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Ferromagnetism and metallic state in digital„Ga,Mn…As heterostructures

Stefano Sanvito*
Physics Department, Trinity College, Dublin 2, Ireland
~Received 23 May 2003; published 26 August 2003!

We present an extensive density-functional theory study of the electronic, magnetic, and transport properties
of GaAs and AlAs digital ferromagnetic heterostructures. These can be obtained byd doping with Mn the
GaAs layers of a GaAs/AlAs superlattice. Our analysis spans a range of Mn concentrations and considers the
presence of compensating defects such as As antisites. In the defect-free case all the heterostructures studied
present a half-metallic electronic structure. In contrast, when As antisites are present the half-metallic state is
destroyed and the heterostructures behave as dirty planar metals. In this case they show a largep-type metallic
conductance in the Mn plane mainly due to majority spin electrons, and ann-type hopping like conductance in
the GaAs planes mainly due to minority spin electrons. This suggests that if the As antisites can be kept far
from the Mn planes, spatial separation of the different spin currents can be achieved. Finally, we show that in
the case of AlAs/~Ga,Mn!As digital ferromagnetic heterostructures the AlAs/GaAs valence band offset pro-
duces an additional confining potential for the holes responsible for the ferromagnetism. Therefore the ferro-
magnetic coupling between the Mn ions becomes larger and more robust to the presence of As antisites.

DOI: 10.1103/PhysRevB.68.054425 PACS number~s!: 75.50.Pp, 71.20.Nr, 71.15.Mb
f
to
n

in
ag
le
ik

uc
in
te
i

ve
rs

-
-

e

cia
es
ro
-
r,
d

d
on

ic
o
he

re-
ese
eir
ant

As
for

-
for
tion
aAs
FH

he
ed

les,
the
la-
ier

rie
y
ble

e

e
o-
re-

ive

en-
I. INTRODUCTION

~Ga,Mn!As ~Ref. 1! is the prototype of a new class o
magnetic materials named diluted magnetic semiconduc
~DMS!.2,3 These are obtained by doping ordinary semico
ductors with transition metals. In the case of~Ga,Mn!As the
Mn ions occupy the Ga sites and provide both localized sp
(S55/2) and holes. The spin holes are then antiferrom
netically coupled to the Mn ions and this gives rise to ho
mediated long-range ferromagnetism via a Zener-l
mechanism.4

The potential impact of this material on the semicond
tor industry is huge, since it opens the possibility of add
ferromagnetism to the AlAs/GaAs system, an important s
toward the implementation of the spin degree of freedom
an electronic device.5 To date several concept devices ha
been demonstrated, including spin-polarized light emitte6

and electrically controlled ferromagnetism,7 and one can en
vision ~Ga,Mn!As among the building blocks for a spin
based quantum computer scheme.8

Despite these indisputable successes the critical temp
ture (TC) of ~Ga,Mn!As hardly exceeds 110 K~Refs. 2 and
3! and this poses severe limitations to future commer
applications. At present low-temperature annealing proc
ing has allowed an increase of the Curie temperature f
110 K to about 170 K,9,10 but room-temperature ferro
magnetic~Ga,Mn!As appears difficult to produce. Howeve
these recent annealing experiments have demonstrate
important point: the low critical temperature of~Ga,Mn!As
is not an intrinsic limitation of the material, but is affecte
by the inability to control the Mn and holes concentrati
independently.

A possible way to improve the control over the electron
and magnetic interactions is to produce magnetic semic
ductor superlattices. These are the digital ferromagnetic
erostructures~DFH!, which are obtained byd doping with
Mn a low-temperature GaAs MBE-grown layer.11 Here Mn
concentrations as high as 50% are obtained in a few~typi-
0163-1829/2003/68~5!/054425~14!/$20.00 68 0544
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cally 2 to 3! GaAs monolayers and one may expect cor
spondingly higher large Curie temperatures. However, th
structures show properties rather different from those of th
random alloy counterparts. Here we report the most relev
experimental findings.

~1! The Curie temperature is rather low~;50 K! and in-
dependent of the separation between the Mn planes.11 Tc

usually decays with increasing the thickness of the Ga
layer separating the MnAs submonolayers, and saturates
thicknesses larger than;50 GaAs monolayers. The satura
tion is unexpected according to the mean-field model
three-dimensional systems, since the total Mn concentra
in the sample decreases with the increase of the G
thickness.4 This separation dependence suggests that D
behave like planar systems.

~2! Hall measurements in the direction parallel to t
MnAs planes show an anomalous Hall effect for undop
samples, which disappears upon Be doping.12,13 Large
Shubnikov–de Haas oscillations are found in doped samp
although surprisingly the carrier densities extracted from
Hall coefficient and from the Shubnikov–de Haas oscil
tions are different. This suggests that two different carr
types could be present in the system.

~3! There is a correlation between metallicity and Cu
temperature. In low-TC samples the transport is given b
activated hole conduction and this is consistent with varia
range hopping in two dimensions.14–16 In contrast, in the
only DFH to date showingTC around room temperature th
transport isp type and metallic.17 However, in these latter
structures made from~Ga,Mn!Sb two phases may b
present,15,17 with a diluted phase responsible for the ferr
magnetism below 40 K and a zinc blende MnSb phase
sponsible for the room-temperature ferromagnetism.

~4! GaAs/AlAs band engineering and spatial select
doping18,19 allow the enhancement of theTC in AlAs/
~Ga,Mn!As DFH with respect to their GaAs/~Ga,Mn!As
counterparts. This enhancement is correlated with the
©2003 The American Physical Society25-1
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hanced hole concentration in the Mn layers and to
achievement of metallic conductance.

Finally, we point out that some of the aspects describ
above are common to otherd-doped structures. For instanc
it has been recently demonstrated20 that Be d-doped low-
temperature GaAs undergoes an insulator to metal trans
as the Be concentration is enhanced. In this case the tran
changes fromn-type thermally activated top-type metallic.
The first is reported for small Be concentrations and is du
the hopping between As antisite levels in the GaAs regi
while the second dominates at large Be concentrations an
due to extended hole states in the Be-rich region.

From this brief overview it is clear that DFH prese
rather rich and complex physics, which calls for an extens
theoretical analysis. So far the magnetic properties of D
have been studied only within the mean-field approach,21,22

while the transport has been investigated solely in the ba
tic limit for the case of 100% Mn doping in the plane.23 Here
we report an extensiveab initio study of the electronic, mag
netic, and transport properties of both GaAs/~Ga,Mn!As and
AlAs/~Ga,Mn!As DFH, for various Mn concentrations an
As antisite doping levels.

