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Influence of the local As antisite distribution on ferromagnetism
in „Ga,Mn…As
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The effect of the inclusion of As antisites in the diluted magnetic semiconductor~Ga, Mn!As is
studied within the density functional theory in the local spin density approximation. In the case of
the homogeneous distribution of Mn ions, we find that the ferromagnetism is weakened by the
presence of the antisites. This is due to the compensation of the free holes which mediate the
long-range ferromagnetic order. In contrast, when two Mn ions are coupled through only one As
ion, the ferromagnetic and antiferromagnetic states are comparable in energy. In this case, the
magnetic ground state depends on:~i! the position of the As antisites relative to the Mn, and~ii ! the
As antisite concentration. We explain our results using a model of competing antiferromagnetic
super exchange and ferromagnetic double exchange via localized Zener carriers. ©2001
American Institute of Physics.@DOI: 10.1063/1.1375834#
m
e

e
no
ll

,
s.
m
o
in
s
as

ge

ie

ne

ra
er
M
l

on

s:

u

t
ct
,

in
nce
the

ne-

e
-
en

al
-
on:

n
tic
the
ces

-

As
n
the

n
ba-
om-
lane

As

t

ngle
In the past ten years, the study of diluted magnetic se
conductors~DMS! has been strongly revitalized since th
discovery of ferromagnetic order in In12xMnxAs and
Ga12xMnxAs.1,2 The potential utility of room temperatur
ferromagnetism in a semiconductor based system is e
mous. On one hand, DMS could replace the existing meta
magnetic elements in storage media.3 On the other hand
DMS can be used as spin injectors into semiconductor4,5

This is a critical step in the physical realization of quantu
computation based on the spin degree of freedom in a s
state device.6 In fact, although it has been shown that sp
can be coherently transported over several micrometer
GaAs,7 its injection from metallic magnetic contacts h
been largely unsuccessful.8 Injection from DMS is however
possible4,5 and ~Ga, Mn!As–GaAs–~Al, Ga!As is the most
promising material system to date for the injection, stora
and manipulation of spins in semiconductors.

Although there is general agreement on the carr
~hole-! mediated origin of the ferromagnetism in~Ga,
Mn!As, the detailed mechanism is still debated. The Ze
model in the mean field approximation9 provides a good
starting point. However, its prediction of the Curie tempe
ture as a function of Mn and hole concentration largely ov
estimates the actual value if a dynamic description of the
spins is considered.10 Moreover, recent density functiona
theory ~DFT! results11 show that thep–d coupling in
~Ga, Mn!As is very strong and the mean field approximati
cannot be completely justified.

All the models agree on the following important point
~i! Mn21 ions substitute the Ga31 cations in the zincblende
lattice providing localS55/2 spins, and~ii ! there are free
holes in the system although the actual concentration is m
smaller than the density of the Mn ions.1,2 This latter point
suggests that some mechanism of compensation must be
ing place, most likely the presence of intrinsic donor defe
such as As antisites (AsGa). In the aforementioned models

a!Electronic mail: ssanvito@mrl.ucsb.edu
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the compensation mechanism is implicitly incorporated
the mean field description of the GaAs valence band, si
the hole concentration is a free parameter. As a result,
local effects of magnetic and chemical disorder are
glected.

In this letter, we consider explicitly the effects of th
inclusion of AsGa in ~Ga, Mn!As, and study how the chemi
cal environment modifies the magnetic interaction betwe
the Mn ions. We perform DFT calculations within the loc
spin density approximation~LSDA!, and investigate the de
pendence of the magnetic coupling between the Mn ions
~i! Mn concentration,~ii ! AsGa concentration, and~iii ! rela-
tive positions of the Mn ions and the AsGa defects. The main
result of our analysis is that, for a uniform distribution of M
ions, AsGa antisites significantly weaken the ferromagne
coupling. However, at least for moderate concentrations,
compensation does not follow the expected nominal valen
of Mn and As~that is, one AsGa does not completely com
pensate the holes from two Mn ions!. Moreover when two
Mn ions are separated by only one As atom~so that they
occupy two corners of a zincblende tetrahedron with an
atom in the center!, ferromagnetic coupling is possible eve
far above compensation if As antisites are located at
other two tetrahedral positions to form a Mn2As3 complex
~see Fig. 3!.

