridization V,, (a)
GaAs:Mn and (b) GaN:Mn. V,,,=1.0 eV, the other parameters are
the same as to those in Fig. 1.

function and A is the single-particle Hamiltonian. We ap-
proximate ¢, with the hydrogen-like wave function with ra-
dius r, and effective mass m", so both r, and m" are the
functions of the Mn concentration. In this situation, the two
Mn clusters interact through the hopping of holes in the two
As(N) p orbits. The summation of the lattice in Egs. (1)—(3)
runs over indices 1 and 2. For simplification, the core spins
of two Mn ions are assumed semiclassical and the angle of
the spins S; and S, is 6.

In the GS of two Mn-As clusters, the Mn local spins are
either strong FM or weak AFM coupling, depending on the
electron filling of the p orbits, as shown in Fig. 3. Denote n
as the total electron number of the hybridized two p and two
d orbits. Since two hybridized d orbits are half-filling due to
strong Hund’s coupling and Coulomb interaction, thus n=3
corresponds to the electron configuration with three holes in
the two p orbits, i.e., the hole rich case; n=4 to that with two
holes in the two p-orbits, i.e., the half-filling case; and n=5
to that with a hole in the two p-orbits, i.e., the hole poor or
the hole compensation case. Comparing the GS energy of the
two Mn clusters of the FM configuration with that of the
AFM configuration, we find that the Mn—Mn AFM configu-
ration is stable for the half-filled p orbits in the two As(N)
sites. However, FM configuration is more stable when the
electron occupation in the As or N p orbit deviates from
half-filling; and the higher the hole number is, the stronger
the Mn—Mn FM coupling is. The magnetic coupling strength
between two Mn spins monotonically increases with the hop-
ping integral V), and the AFM coupling strength is much less
than the FM coupling strength, which can be clearly seen in
Fig. 3.

The microscopic origin of the magnetic couplings be-
tween Mn spins for these electron configurations can be eas-
ily understood. With the substitution doping of Mn to Ga, the
local spins and holes are introduced simultaneously in the
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FIG. 4. The 6 dependence of GS energy difference in two
(Mn-As) complexes for (a) GaAs:Mn, V,=0.015¢V and (b)
GaN:Mn, V;,=~0.186 eV. The other parameters are the same as in
Fig. 3.

semiconductor host. Formally, the density of Mn spins equals
to the hole concentration, it seems that the active p orbits are
always half-filled. In this situation, it is well known that the
two holes interact through the AFM superexchange coupling,
giving rise to the opposite spin alignment of the two p elec-
trons. Considering the AFM coupled p-d hybridization and
the strong Hund’s coupling between the hybridized 3d elec-
tron and the local spin, one expects the AFM GS of the two
Mn-As(N) clusters. On the other hand, due to the existence
of numerous antisite As and the intersite Mn defects in real-
istic DMS, a significant fraction of holes are compensated by
the electrons from these defects. Hence, the hole density in
DMS is considerably less than the Mn density, and the
n=>5 electron configuration in the two Mn—-As(N) clusters is
the most probable in realistic DMS. As shown in Fig. 3, in
the GS with hole configuration away from half-filling, the
hopping of holes and their AFM hybridization with the 3d
electrons lead to the FM coupling between Mn spins, hence
to the FM GS, just as the experimental observation in
GaAs:Mn, GaN:Mn, and many other DMS.

To further understand the nature of the FMLRO in DMS,
we studied the dependence of the GS total energy of the two
Mn-As clusters on the azimuthal angle 6 between two local
spins for various electron filling, and the result is shown in
Fig. 4. The total energies E(6) are measured relative to that
of the Mn—Mn AFM configuration. We notice that in the
half-filling p orbits case, the energy difference ~cos 6, indi-
cating that the Mn—-Mn coupling is the Heisenberg-like
AFM. In contrast, for the case of deviating from half-filling,
the GS energy difference is proportional to |cos 6/2], and this
is the essential character of the double-exchange FM in
doped manganites, implying that the Mn—Mn FM coupling
is double-exchange-like. Meanwhile, numerical fitting to
these curves exactly gives rise to the Mn—Mn spin coupling
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E—E0=JhCOS(0)~Sl-Sz (4)

for half-filling p orbits with n=4, which is the Heisenberg
AFM coupling with J,=5.2 meV in GaN:Mn or 0.4 meV in
GaAs:Mn. In contrast, it gives rise to