The paper is organized as follows. In the following se
tion we describe our computational technique and motiv
the approximations made. Then we investigate the prope
of GaAs/~Ga,Mn!As DFH, the effects of As antisites, and th
properties of AlAs/~Ga,Mn!As DFH. Finally, we conclude
and suggest ways to manipulate the properties of DFH.

II. COMPUTATIONAL TECHNIQUE

We perform density-functional theory~DFT! ~Ref. 24!
calculations within the local spin-density approximati
~LSDA!. The use of LSDA for DMS is very well docu
mented,25 and it provides a good description of the ma
physics of ~Ga,Mn!As. Recently we have demonstrated26

that self-interaction corrections to the LSDA do not strong
affect the band structure of~Ga,Mn!As, although they lead to
strong localization and orbital ordering of the Mnd shell in
~Ga,Mn!N. For this reason we choose to work within th
LSDA.

Our numerical implementation, contained in the co
SIESTA,27,28 uses pseudopotentials and a highly optimized
calized atomic orbital basis set. These two aspects makSI-

ESTA extremely suitable for handling systems with a lar
number of atoms in the unit cell without a significant loss
accuracy. The drawback is that both the pseudopotentials
the basis set must be accurately optimized.

First we consider the pseudopotentials. We use well-te
scalar relativistic Troullier-Martins pseudopotentials29 with
nonlinear core corrections30 and Kleinman-Bylander
factorization.31 The eigenvalues for the valence electrons
the free atom are compared with those generated for an
electron calculation for different atomic and ionic configur
tions. Then we perform total-energy calculations for elem
tary solids comparing the lattice constant, the bulk modu
and the band structure with reference calculations. These
performed with a well-converged basis set. Note that thi
quite a delicate procedure, since with localized orbital ba
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sets the variational principle is not governed by a sing
parameter such as the cutoff energy with plane waves.

Finally an optimized basis set is selected. The basis fu
tions in SIESTA are the product of an angular function with
given angular momentum, and a radial numerical functi
This latter is constructed as the DFT solution of the fr
pseudo atom with an additional hard-wall confining pote
tial. Furthermore, in order to enhance the variational fr
dom, several radial functions~‘‘zetas’’! for the same angula
momentum are constructed with the ‘‘split valence
scheme.32 In the case of~Ga,Mn!As the crucial aspect is to
introduce several zetas for the Mnd orbitals, and the crite-
rion we have adopted is that of reproducing the physics
thed shell of Mn in MnAs. More details are given in Ref. 33
Here we only mention that the same procedure has b
adopted for the Al pseudopotential and basis set. These h
been checked for both metallic Al and zinc blende AlAs. T
reference configuration for the pseudopotential is 3s23p1

with cutoff radii 1.90 and 1.80 a.u., respectively, for thes
andp shells. Finally the basis set for Al has two basis fun
tions for boths andp electrons, with the same cutoff radiu
of 6.0 a.u. and the ‘‘split norm’’ parameter is 0.15.28

All the calculations presented here are performed withi
supercell scheme. Our supercell is constructed from a 232
33 zinc blende cubic cell~lattice constanta055.65 Å) and
contains 96 atoms in total. We mimic a digital ferromagne
heterostructure DFH by replacing Ga with Mn ions only
one of the GaAs planes. We use periodic boundary con
tions in all directions sampling 18k points in the supercel
Brillouin zone. This corresponds to a~Ga,Mn!As/GaAs su-
perlattice in which the~Ga,Mn!As planes are separated b
six GaAs monolayers~16.95 Å!. In this supercell the Mn
ions can occupy only eight possible positions in plane. Th
are arranged into two simple cubic lattices translated w
respect to each other along the diagonal of thexy plane.
Since the exact positions of the Mn ions are rather import
in determining the electronic structure, these are schem
cally presented in Fig. 1.

III. „Ga,Mn…As DFH

In this section we analyze the effects of the Mn conce
tration on the electronic properties of~Ga,Mn!As DFH, by

FIG. 1. The eight possible positions of the Mn ions in t
supercell.
5-2
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FERROMAGNETISM AND METALLIC STATE IN . . . PHYSICAL REVIEW B68, 054425 ~2003!
FIG. 2. Band structure of the~Ga,Mn!As/
GaAs DFH described in the text as a function
the Mn concentration. The directions are paral
to the MnAs planes. The upper panels correspo
to the majority spin band and the lower to th
minority. The Mn concentrations are~a! 12.5%,
~b! 25%, ~c! and ~d! 50%. In the case of 50%
concentration we consider two different arrang
ments of the Mn atoms:~c! A1, A2, A3, A4, ~d!
A1, A2, A3, B1.
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calculating the band structure, the DFT total potential,
strength of the ferromagnetic~FM! coupling, and the trans
port properties. Our main aim is to monitor the evolution
these quantities as a function of the Mn concentration in
~Ga,Mn!As plane. In particular, we want to establish wheth
there is a correlation between the Mn concentration and
metallicity of the system.

A. Band structure

In Fig. 2 we present the band structure of our~Ga,Mn!As/
GaAs DFH for Mn concentrations of 12.5%, 25%, and 50
In Figs. 2~a!, 2~b!, and 2~c!, only the sites belonging to on
of the two cubic sublattices in the plane are occupied. T
maximizes the mean Mn-Mn separation. In contrast, in F
2~d! sites belonging to both the lattices are occupied~namely,
A1, A2, A3, and B1!. Here we plot the bands only along tw
directions parallel to the~Ga,Mn!As plane, since in the per
pendicular direction these are very similar to the case
MnAs planes embedded in GaAs~Ref. 23! and they do not
change significantly with the Mn concentration. In contra
for directions parallel to the Mn planes, we expect a tran
tion from the band structure of a~Ga,Mn!As random alloy to
the metallic band structure of a zinc blende MnAs plane23

