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a b s t r a c t

The magnetic correlation between magnetic impurities in semiconductors is investigated by performing

the quantum Monte Carlo (QMC) simulation. The Anderson Hamiltonian with the realistic parameters

obtained by the local density approximation (LDA) calculation is employed. The LDA calculation gives a

dispersion of the host (GaAs) electron and the mixing energy between host and magnetic impurity

(Mn). The mixing between host and impurity electrons generates the impurity bound state in the

energy gap of semiconductors. The long range ferromagnetic coupling is observed when the Fermi

energy locates between the band edge and the impurity bound state. The ferromagnetic coupling is

enhanced by decreasing temperature.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The ferromagnetism in III–V semiconductors with the transi-
tion metal doping, called as diluted magnetic semiconductors
(DMSs), has attracted much attention from the field of semi-
conductor-based spin-electronics (spintronics) [1–3]. It has been
shown experimentally that the Curie temperature TC and the
coercive field Hc are varied by changing the hole density [4,5].
However, the origin of ferromagnetic coupling in DMSs remains
controversial because of its complex features [6]. In DMSs, such as
(Ga,Mn)As, both carriers and magnetization are provided by Mn
ions. The hybridization between extended electrons of GaAs host
and localized electrons of Mn induces the impurity band (IB).
Optical measurements suggested that the IB is generated in the
semiconductor gap, and the chemical potential is located around
IB [7,8]. It is natural to consider the holes and IB play a crucial role
for the ferromagnetic coupling. By theoretical works, the
ferromagnetic coupling is observed within the Hartree Fock
approximation. However, it is pointed out that such a mean field
theory is not enough to estimate actual TC [9]. It is also pointed
out that the band structure and the mixing energy affects the
magnetic properties in semiconductors host. To investigate the
magnetic properties in DMSs precisely, one needs to treat
the Coulomb interaction free from the mean field approximation
and use the realistic band structure and the mixing energy. To
design the high TC DMSs, a theoretical investigation of magnetism
for finite temperatures is required.
ll rights reserved.
In this report, we investigate the magnetism of (Ga,Mn)As at
finite temperatures with the actual band structure and the
hybridization energy. The impurity Anderson Hamiltonian [10]
is used to calculate the magnetic properties. In order to describe
the material parameters of (Ga,Mn)As, we calculate the band
structure and the hybridization energy by using the density
functional theory (DFT) formulated in terms of maximally
localized Wannier functions (MLWFs) [11]. We employ the
Quantum Monte Carlo (QMC) technique for calculating the
magnetic properties of both localized Mn electrons and extended
GaAs electrons. Results show that the impurity bound state (IBS)
is generated around 0.1 eV above the top of the valence band.
When the chemical potential is located between IBS and the
valence band, we obtain the ferromagnetic coupling between two
impurities and it is enhanced by decreasing temperatures. The
origin of the ferromagnetic coupling is due to the anti-ferromag-
netic coupling between the impurity and carriers. Achievements
of quantitative analysis with actual material parameters suggests
that the model and method employed in the present work is a
powerful tool for investigating and designing the high TC DMSs.
2. Model and method

The diluted magnetic semiconductors can be modeled by the
impurity Anderson Hamiltonian [10],

H ¼
X
a;k;s
ðeak � mÞnaks þ

X
x;i;s
ðed � mÞnxis

þ
X

a;k;x;i;s
ðVak;xic

y

aksdxis þ h:c:Þ þ U
X
x;i

nximnxik; ð1Þ
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where cyaks (caks) is a creation (annihilation) operator of a host
electron (GaAs) with wave vector k and spin s in the band a. dyxis
is the creation operator for a localized electron of the orbital x at
an impurity (Mn) site i. The number operators of electron are
naks ¼ cyakscaks;nxis ¼ dyxisdxis. eak is the energy of host electrons,
ed is the bare energy of localized electrons, m is the chemical
potential. Vak;xi is the mixing energy between the host electrons
and the localized electrons, and U is the Coulomb energy of
localized electrons at the impurity sites. The mixing energy Vak;xi

at impurity site ri is calculated by Bloch functions of host
electrons cakðrÞ and localized orbital functions jxiðrÞ,