0 S-S
COS(E)‘ ~-q\/1+ ISz : (5)

for the p orbits configurations deviating from half-filling, and
this agrees with the well-known double-exchange FM cou-
pling in the limit of large J;.°° In the case with n=5, J,,
=11 meV in GaAs:Mn and J;,=75 meV in GaN:Mn. In fact,
in the present scenario that p holes strongly hybridize with
the 3d electrons and the 3d electrons strongly interact with
the local spins via the Hund’s coupling, the 3d electrons
form a narrow itinerant and spin-polarized band via the p
holes, so that the physical interaction of Mn spins in proper
doping DMS quite resembles the double-exchange interac-
tion in doped manganites.

Experimentally, the existence of the neutral substitutional
impurity state A° was addressed by infrared spectroscopy-!
and the negatively ionized A~ state’ by electron para-
magnetic resonance in DMS, providing the background
for the double-exchange mechanism. The FM coupling
energy of two Mn spins in GaAs:Mn is about 11 meV, which
is comparable with the experimental Curie temperature
T,.~ 110 K. In GaN:Mn, the FM coupling energy is about 75
meV. Therefore, it is plausible for interpreting the origin of
extremely high Curie temperature 7.~ 600-900 K in wide-
gap GaN:Mn. In comparison with the first-principles calcu-
lation for GaAs:Mn,?*2* the FM state is about 0.12 eV or
more lower than the AFM state, much larger than what we
obtained for GaAs:Mn. Such a huge difference is attributed
to large unit cell and the self-consistent mean-field result in
the first-principles calculation.

E_EOz_Jde

IV. REMARKS AND CONCLUSIONS

We find that in the AFM polarized Mn—-As and Mn-N
clusters, the polarized magnetic moment at the As site is
larger than that at the N site both for single cluster and for
two interacting clusters; on the contrary, the FM coupling
energy of the Mn spins in GaAs:Mn is smaller than that in
GaN:Mn. This difference arises because the charge transfer
of the spin-up 3d electron to the p orbit in Mn—As clusters is
less than that in Mn—-N clusters; however, the large hopping
integral of the holes in the Mn—N clusters leads to a wider
hybridized band in GaN:Mn and contributes a stronger
double-exchange FM coupling strength. For the systems with
fulfilled p orbits, the Mn—Mn spin coupling is the superex-
change AFM, such as in Fe-doped GaAs, which is in agree-
ment with recent first-principles result by Mahadevan and
Zunger.** For the systems with half-filled p orbits, different
from Ref. 33 and many other first-principles results, we also
predict AFM superexchange coupling between Mn spins,
while the first-principles calculations predicted FM coupling.
This can be addressed from two aspects: first, the 4s elec-
trons of As sites are also involved to the hybridization in the
first-principles calculation; second, the first-principles calcu-
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lation concerns a lattice, while we consider few finite clus-
ters. Thus on average, the p orbits in As(N) sites are not
half-filled in the first-principles calculations.

In the presence of the antisite As(N) or interstitial Mn
atoms, a significant fraction of holes is compensated by the
electrons from the antisite As(N) or interstitial Mn, hence the
hole occupation n° is away from half-filling, which leads to
the stable double-exchange-like FM phase in realistic DMS.
From Figs. 3 and 4, one finds that at n° away from half-
filling, the higher the hole number is, the stronger the
Mn—Mn magnetic coupling is, and indicating a higher FM
Curie temperature in DMS. Another possibility to stabilize
the double-exchange-like FM phase is the inhomogeneous
distribution of the hole density, such as the electronic phase
separation. Since even in the molecular-beam-epitaxy-grown
DMS, thin films of inhomogeneous strain were found to
widely exist in most of DMS samples; this reason is in
favor of the inhomogeneous distribution of the holes. With
the coexistence of both configurations n=3 and n=5 in the
Mn-As(N) clusters, we anticipate in the compounds with
inhomogeneous hole distribution, the FM Curie temperature
T, is higher than that of the compensated compounds.