This is indeed the behavior observed in Fig. 2. If one
creases the Mn concentration from 12.5% to 50%@from ~a!
to ~b! to ~c!# the Fermi level shifts downward in energy en
ing up deep in the majority spin valence band. At the sa
time also the spin splitting of the valence band increas
Note that the DFH behaves as a half-metal at every con
tration. The magnetic moment of the supercell therefore
always 4mB3NMn whereNMn is the number of Mn atoms in
the cell. Mülliken population analysis33,34 shows an orbital
population for the Mnd shell of ;4.7 for the majority spin
electrons and of;0.8 for the minority, although both depen
on the specific spatial arrangement of the Mn ions. Th
aspects are consistent with the picture of Mn as a sin
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acceptor in GaAs. The Mn ions are in ad5 state with an
associated antiferromagnetically coupled hole, as for the c
of the random alloys.33

However, the situation of Fig. 2~d! is in stark contrast
with this picture. In this case the Mn concentration is s
50% but three of the four Mn ions in the plane occu
nearest-neighbor positions. The band gap in the majority s
band closes and the material is a half-metal with a co
pletely metallic majority spin band. This suggests that
actual position of the Mn atoms in the plane is crucial
determining the electronic properties. The same sensitivit
the electronic structure to the position of the Mn ions is a
present in the random alloys.35 However, this generally doe
not lead to a strong distortion of the band structure, and
bands obtained for Mn ions diluted in the supercell or oc
pying nearest-neighbor positions are quite similar. In DF
the planar arrangement of the Mn ions makes the sys
more confined, and therefore more sensitive to inhomoge
ities. This of course drastically affects the scattering prop
ties of electrons in the~Ga,Mn!As planes, as we will show in
the following sections.

B. DFT potential

One fundamental question for understanding the phy
of DFH is: ‘‘are the spin carriers confined in the~Ga,Mn!As
plane or do they spread over the GaAs spacer?’’. In orde
answer this question it is useful to investigate the behavio
the total DFT potential along the superlattice directionz.
This of course has the same periodicity as the atomic latt
However, we are not interested in the potential at the ato
scale, and instead we perform a ‘‘macroscopic average36

The macroscopic average is obtained by first taking a pla
average and then by averaging the result over the period
GaAs monolayer along the superlattice direction. The res
ing z-dependent potential is that felt by an electron with lo
wavelength at a density small enough not to perturb sign
5-3
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FIG. 3. Macroscopic average of~a! the total
DFT potential for majority spins,~b! the total
DFT potential for minority spins,~c! the Hartree
potential, and the~d! charge-density distribution
as a function of the position along the superlatti
direction, for different Mn concentrations (x is
the number of Mn ions in the plane!.
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cantly the potential. Therefore this can be interpreted as
effective z-dependent potential in the spirit of the envelo
function approximation.

In Fig. 3 we plot the macroscopic average for the to
DFT potential, the Hartree potential, and the charge-den
distribution as a function of the position along the super
tice direction for different Mn concentrations. Notice fir
that there is indeed a confining potential in the Mn pla
The charge density is unevenly distributed along the su
lattice and accumulates in the Mn plane. This is consis
with the picture of the Mn ions that we have given in t
past,33 in which the majority spin hole is nearly bound to th
Mn ion while the minority feels a much weaker potential.

Thez-dependent total potential is strongly spin depende
Generally, it has a double well structure, with two potent
minima, located in the~Ga,Mn!As plane and in the GaAs
spacer, respectively. These are separated by a potentia
rier that grows if the Mn concentration in the plane increas
We further investigate the nature of the confining poten
by calculating its evolution upon increasing the Mn dopin
For this purpose we defineD1

s andD2
s as the energy minima

in the ~Ga,Mn!As plane and the GaAs spacer, respective
measured with respect to the top of the energy barrier~see
Fig. 4!. s is the spin index and↑ ~↓! indicates the majority
~minority! spin electrons. We denote asD1

H andD2
H the same

quantities for the Hartree potential.
In Fig. 5 we present these quantities as a function of

number of Mn ions in the Mn plane~the maximum number is
8!. First we notice that for minority spins bothD1

↓ and D2
↓

mimic closely the behavior of the Hartree potential@Figs.
5~a!, and 5~b!#. This means that the DFT potential for th
minority spins is largely electrostatic with small contrib
tions from the exchange part. In contrastD1

↑ for the majority
electrons deviates strongly from the behavior of its elec
static component, and the deviation increases as the Mn
centration is enhanced.

If we now compareD1 with D2 for the two spin species
we find a rather different behavior. For the majority sp
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electrons@Fig. 5~c!# D1.D2 at all Mn concentrations. Fur
thermore, the differenceD12D2 increases with increasing
the Mn concentration. This means that the minimum in
~Ga,Mn!As plane is always the lower of the minima for m
jority electrons and it becomes more stable as the Mn c
centration increases.

In contrast, for the minority electrons there is no strikin
difference betweenD1 and D2, meaning that they are les
confined in the~Ga,Mn!As plane@see Fig. 5~d!#. It is also
interesting to point out thatD2.D1 at low Mn concentration
but there is a crossover for doping of the order of 50%. T
is suggestive of the fact that the confinement of minor
electrons switches from the GaAs to the~Ga,Mn!As region
upon the increase of Mn concentration. Of course, there
no empty minority spin states at the Fermi level and the
fore in these structures the minority spins contribute little
the electron transport. However, in the case of additio
doping~for instance by intrinsic As antisites, AsGa) an impu-
rity band may form at the Fermi level, opening a transp
channel in the minority subband. The potential describ
here suggests that those electrons will hardly distribute o
the ~Ga,Mn!As plane at low doping but they will invade th

FIG. 4. Definition ofD1
s andD2

s .
5-4
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FIG. 5. D1
s , D2

s , D1
H , andD2

H as a function of
the Mn concentration in the~Ga,Mn!As plane.
e

s
at

ag
-
a

ti
-
an
ee
u
n
A

u
s

Th
en
e
ar
th
on
ys
to

ou-
tra-
ed.
st-

ex-

-
s

a-
ose
~Ga,Mn!As region at large Mn doping. For this reason w
expect a spatial separation of the spin currents@majority spin
in the ~Ga,Mn!As plane, and minority spin in the GaA
spacer# for low concentrations, and strong spin mixing
higher concentrations.

C. Stability of the ferromagnetic state

In this section we investigate the strength of the ferrom
netic coupling in~Ga,Mn!As DFH, and in particular we dis
cuss how the coupling depends on Mn doping. The relev
quantity to investigate is the energy differenceDFA5EAF
2EFM between the total energy of the antiferromagne
(EAF) and the ferromagnetic (EFM) configurations of the su
percell. Here we investigate the case of 25%, 37.5%,
50% Mn doping in the plane, where, respectively two, thr
and four Mn ions are present in the supercell. This gives
some freedom to arrange the Mn ions in different ways a
to investigate different antiferromagnetic configurations.
summary of the cases studied is presented in Table I.