Vak;xi ¼

Z
drcakðrÞ

�HjxiðrÞ ¼ Vak;x e�ik�ri ; ð2Þ

where the Bloch function is expressed as cakðrÞ ¼ fakðrÞ e
ik�r with a

periodic function fakðrÞ. In order to construct a realistic model for
(Ga,Mn)As, we first perform an electronic structure calculation
using the local density approximation (LDA) within the density
functional theory. We take a supercell which contains 3� 3� 3
primitive cells of GaAs, and replace one of Ga with Mn. Then we
make the maximally localized Wannier functions [11] using the
Bloch functions within the energy window �7 eVoek � EFo10 eV,
where ek is the eigenenergy of the Bloch states and EF is the Fermi
energy. The MLWFs centered at Ga and As atoms have an sp3

character, while the MLWFs located at Mn atoms have five d-
orbital symmetries. Then we represent the LDA Hamiltonian in
terms of the MLWFs. The size of the resulting effective
Hamiltonian is 217� 217, where it should be noted that we have
four sp3-orbitals for each Ga and As and five 3d-orbitals for Mn,
and there are 53 Ga and As atoms and one Mn in the unit cell. This
model describes the conduction bands of GaAs as well as the
valence bands as shown in Fig. 1(a). The origin of the energy is set
to the top of valence band. We consider eight bands originating
from the sp3-orbitals at Ga and As sites. The mixing energies Vak;xi

are calculated by taking into account all hopping integrals
between Wannier orbitals in 5� 5� 5 supercells. Fig. 1(b)
shows the mixing energy between the electrons in the valence
band and impurity states. Each supercell consists of an MnAs and
eight GaAs primitive cell. We perform the Monte Carlo simulation
for the one- and two-impurity models by using the results of ab

initio technique. The bare energy of localized state ed is fixed to
�2:0 eV. We also fix the Coulomb energy to U ¼ 4:0 eV [12].

When an Mn ion is substituted with Ga, the five d-orbitals of
the Mn ion are split into the threefold t2g-orbitals and the twofold
eg-orbitals by the tetrahedral crystal field. Since eg-orbitals has a
Fig. 1. (a) Calculated band structures of the GaAs. Four conduction bands and four

valence bands are shown. (b) The mixing energy between electrons in valence

band and the impurity state.
low energy compared with the chemical potential, eg-orbitals are
neglected. The Hund coupling is not included in the present work.
Therefore, three t2g-orbitals are equivalent for the magnetic
properties.

The magnetic correlation function between localized electrons
are defined as

/MxiMxjS ¼
X
s;s0

ss0/nxisnxjs0S

¼
X
s;s0

ss0½gsddð0; xi; xiÞgs
0

ddð0; zj; xjÞ

� dss0gsddð0; xi; xjÞgsddð0;xj; xiÞ�; ð3Þ

where the magnetization operator is Mxi ¼
P

s¼71snxis. Eq. (3)
indicates the square of magnetic moment /ðMzÞ

2S at orbital x at
site i for i ¼ j, while it indicates the magnetic correlation between
two impurities, /Mz

1Mz
2S, for iaj. The Matsubara Green’s function

is

gsddðt; xi; zjÞ ¼ �/TtdxisðtÞdyzjsS; ð4Þ

where Tt is the Matsubara time-ordering operator. Similarly, we
define the magnetic correlation between an impurity and host
electrons at site r,