As we mentioned above, the Mn local spins in DMS are
so distant in comparison with the dense spins in doped man-
ganites that one may question the role of the double-
exchange mechanism in DMS. The microscopic mechanism
for the double-exchange FM coupling in Mn-doped DMS is
depicted as follows: due to the strong hybridization of the
As(N)p orbits with the 3d electrons, the system forms two
hybridized narrow bands, and the hybridized band with
dominant d orbital character couples to the Mn local spins
via strong Hund’s coupling. Thus, the hopping of the mobile
holes between localized spins gives rise to the double-
exchange-like FM coupling and leads to the FM order in
DMS, similar to that in doped manganites. It is worthy of
stressing that the present double-exchange-like FM GS is
still stable with the variation of the the Mn concentration in
DMS. It not only works for the present finite clusters in the
high Mn concentration in the heavy doping regime, but also
holds in the low doping regime. Since in low doping
Ga,;_ Mn,As or Ga;_MnN thin films, as we addressed in
Sec. III B, the holes form a coherent and polarized narrow
band with the bandwidth of 27V, in which the hopping in-
tegral V;, depends on the hole density, i.e., the Mn concen-
tration in DMS. Here z is the coordinate number of Mn spins.
The polarized hole band hybridizes the 3d electrons and
couples to the local spins, giving rise to the double-exchange
magnetic couplings, very similar to the situation in doped
manganites. Thus, the present results for finite interacting
clusters can be generalized to the low Mn concentration
Ga,;_Mn,As or Ga;_Mn,N thin films. On the other hand, in
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the limit of extremely low Mn concentration x, V), is very
small, and the hole states may be nearly compensated; there-
fore, the superexchange AFM coupling between Mn spins is
dominant. Consequently, the GS is the AFM state or the spin-
glass-like local-moment disordered state.’

Comparing the present double-exchange FM theory with
the conventional double-exchange FM in manganites, we
find that the valence fluctuation in the FM ordered DMS is
much less than that in doped manganites. Due to the strong
p-d hybridization and the extended wave functions of the p
holes, the average time of the mobile electrons staying
around Mn spins are nearly the same; therefore, one would
not expect strong valence fluctuation in the 3d orbit of DMS.
Meanwhile, the Curie temperature in DMS seems to be too
high in comparison with the FM critical temperature in man-
ganites, which may be attributed to the fact that the strong
Jahn-Teller electron-phonon coupling and polaronic effect
weakens the FM Curie point in manganites. A recent experi-
ment by Hirakawa et al.'” on the infrared absorption spec-
troscopy in Ga;_,Mn,As showed that there is no Drude peak
at w— 0, which is the characteristic of the double-exchange
type of interaction observed in doped manganites, strongly
supporting the double-exchange FM mechanism in FM
DMS.

Obviously, the prerequisite condition for the double-
exchange process is the coexistence of two kinds of Mn ac-
ceptors, the neutral impurity state A° with the configuration
3d°+h and the ionized state A~ with 3d°. As we argued in the
preceding, due to small valence fluctuation, the coexistence
of A~ and A” is not easily observed in DMS. The early elec-
tron paramagnetic resonance result showed that Mng, is in
the 3d° ionized state’® in Ga,_,Mn,As, and only the very
recent resonant x-ray emission experiment’* clearly demon-
strated the coexistence of the two kinds of Mn acceptors,
providing a direct and evident support for the important role
of the double-exchange process.

In summary, we have shown that in doped III-V semicon-
ductors, Mn—As(N) is AFM polarized only for strong p-d
hybridization and small charge transfer energy. By varying
the azimuthal angle between two Mn spins, we have shown
that the Mn—Mn spin interaction is double-exchange-like
ferromagnetic coupling, addressing the strong ferromag-
netism in diluted magnetic III-V semiconductors.
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