We ran a total energy calculation for each of the config
rations of Table I, and fit our calculations to a third neare
neighbors Heisenberg model, in which the total energyE is
expressed as

E52(
i , j

nn

Ji j SW i•SW j . ~1!

Ji j are the exchange constants,SW i is the spin of thei th Mn
ions, and the sum runs up to third nearest neighbors.
results of this fit are presented in Table II, where by conv
tion we useuSW u55/2. Note that in our fitting procedure w
have more configurations than parameters, and it is rem
able to observe that the fit is generally very good. From
table it is clear that the first nearest-neighbor coupling c
stantJ1 is responsible for most of the coupling which deca
rapidly with the Mn-Mn separation. It is also interesting
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note that the second nearest-neighbor couplingJ2 is small
for all the concentrations studied. Remarkably, all the c
pling constants are strongly dependent on the Mn concen
tion in the plane, and they decay quickly as this is increas
This decay, which is particularly severe for the first neare
neighbor coupling constant, is in stark contrast with the
pectations of RKKY-like~RKKY, Ruderman-Kittel-Kasuya-
Yosida! theories in which theJ’s increase asx1/3 at zero
temperature.37 However, it is consistent with previous DFT
LDA calculations38 for DMS random alloys, and illustrate

TABLE I. Summary table of the different magnetic configur
tions studied. The labels for the positions of the Mn ions are th
of Fig. 1.

@Mn# Configuration Position
~%! A1 A2 A3 A4 B1

25 FM1 ↑ ↑
25 AFM1 ↑ ↓
25 FM2 ↑ ↑
25 AFM2 ↑ ↓
25 FM3 ↑ ↑
25 AFM3 ↑ ↓
37.5 FM1 ↑ ↑ ↑
37.5 AFM1 ↑ ↑ ↓
37.5 AFM2 ↑ ↓ ↑
37.5 FM1n ↑ ↑ ↑
37.5 AFM1n ↑ ↑ ↓
50 FM1 ↑ ↑ ↑ ↑
50 AFM1 ↑ ↓ ↓ ↑
50 AFM2 ↑ ↓ ↑ ↑
50 AFM3 ↑ ↑ ↓ ↓
50 FM1n ↑ ↑ ↑ ↑
50 AFM1n ↑ ↑ ↑ ↓
50 AFM2n ↓ ↑ ↑ ↑
50 AFM3n ↑ ↑ ↓ ↓
5-5
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STEFANO SANVITO PHYSICAL REVIEW B68, 054425 ~2003!
once again the critical dependence of the Mn-Mn ferrom
netic coupling on the local chemical environment.

In order to put our calculations in perspective, next
estimate the ferromagnetic Curie temperatureTC of the sys-
tem for different Mn concentrations. This can be simply o
tained by using the mean-field expression for a thr
dimensional Heisenberg model, which reads

TCkB5
2

3
S2nMn(

i
Ji , ~2!

wherenMn is the Mn concentration and the sum runs over
the cation sites. This is a rather crude approximation an
complete thermodynamic theory should include the elem
tary spin excitations.39,40 Moreover, in the present case th
Mn concentration is not a well-defined quantity since t
~Ga,Mn!As region cannot be separated from the GaAs
gion. Roughly speaking, one should consider the volume
~Ga,Mn!As to be the region around the Mn ions as thick
the range of the relative confining potential~see Fig. 3!. This
quantity is not clearly defined. Therefore, assuming that
~Ga,Mn!As volume does not depend on the Mn concent
tion, we prefer to evaluate only the following ‘‘magnet
energy’’:

Emag5x(
i

Ji , ~3!

which is proportional to the Curie temperature.
From Table II one notes thatEmag has a nonmonotonic

dependence on the Mn concentration, presenting a maxim
for x50.375. Such behavior is generally observed in DM
random alloys, for which there is a maximum ofTC upon Mn
doping, followed by a sharp decay for large Mn concent
tions ~abovex50.05).2,3 This usually coincides with the los
of the metallic state. In contrast, in DFH made to date
situation seems to be reversed,11 with a largerTC for larger
Mn concentrations. This apparently contradicts our pred
tions. However, two important aspects need to be conside
First in actual DFH the transport is through variable ran
hopping,16 while in our supercell calculations the system
‘‘by definition’’ metallic. Second, DFH usually present ver
strong compensation. This indicates that a large numbe
donors, whose density is probably related to the in-plane
concentration, are present in the DFH. In the next secti
we will investigate systematically both the transport prop
ties and the effects of the presence of donors.

TABLE II. J1 , J2, andJ3 from the total-energy calculations fo
the configurations of Table I. The units are meV.

@Mn# in plane J1 J2 J3 x( iJi

x50.25 23.3 2.9 5.6 7.95
x50.375 19.8 1.4 4.9 9.8
x50.50 13.3 0.9 4.5 9.35
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D. Ballistic transport

In this section we investigate the ballistic transport
DFH, with the aim of understanding the nature of the ele
tronic states responsible for the conductance. The techn
used is identical to that described in Refs. 23 and 41 and h
we summarize only the main aspects. The transport is ca
lated by using the self-consistent tight-binding-like Ham
tonian and overlap matrix computed bySIESTA. The matrix
elements are obtained from the self-consistent charge de
by evaluating numerically both two- and three-cen
integrals.28 Then we rewrite both the Hamiltonian and th
overlap matrix in a tridiagonal form along the direction
the transport and use periodic boundary conditions along
other directions. Finally, thek-dependent transmission matr
ts(k) for the spin directions is calculated by using ou
Green’s function technique,41 and the spin conductanceGs in
the Landauer-Bu¨ttiker formalism,42

Gs5
e2

h (
k

BZ

Tr ts~k!ts~k!†, ~4!

where we integrate over the two-dimensional Brillouin zo
in the plane orthogonal to the direction of the transport. H
we consider a two spin fluid model, where there is no mixi
between the majority and minority spin currents.

We study transport only in the direction parallel to the M
plane. In the orthogonal direction, in fact, the transport
mainly due to hopping between the Mn planes and it
strongly suppressed if these are sufficiently far apart.23 In
Fig. 6 we present the conductance as a function of energy
a 50% Mn supercell in the FM state, and with the Mn io
uniformly distributed in the plane~configuration FM1 of
Table I!.