/MzmzS ¼
X
s;s0 ;a

ss0/nxisnars0S; ð5Þ

where the Green’s function is defined as the same manner with
Eq. (4). The annihilation operator of host electrons at site r is given
by cars ¼ ð1=

ffiffiffiffi
N
p
Þ
P

k e�ik�rcaks where N is the number of the
lattice. We use the Hirsch–Fye technique for calculating one- and
two-impurity cases [13,14]. In this calculation, the chemical
potential is considered as a parameter, while it should be
determined by the number of impurities. Obtained results in this
letter corresponding to the low-doped regime of (Ga,Mn)As [15].
3. Results and discussions

Inset of Fig. 2 shows the square of the impurity magnetic
moment as a function of the chemical potential m at various
temperatures T. In this calculation, we use the single-impurity
Anderson model, and results are the average of three degenerate
t2g-orbitals. The ðMZÞ

2 close to unity when the impurity orbital is
partially occupied. For the high temperature (T ¼ 730 K), the ðMZÞ

2

gradually increases due to the temperature smearing of the
electron population. By decreasing temperature, it shows step-like
behavior around m�0:1 eV. This indicates that the IBS is located
around 0:1 eV. Experimentally, the angle-resolved photoemission
spectroscopy (ARPES) observed an impurity-induced band that is
located near the Fermi level [8]. The infrared optical absorption
[7] also showed that the chemical potential resides in impurity-
induced states above the top of the valence band. Therefore,
the calculated IBS well describes the IB obtained by these
experiments.

Fig. 2 shows an impurity–impurity magnetic correlation
/MZ

1MZ
2S in a GaAs host for the two-impurity Anderson model.

The distance between impurities is defined as jrj=a, where a ¼

5:69 Å is the lattice constant of GaAs. The chemical potential is
fixed to m ¼ 0:05 eV that locates near the IBS [7,8]. From this
figure, we observe the ferromagnetic coupling that reaches to the
4th neighbor site. It is also clear that the ferromagnetic coupling is
enhanced by decreasing temperature.

The origin of the ferromagnetism is clarified by observing the
magnetic correlation between carriers and impurities. By doping
Mn in GaAs, an Mn provides a hole carrier. The hybridization
between the d-states of doped impurity and the sp3-states of a
host semiconductor generates the spatially extended p-hole states
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Fig. 3. Magnetic correlation between carriers and the impurity state. Other

parameters are the same as those in Fig. 2.

Fig. 2. Magnetic correlation between two impurities at various temperatures. The

chemical potential is fixed to 0:05 eV. a ¼ 5:69 Å is the lattice constant of GaAs.

Inset shows the square of the magnetic moment in the impurity state.
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in the valence band. Simultaneously, the hybridization induces
the IBS which is split-off from the valence band as shown in Fig. 1.
Fig. 3 shows the impurity–host magnetic correlation as a function
of jrj=a at various T . The anti-ferromagnetic coupling is observed
and it is enhanced by decreasing temperature. When another
impurity exists in the host–impurity anti-ferromagnetic coupling
regime, these two impurities show ferromagnetic coupling.
4. Summary

In summary, we have investigated the magnetic properties of
transition metal doped in the semiconductors host. We used the
impurity Anderson Hamiltonian for describing the (Ga,Mn)As.
The parameters appearing in the Hamiltonian are calculated from
the density functional theory with the maximally localized
Wannier functions. Obtained parameters well describes the band
structure of GaAs and the mixing energy between the host and
the impurity state. For calculating the magnetic properties, the
Quantum Monte Carlo technique free from the mean field
approximations is employed with the Hirsch–Fye algorithm. The
hybridization between impurity and host electrons generates
the impurity bound state above the valence band. We observed
the ferromagnetic coupling between two Mn impurities when the
chemical potential is located around the IBS. The ferromagnetic
coupling is enhanced by decreasing temperature. The microscopic
origin of ferromagnetic coupling between magnetic impurities is
described by double resonance coupling that is originating from
the anti-ferromagnetic coupling between host and impurity state.
We note that these calculations are easily applied to other host
semiconductors and impurities.
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