Our calculations are performed using the codeSIESTA,12

which is an efficient implementation of DFT-LSDA based o
pseudopotentials and a numerical localized atomic orbital
sis set. This method combines good accuracy and small c
putational cost compared to other methods based on p
waves. Calculation details are given elsewhere.11

We construct cubic 64 and rectangular 32 atom Ga
cells in which we include two Mn ions~giving Mn concen-
trations ofx50.0625 andx50.125, respectively! and a vari-
able number of AsGa antisites. We investigate two differen
Mn configurations for each concentration:~1! the Mn ions
occupy positions as far apart as possible~i.e., the corner and
the middle of the cubic cell!, ~2! the Mn atoms occupy two
corners of a tetrahedron and are coordinated through a si
3 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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As ion. We call these two configurationsseparatedand
close, respectively. We calculate the ground-state proper
of these systems for both ferromagnetic~FM! and antiferro-
magnetic~AF! alignment of the Mn ions within the cell.

The energy differences between the AF and FM align
configurations,DFA , and the magnetization per Mn ion
MMn , for theseparatedarrangement are presented in Fig.
as a function of the number of AsGa antisites. The magneti
zation per Mn ion is defined to be half of the magnetizat
of the cell, calculated in the FM phase.

First, we note that the ferromagnetic coupling is stron
weakened by AsGa antisite doping. This is consistent with th
picture of magnetic coupling mediated by free carrie
~holes!: AsGa antisites contribute electrons into the syste
and therefore compensate the holes. We also note that in
case of no antisites the ferromagnetic order is much stron
for large Mn concentration, which again supports the mo
of carrier-induced ferromagnetism. Within this model, t
ferromagnetic coupling should disappear when the comp
sation is complete. However Fig. 1 suggests that the c
pensation mechanism does not follow the nominal ato
valence, since a single AsGa antisite per cell is not sufficien
to destroy the ferromagnetic coupling. Above compensa
~one AsGa for two Mn ions! antiferromagnetic coupling is
obtained for large Mn concentration, while the system st
ferromagnetic at a low concentration. This is consistent w
the onset of AF super-exchange coupling at compensa
Super exchange is a short range interaction, and therefo
less important in the low concentration limit where the M
ions are well separated. It is worth noting that forx50.125
and large antisite concentrations~n AsGa52! the magnetic
order is quite sensitive to the actual position of the antis
respect to the Mn ions. Different AsGa arrangements may
result either in FM or AF coupling.

If we now consider the magnetization per Mn ion@Fig.
1~b!# we note that there is a monotonic increase of the to
magnetic moment on antisite doping. This can be underst
by looking at the density of states of Fig. 2~see also Ref.
11!. At the Fermi energy, the density of states~DOS! of the
majority spin band is the result of the hybridization betwe
the Mn d states witht2 symmetry and thep states coming
mainly from AsGa. The two donor levels of isolated AsGa in
GaAs are known to lie 0.54 and 0.75 eV above the Ga
valence band and to overlap with the exchange split Mnd
levels of low dilution~Ga, Mn!As.11 In contrast, the DOS of

FIG. 1. ~a! Energy difference between AF and FM alignments,DFA , and~b!
magnetization per Mn ion,MMn , as a function of the number of AsGa anti-
sites in the cell:separatedconfiguration.
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the minority spin band is dominated by antisite levels, t
first Mn d states lying far aboveEF . Therefore by increasing
the antisite concentration,EF is shifted towards higher en
ergy, thus increasing the occupation of the Mnd shell in the
majority spin band. This enhances the total magnetic m
ment of the system. Finally, note that a magnetization
4.5mB is in very good agreement with recent x-ray magne
circular dichroism measurements.13

Let us now turn our attention to thecloseconfiguration.
In this case, we expect the short range super exchang
play a more important role since the Mn ions are much clo
to each other. Moreover the magnetic coupling is expecte
be quite sensitive to the position of the antisites with resp
to the Mn ions. We consider three different situations~Fig.
3!: ~a! the antisites are far from the Ga2Mn2As1 complex,~b!
one antisite occupies a tetrahedral site (Ga1Mn2As2), and~c!
two antisites occupy the tetrahedral sites (Mn2As3). In Fig. 3
we showDFA andMMn as a function of the AsGa concentra-
tion for these antisite arrangements. For the sake of brev
we present data only forx50.0625, noting that similar con
clusions can be made also forx50.125. From Fig. 3 it is
very clear that, when the AsGa defects are in the vicinity of
the Mn ions@configurations~b! and~c!#, the system is almos
insensitive to the AsGa concentration. In contrast, when th
AsGa antisites are far from the Mn ions the magnetic co
pling undergoes a FM to AF transition with increasing an
site concentration.