As expected from the band structure@Fig. 2~c!# the con-
ductance as a function of energy shows a half-metallic
havior, with zero conductance for the minority spin band
the Fermi level. This 100% spin polarization of the condu

FIG. 6. Conductance as a function of energy for a 50% Mn D
in the FM state. The Mn ions are uniformly spaced in the pla
~configuration FM1 of Table I!. The vertical line indicates the posi
tion of the Fermi level.~a! Majority, ~b! minority spins.
5-6
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FERROMAGNETISM AND METALLIC STATE IN . . . PHYSICAL REVIEW B68, 054425 ~2003!
tance persists down to 0.5 eV from the Fermi energy, wh
minority states at the top of the valence band start contrib
ing to the current. Turning our attention to the orbital cont
bution to the conductance it is important to observe that
the Fermi level the current is entirely due to a mixture of
p and Mnd t2 states. It is also interesting to note that no
negligible Mnd contributions are present in the majority sp
band for energies down to 4 eV below the Fermi level. T
is an indication of the strongp-d hybridization in the major-
ity spin band, and in particular at its top. In contrast, the M
d contribution to the conductance is almost negligible in
valence minority band, and Mnd states appear only forE
>23 eV, relative to the bottom of the conduction band.

This 100% spin polarization at the Fermi level is ve
encouraging for the potential use of DFH as spin injector
spintronics devices. However, it is crucial to investigate h
this feature survives when compensating defects are pre
in the system.

IV. „Ga,Mn…As DFH: EFFECTS OF AsGa

As in the case with the~Ga,Mn!As random alloys, DFH
are also usually strongly compensated so that the hole
centration is considerably lower than the Mn concentrati
It is generally accepted that the strong compensation is
to donors, most likely of intrinsic defects. In particular, bo
As antisites (AsGa) ~Refs. 3 and 35! and interstitial Mn
(Mni) ~Refs. 43 and 44! have been indicated as releva
compensating defects. The relative abundance of those
nors probably depends on the growth conditions, the
concentration, and the post-growth processing. Since D
are usually grown under large As overpressure,11 we believe
that in this case As antisites dominate. Here we investig
how the electronic properties of a 50% Mn DFH chang
upon AsGa doping.

A. Band structure

As in the preceding section, the band structure provi
important information on the electronic properties of t
DFH. In Fig. 7 we present the band structure for 50%
plane Mn DFH, where a single AsGa is introduced into the
GaAs spacer at midway between two consecutive~Ga,M-
n!As planes~the total AsGa concentration is;2%!.

The most important feature of this band structure is t
the half-metallic state is destroyed. This is due to the app
ance of the AsGa level in the minority spin band, and to th
fact that the Fermi energy is pinned at this level. An
antisite in GaAs is a double donor with a doubly occup
deep level at midgap and an empty resonant state at the
of the conduction band. These states have, respectively, tA
and T2 symmetries of theTd point group.45 In ~Ga,Mn!As
the density of such defects is generally rather large and
can give rise to the formation of narrow impurity bands.
addition, in the case of DFH it is likely that the As antisit
will concentrate in the proximity of the Mn layers. This
confirmed by our total energy calculations, which show t
there is an energy gain of approximately 0.9 eV when an
antisite moves from the middle of the cell to the Mn plan
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The total magnetic moment of such a unit cell is abo
17.2mB and depends weakly on the position of the As antis
with respect to the Mn plane@it is 17.33mB when the AsGa
lies in the~Ga,Mn!As plane#. Assuming a rigid band mode
and considering that in absence of As antisites the magn
moment of the cell is 16mB , we conclude that an AsGa con-
tributes 0.4 electrons to the minority band and 1.6 to
majority ~we recall that one AsGa also introduces an impurity
state that can accommodate two electrons!. Therefore the
presence of one As antisite in such a unit cell has two m
effects:~i! it compensates up to 1.6 holes in the majority sp
band, and~ii ! it opens a conduction channel at the Fer
level in the minority spin band. This is a crucial aspect f
understanding the transport properties of such structures

B. Transport in presence of As antisites

We calculate the in-plane ballistic conductance for a 5
Mn DFH with one AsGa in the middle of the spacer and th
Mn ions uniformly distributed in the plane~configuration
FM1). This is the same situation as in Fig. 6. The results
presented in Fig. 8, where again we have considered u
100 k points in the transverse Brillouin zone.

The main difference with respect to the AsGa-free case is
the presence of a nonvanishing conductance for the mino
spin electrons at the Fermi energy. This is entirely due to
AsGa impurity band as pointed out in the preceding sectio
and of course destroys the half-metallic behavior of the s
current. The spin polarization of the currentP, defined as

P5
G↑2G↓

G↑1G↓ , ~5!

where the conductances are taken at the Fermi level, d
from 100% in the defect-free case to about 60% in
present case.

FIG. 7. Band structure for 50% Mn DFH where a single AsGa is
introduced in the GaAs spacer at midway between two~Ga,Mn!As
planes. The directions are:~1! Y-G-S in the ~Ga,Mn!As plane,~2!
G-Z perpendicular to the~Ga,Mn!As plane. The horizontal line in-
dicates the position of the Fermi level. On the left~right! we plot
the majority~minority! band.
5-7
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STEFANO SANVITO PHYSICAL REVIEW B68, 054425 ~2003!
However, the situation is rather different if we consid
diffusive transport.46 This is due to the different way in
which the density of states and the group velocity contrib
to the conductance in the ballistic and diffusive limits.
fact, in the ballistic limit the conductance of a uniform sy
tem can be obtained simply by summing up the numbe
scattering channels at the Fermi level

Gs5
e2

h (
k

BZ

15
e2

h (
k

BZ

Nk
svk

s5
e2

h
^Nv&s, ~6!

whereNk
s and vk

s are, respectively, the density of state a
the group velocity for a spins scattering channel, and th
sum is performed over the two-dimensional Brillouin zo
orthogonal to the transport direction. In contrast from t
classical Boltzmann equation, one finds that the diffus
spin conductance is proportional to

ts^Nv2&s5ts(
k

Nk
svk

s2, ~7!

where now the sum runs over the three-dimensional Fe
surface andts is the spin-dependent relaxation time.46 This
reflects the well-known fact that, while in the ballistic lim
all the scattering channels contribute withe2/h to the con-
ductance independently from their group velocity, in the d
fusive case the current is dominated by fast electrons bec
of the v2 dependence.

If one assumes that the relaxation time is not depend
on the spin direction (t↑5t↓), then the spin polarization o
the current in the diffusive limit can be written as

P^Nv2&5
^Nv2&↑2^Nv2&↓

^Nv2&↑1^Nv2&↓ . ~8!

FIG. 8. Ballistic conductance as a function of energy for a 5
Mn DFH with one AsGa in the middle of the unit cell, half way
between two consecutive~Ga,Mn!As planes. The vertical line indi-
cates the position of the Fermi level.~a! Majority, ~b! minority
spins.
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In generalP andP^Nv2& are different, withP^Nv2& larger if the
difference in conductance for the two spin channels or
nates from a large Fermi velocity mismatch between the
spin bands. This is the case in the present DFH. In the
jority band the Fermi surface is derived from the top of t
GaAs valence band and the Fermi velocity is rather large
contrast, the minority band Fermi surface is due to the
antisite impurity band and the Fermi velocity is quite sma
Therefore, since in the diffusive limit the conductance is p
portional tov2, we expect a much larger spin polarization
the current compared with the ballistic case.

In Fig. 9 we present̂Nv2& as a function of energy for the
same DFH as that of Fig. 8. The spin polarization at
Fermi energy is now 80%. Since in actual DFH the transp
is due to hopping conductance,16 we can conclude that As
antisites, although they destroy the half-metallic state, do
strongly affect the spin polarization of the current.

Finally, it is interesting to study the spatial distribution
the current across the DFH in the presence of As antisites
Fig. 10 we present the real-space charge-density distribu
r(r ), calculated only for those states contributing to the co
ductance at the Fermi energy.23 Strictly speaking this does
not represent the current distribution in real space, but gi
information on the spatial distribution of the conductan
electrons’ wave functions aroundEF . The main feature of
Fig. 10 is that there is a spacial separation between the
spin currents, with the majority spin current located near
Mn plane, and the minority current strongly localized arou
the As antisites. The first is evenly distributed and this
suggestive of a metalliclike behavior, while the seco
is strongly localized at the scattering center, suggestin
hoppinglike transport. Moreover, if we correlate the spin c
rent with the relevant band structure~see Fig. 7!, we notice
that the majority spin current is holelike, while the minori
is electronlike.

We also investigate how these features change when
As antisite moves toward the Mn plane. Although the co

FIG. 9. ^Nv2& as a function of energy for a 50% Mn DFH wit
one AsGa in the middle of the unit cell, half way between tw
consecutive~Ga,Mn!As planes. The vertical line indicates the pos
tion of the Fermi level.~a! Majority, ~b! minority spins.
5-8



r-
is-

tes

FERROMAGNETISM AND METALLIC STATE IN . . . PHYSICAL REVIEW B68, 054425 ~2003!
FIG. 10. Real-space distribution of the cu
rent. This is calculated as the charge-density d
tribution in real space of those scattering sta
contributing to the conductance atEF.
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ductance as a function of energy does not present any
nificant modifications with respect to the case of Fig. 7,
spacial distribution shows an increased participation of
As antisite in the majority spin conductance as it mov
closer to the Mn plane. This suggests that As antisites
play an important roˆle in spin relaxation processes with
DFH.

In conclusion, our transport results suggest that, if ther
no spin mixing, the transport is dominated by ap-type me-
talliclike majority spin current with a smaller contributio
from ann-type hoppinglike minority spin current. Moreove
the two spin currents are spatially separated, preventing
mixing, only if the As antisites are reasonably far from t
Mn plane.

C. Fit to the Heisenberg model

We now investigate the stability of the ferromagnetic st
when As antisites are present. We perform similar calcu
tions to those described in Sec. III C, but this time we inclu
one AsGa in the unit cell. Since the relative position of th
AsGa with respect to the Mn ions is crucial in determining t
electronic and magnetic properties,35 we investigate how the
coupling depends on the As antisite position along the su
lattice direction.

In Fig. 11~a! we present the value of the exchange co
stant for first, second, and third nearest-neighbor coupli
as a function of the position of the As antisite with respec
the Mn plane. In the same figure we also present the s
values for the As antisite-free case and for the case of two
antisites~located, respectively, at 1/3 and 2/3 of the superc
along the superlattice direction!.

From the figure it is clear that, in all cases, most of t
coupling comes from nearest-neighbor interaction, which
counts on average for 75% of the total couplingJtot5( iJi .
Then there is a fast decay of the exchange coupling w
separation. This coupling is therefore short range. Furth
more, it is very interesting to note that the second near
neighbor coupling~Mn ions at A1 and A2) is almost
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negligible in all cases, and it sometimes assumes ne
tive values. This suggests possible local antiferromagn
coupling between the Mn ions as recently demonstra
experimentally.15

Turning our attention to the effect of As antisites, it
clear that these weaken the coupling between the Mn io
This is expected since an AsGa is a donor and therefore it
presence partially compensates the free holes responsibl
the long-range ferromagnetic coupling. However, our ac
rate supercell calculations bring additional interesting f
tures. In agreement with the case of the random alloys~see
Ref. 35!, the actual position of the As antisite with respect
the Mn ions determines most of the properties. From Fig.
it is clear that the ferromagnetic coupling is weakened wh
the As antisite moves toward the Mn plane. In particular,
exchange constants for the cases whenz51/6 andz50 are

FIG. 11. ~a! Exchange constantsJ1 , J2, andJ3 and~b! magnetic
energyEmagof a DFH as a function of the position of the As antisi
with respect to the Mn plane~in units of the superlattice period!. We
also include the case of two As antisites. The horizontal lines in
cate the same quantities for the antisite-free case.
5-9
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STEFANO SANVITO PHYSICAL REVIEW B68, 054425 ~2003!
very similar to those of the case of two As antisitesz
51/3 andz52/3). This feature can be understood by co
sidering the potential profile discussed in the preceding s
tion. In fact, the charge is strongly confined in the Mn pla
with a potential barrier separating the plane from the Ga
region. Therefore it is natural to think that any perturbati
in the GaAs region will only weakly affect the electron
configuration of the Mn plane, unless such a perturbatio
spatially located in the vicinity of such a plane.