FIG. 2. DOS for~Ga, Mn!As obtained for a 64 atom unit cell with two Mn
ions and one AsGa antisite:separatedconfiguration, FM alignment.~a! ma-
jority and ~b! minority spins.

FIG. 3. ~Left-hand side! energy difference between the AF and FM alig
mentsDFA and ~right-hand side! magnetization per Mn ionMMn as a func-
tion of the number of AsGa antisites in the cell:CloseMn configuration. The
symbolsd,* , andL represent arrangements~a!, ~b!, and~c!, respectively.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Consider first configuration~a!. In this case both theDFA

andMMn curves look very similar to the curves we found f
the separatedarrangement~Fig. 1!. However, in stark con-
trast with theseparatedcase, an AF alignment can now b
found for large AsGa concentrations. Recalling the fact th
the Mn d shell is more than half filled, and that it is antife
romagnetically coupled with the Asp shell of the interme-
diate atom,11 we propose that super-exchange coupling s
bilizes the AF phase as soon as the free holes are compl
compensated. However, this mechanism is extremely s
range and therefore effective only when the Mn ions
separated by one As.

We now turn our attention to situations~b! and ~c!. In
both cases, the FM alignment is stable and almost insens
to the total AsGa concentration. This is a strong indicator th
the dominant interaction in these cases depends only on
local chemical properties. To shed some light on this asp
we perform Mülliken population analyses.14,11 The Mülliken
orbital ~or atomic! population is the projection of the charg
density onto a particular orbital~or atom!. In Table I, we
present the orbital population for the two Mn ions and t
intermediate As ion of the complexes of Fig. 3. The m
obvious feature is the larger polarization of the Asp orbitals
in Mn2As3 compared with Ga2Mn2As1. This is accompanied
by a small decrease in Mnd polarization, although this latte
effect could be an artifact from the overlap component of
orbital population.11 It is also interesting to note that the tot
atomic population of the As atom increases going from~a! to
~b! to ~c!, while the p component of the population de
creases. Therefore, if we start from the situation in wh
two AsGa antisites are located far from the Mn–As–Mn com
plex, then we move each antisite in turn to one of the t
other corners of the tetrahedron, then~i! the charge on the
middle As atom increases,~ii ! the spin polarization of thep
shell of the middle As atom increases, and~iii ! the total
population of thep shell of the middle As atom decrease
And most importantly, the magnetic coupling changes fr
AF to FM.

TABLE I. Mülliken atomic and orbital populations for the Mn ions and t
intermediate As atom of the complexes of Fig. 3 (x50.0625). The symbols
↑ and↓ correspond to majority and minority spin respectively. The popu
tions are in units of the electronic chargeueu.

n AsGa Type Mn-d↑ Mn-d↓ As-p↑ As-p↓ As-p As

2 a 4.74 0.70 1.55 1.63 3.18 4.92
2 b 4.74 0.71 1.50 1.67 3.17 4.95
2 c 4.72 0.75 1.44 1.71 3.15 4.97

3 a 4.76 0.68 1.57 1.63 3.20 4.93
3 b 4.74 0.74 1.55 1.65 3.20 4.97
3 c 4.73 0.75 1.49 1.69 3.17 4.99
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In 1960, de Gennes observed15 that in an AF crystal, the
presence of a bound carrier~electron or hole! which is Zener
coupled to the local spinsalwaysinduces a distortion in the
AF lattice. In that spirit, we propose that the observed tr
sition from AF to FM coupling between Ga2Mn2As1 and
Mn2As3 results from the onset of FM double-exchange co
pling mediated by a bound Zener carrier. For Ga1Mn2As2,
we verified this hypothesis by performing a general spin c
culation and found that the actual ground state is not gi
by perfect FM alignment, but instead, the Mn magnetic m
ments are canted with respect to each other.

In conclusion, we have shown that the inclusion of t
AsGa in ~Ga, Mn!As can result in a variety of differen
behaviors depending on the microscopic arrangement of
Mn ions and the AsGa antisites. In particular, we have show
that when the Mn ions are uniformly distributed in the cry
tal, AsGa antisites weaken the ferromagnetic order. In co
trast, if the Mn ions occupy two corners of the zincblen
tetrahedron, several magnetic arrangements are possibl
pending on the positions of the antisites. In particular, F
coupling is obtained if antisites occupy the other positions
the tetrahedron. This suggests that a way to obtain highTC in
~Ga, Mn!As is to deposit Mn and As antisites with a strong
inhomogeneous distribution.
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