In the second half of Fig. 11 we present the magne
energyEmag5x( iJi for the different cells investigated. A
we pointed out previously, this quantity is proportional to t
Curie temperatureTC . From the figure it is clear thatEmag
depends sensitively on the presence of the As antisites
on their actual location. In particular, although we find t
lowest value ofEmag in the case in which two As antisites a
present, we also find that this is very similar to the case o
single As antisite located in close proximity to the Mn pla
(z51/6 in the present case!. Therefore we conclude that on
can obtain high Curie temperatures, not only by avoiding
formation of intrinsic defects, but also by controlling the
position with respect to the magnetic region.

Finally we make a few comments on the effect of dis
der. Since in actual samples we are not able to control
exact position of the Mn ions with respect to each other, a
since the Mn-Mn coupling is strongly dependent on the re
tive positions of the Mn ions and those of the As antisites
is likely that there are regions of strong Mn-Mn couplin
together with regions of weak or even antiferromagnetic c
pling. This suggests that in addition to configurational dis
der, magnetic disorder can also be present in DFH eve
low temperatures. Therefore since the electrons~or holes! at
the Fermi level have a rather large~metallic! density, and are
strongly confined in a few atomic planes around the Mn io
we can conclude that DFH have the electronic propertie
highly resistive~dirty! metals. Turning the argument aroun
we conclude that the metallicity is crucial for the magne
state of DFH, and that the most metallic samples are likel
show less magnetic disorder and therefore more robust m
netic properties.17

V. AlAsÕ„Ga,Mn…As HETEROSTRUCTURES

One of the main messages from the analysis done so f
that the exchange part of the DFT potential creates a str
confinement potential for the majority electrons in the M
plane. In this section we investigate the effects of an ad
tional confining potential, namely, that obtained by san
wiching a~Ga,Mn!As monolayer into the GaAs region of a
AlAs/GaAs superlattice. Our expectation is that the AlA
GaAs band alignment will further confine the spin holes
the proximity of the Mn ions, therefore enhancing the e
change coupling.

A. GaAsÕAlAs band alignment

Before considering the Mn-doped case we first illustr
the general band alignment of an AlAs/GaAs superlattice
obtained from our DFT calculations. The valence-band off
D is calculated as suggested by Baroniet al.36 as
05442
-
c-

s

is

c

nd

a

e

-
e
d
-

it

-
-
at

,
of

o
g-

is
ng

i-
-

/

-

e
s
t

D5DEv1DV, ~9!

whereDV is the offset between the AlAs and the GaAs ele
trostatic potentials calculated for an AlAs/GaAs heterostr
ture, andDEv is the energy difference between the valen
band tops,Ev , of the bulk materials. These are calculat
from their electrostatic potentialV,

DEv5~Ev2V!GaAs2~Ev2V!AlAs . ~10!

Here we have constructed a supercell by stacking four A
cubic cells on top of four GaAs cubic cells, all with the sam
GaAs lattice constant~5.65 Å!. Our calculations give a va
lence band offset ofD50.405 eV~D50.403 eV if the total
DFT potential is considered instead of the electrostatic on!.
This value forD is in very good agreement with both exper
mental results47 and early DFT calculations.48 The resulting
GaAs/AlAs band alignment is shown in Fig. 12; it provide
an additional confinement potential for holes in the Ga
region. Therefore a stronger ferromagnetic coupling
expected.

B. Electronic structure

Also in this case the band structure and the DFT poten
are the main quantities to investigate. First we study the e
lution of the electronic properties as a function of the AlA
fraction of the superlattice. We construct GaAs(52n)/2 /
AlAsn /GaAs(52n)/2 /(Ga,Mn)As1 superlattices, where the la
bels indicate the number of monolayers of the specific se
conductor. Note that the total number of monolayers in o
supercell is six, and that the AlAs fraction is always locat
in the middle of the cell.

In Fig. 13 we present the band structure of a 50% D
with Mn ions uniformly distributed in the plane~configura-
tion FM1), for the casesn50,1,3,5. As usual we conside
only the in plane directions.

FIG. 12. GaAs/AlAs band alignment.
5-10
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FIG. 13. Band structure of AlAs/GaAs
~Ga,Mn!As DFH as a function of the AlAs frac-
tion: ~a! n50, ~b! n51, ~c! n53, ~d! n55. The
top panels are for the majority spin band and t
bottom for the minority. The horizontal line indi
cates the position of the Fermi level, which is s
to EF50 eV.
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From Fig. 13 we can see that the only appreciable cha
in the band structure as the AlAs fraction increases is
enhancement of the band gap. This, of course, reflects
different AlAs/GaAs ratios of the superlattices and the lar
bandgap of AlAs compared with GaAs~our LDA values are
1.7 eV and 0.6 eV, respectively!. For all the superlattices
studied, the magnetic moment of the unit cell is 16mB and
the Mülliken analysis gives a Mnd occupation of;4.7 and
;0.8, respectively, for majority and minority spins. Such
occupation is independent of the AlAs fraction and sugge
that Mn is always in ad5 state plus an antiferromagnetical
coupled hole, as in the case of GaAs/~Ga,Mn!As DFH.

A closer look at the band structure reveals another imp
tant feature. The spin splitting of the valence band top,Dv
5Ev

↑2Ev
↓ , is a nonmonotonic function of the AlAs fraction

with values of 0.88 eV, 0.93 eV, 1.02 eV, and 0.96 eV f
n50, 1, 3, and 5, respectively. The initial increase is due
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the enhanced confinement of the free holes in the Mn reg
In fact, the mean-field expression for the valence band
spin splitting is simply4,33

Dv5xNb^S&, ~11!

whereNb is thep-d exchange constant,^S& is the mean spin
@^S&55/2 for ~Ga,Mn!As#, and x is the Mn concentration.
The exchange constantNb depends on the degree of overla
between the hole density and the Mn ions, and this is
hanced by hole confinement. Therefore we expect an
crease ofDv when the AlAs fraction is increased. The ca
n55 is different, since no GaAs region is left and the ad
tional confinement of the hole in the Mn plane due to t
AlAs/GaAs valence band offset is partially lost.

Another important quantity to investigate is the DFT to
potential. In Fig. 14 we present the macroscopic aver
of
e

d

FIG. 14. Macroscopic average of~a! the total
DFT potential,~b! the Hartree potential, and~c!
the charge-density distribution as a function
the position along the superlattice direction. Th
system is a GaAs1 /AlAs3 /GaAs1 /(Ga,Mn)As1
superlattice with 50% Mn uniformely distribute
in the plane~configuration FM1). Here we plot
two superlattice periods.
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STEFANO SANVITO PHYSICAL REVIEW B68, 054425 ~2003!
along the superlattice direction of the DFT and Hartree
tentials, and the electronic charge density, for a 50% D
~configuration FM1), where we introduce three AlAs mono
layers @GaAs1 /AlAs3 /GaAs1 /(Ga,Mn)As1#. The figure
shows that there is a large well for both majority and min
ity spin electrons in the AlAs region. This is mainly due
the Hartree component of the DFT potential and it is not s
sensitive. The width of this region depends on the thickn
of the AlAs layer and plots for other values ofn give similar
results. If we interpret the macroscopic average of the D
potential in the spirit of the envelope function approxim
tion, we can conclude that new electrons coming from intr
sic donors will be preferentially localized in the AlAs regio
Therefore the ferromagnetism in AlAs/~Ga,Mn!As DFH ap-
pears to be more robust against electron doping than th
GaAs/~Ga,Mn!As DFH. This is consistent with the rathe
largeTC found in AlAs/GaAs/~Ga,Mn!As DFH.18,19

C. Fit to the Heisenberg model

As in the case of~Ga,Mn!As/GaAs DFH we investigate
the strength of the ferromagnetic coupling by fitting our to
energy calculation to third nearest-neighbor Heisenb
model. We consider only the case of 50% Mn in the pla
and we study the dependence of the coupling constant
the number of AlAs layers in the supercell. The results of o
fit are shown in Table III.

From the table one can conclude that the total strengt
the coupling, which is proportional toTC , increases as a
function of the AlAs fraction. This is consistent with an e
hanced ferromagnetic coupling between the holes and
Mn ions due to confinement. Therefore in the absence
intrinsic defects, AlAs/~Ga,Mn!As DFH are more promising
than GaAs/~Ga,Mn!As DFH as highTC DMS. It is also in-
teresting to note that the different exchange constants be
in a different way when the AlAs fraction is increased:J1
andJ3 are enhanced andJ2 is reduced. This behavior is no
surprising within a carrier mediated ferromagnetism mo
~e.g., RKKY!, since an increase of the AlAs fraction chang
the value of the Fermi wave vector, and therefore the pe
of the exchange coupling.

Having established that defect-free AlAs/~Ga,Mn!As DFH
present higherTC than their GaAs/~Ga,Mn!As counterparts,
we finally investigate the stability of the ferromagnetic co
pling against the presence of As antisites. As usual, we
troduce one AsGa per unit cell at various positions along th
superlattice direction. Here we consider two limiting cas
~1! n53 and the As antisite is located in one of the Ga

TABLE III. J1 , J2 , J3 andx( iJi as a function of the number o
the AlAs layers in the supercell. All the units are meV.

AlAs planes~n! J1 J2 J3 x( iJi

n50 13.3 0.9 4.5 9.35
n52 13.8 0.9 4.7 9.72
n53 14.0 0.8 4.9 9.85
n55 14.6 0.6 5.2 10.30
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planes adjacent to the Mn plane,~2! n55 and the As antisite
is located in the middle of the unit cell~in the AlAs region!.

In the first case, we find the coupling constants to
J157.0 meV, J250.0 meV, J352.9 meV, x( iJi
54.95 meV. This is a considerable reduction of the fer
magnetic coupling with respect to the defect-free case. In
case the values of the coupling constants are almost iden
to those of GaAs/~Ga,Mn!As DFH in which an antisite is
introduced at the same position~in Fig. 11 the AsGa position
is 1/6!. Therefore, if the As antisites are introduced in t
GaAs region, there will be no beneficial effects from t
AlAs/GaAs band alignment.

The situation is rather different in the second case wh
the As antisites are introduced in the AlAs layer. Now t
coupling constants areJ1510.1 meV, J2520.1 meV, J3
54.4 meV, and the reduction of the total couplingx( iJi
with respect to the defect-free case is only of about 30
Interestingly,J2 now assumes a negative value, suggest
some possible frustration even at low temperature.

In conclusion, AlAs/GaAs/~Ga,Mn!As DFH have stronger
ferromagnetic interaction between the Mn ions than Ga
~Ga,Mn!As DFH. Moreover, in the case that intrinsic defec
are kept into the AlAs region, the ferromagnetic order
more robust against hole compensation.

VI. CONCLUSIONS

We have performed an extensive theoretical study of
electronic, magnetic, and transport properties of Ga
~Ga,Mn!As and AlAs/GaAs/~Ga,Mn!As DFH, using DFT
within LSDA.

We find that GaAs/~Ga,Mn!As DFH show a half-metal
band structure with metallic conductance in the Mn pla
The macroscopic average of the DFT potential indicate
selective confinement of the spin holes in the Mn planes
the Mn-Mn ferromagnetic interaction is nonmonotonica
dependent on the Mn concentration.

When compensating defects such as As antisites are in
duced, the half-metallic state is lost and conducting chann
appear in the minority spin band. These are due to hopp
conductance through localized AsGa states. However, at leas
when the As antisites are far from the Mn planes, there
spatial separation of the two spin currents with a meta
majority spin current located in the Mn planes, and
hopping-type minority spin current located primarily in th
GaAs region. These differences in the type of transport
the two spin bands are magnified in the diffusive limit, f
which we calculate a spin polarization of about 80%. Fina
the presence of As antisites generally weakens the ferrom
netic interaction, and local antiferromagnetic coupling b
tween Mn ions is possible at low temperature.

With all these results in hand we conclude that GaA
~Ga,Mn!As DFH behave as dirty planar metals, where t
strength of the ferromagnetic coupling depends strongly
the amount and the position of the intrinsic defects.

Finally, we have investigated the effect of additional co
finement by studying AlAs/GaAs/~Ga,Mn!As DFH. In this
case our accurate total energy calculations confirm that
band offset between GaAs and AlAs strongly confines
5-12
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holes in the Mn region resulting in a larger Mn-Mn couplin
In addition, we find that these structures are less sensitiv
the presence of As antisites than the simpler Ga
~Ga,Mn!As DFH.

We therefore conclude that band engineering, selec
doping, and the ability to control the actual position of A
antisites or other compensating defects are the main key
obtain room-temperature ferromagnetism in DFH.
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