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Electronic structure, exchange interactions, and Curie temperature in diluted III-V magnetic
semiconductors:„GaCr…As, „GaMn…As, „GaFe…As

L. M. Sandratskii and P. Bruno
Max-Planck Institut fu¨r Mikrostrukturphysik, D-06120 Halle, Germany

~Received 3 December 2002; revised manuscript received 6 March 2003; published 4 June 2003!

We complete our earlier@Phys. Rev. B66, 134435~2002!# study of the electronic structure, exchange
interactions, and Curie temperature in~GaMn!As and extend the study to two other diluted magnetic semi-
conductors~GaCr!As and ~GaFe!As. Four concentrations of the 3d impurities are studied: 25, 12.5, 6.25,
3.125 %.~GaCr!As and~GaMn!As are found to possess a number of similar features. Both are semimetallic
and ferromagnetic, with similar properties of the interatomic exchange interactions and the same scale of the
Curie temperature. In both systems the presence of the charge carriers is crucial for establishing the ferromag-
netic order. An important difference between two systems is in the character of the dependence on the variation
of the number of carriers. The ferromagnetism in~GaMn!As is found to be very sensitive to the presence of the
donor defects, such as AsGa antisites. On the other hand, the Curie temperature of~GaCr!As depends rather
weakly on the presence of this type of defects but decreases strongly with decreasing number of electrons. We
find the exchange interactions between 3d atoms that make a major contribution into the ferromagnetism of
~GaCr!As and~GaMn!As and propose an exchange path responsible for these interactions. The properties of
~GaFe!As are found to differ crucially from the properties of~GaCr!As and~GaMn!As. ~GaFe!As does not
show a trend to ferromagnetism and is not half-metallic that makes this system unsuitable for the use in
spintronic semiconductor devices.
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I. INTRODUCTION

The discovery of the ferromagnetism in~GaMn!As ~Ref.
1! with the Curie temperature of Ga0.947Mn0.053As as high as
110 K attracted much attention to the III-V diluted magne
semiconductors. This attention was stimulated by both
possibility of deeper understanding of the fundamentals
long-range ferromagnetism in semiconductors and the p
tical need for the ferromagnetic diluted magnetic semic
ductor ~DMS! materials with high Curie temperature for th
realization of the semiconductor spin-electronic devices.

On the theoretical side both the model-Hamiltonian a
proach~see recent reviews2,3! and the parameter-free calcu
lations within the density functional theory~see, e.g., Ref. 4!
are intensively used to study the magnetism of the DM
One of the important directions of the both theoretical te
niques is the calculation of the exchange interactions
Curie temperature in the DMS systems~see, e.g., Refs
5–10!.

In a previous paper10 ~hereafter referred to as I! we used
the supercell and frozen-magnon approaches to study the
change interactions and Curie temperature of~GaMn!As for
four different Mn concentrations. The present work exten
the study to the cases of Cr and Fe impurities. Since a
atom has one electron less and an Fe atom one electron
than a Mn atom, comparison of the results for three DM
systems allows the investigation of the trends in the varia
of magnetic properties within the series of the DMS.

One of the issues attracting much attention is the dep
dence of the Curie temperature on the presence of nonm
netic defects. Such defects can be introduced purposely,
by codoping, or appear in an uncontrolled manner during
sample preparation~e.g., AsGa antisites!. Since these defect
0163-1829/2003/67~21!/214402~11!/$20.00 67 2144
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change the density of carriers they can strongly influence
magnetism of the DMS systems.2–4 This influence is also
addressed in the paper.

The Cr and Fe impurities in GaAs were recently stud
theoretically.6,11 In Ref. 6 the exchange interactions with
small clusters of the 3d impurities have been studied. In Re
11, the coherent potential approximation has been use
estimate the energy difference between the ferromagn
and spin-glass states. In both works the authors came to
conclusion of the strong ferromagnetic exchange interacti
in ~GaCr!As. No trend to the ferromagnetism has been fou
in ~GaFe!As. First attempts to synthesize these systems h
been reported.12,13 Although the dominant magnetic interac
tions between Cr atoms were found to be ferromagnetic
high Curie temperature in~GaCr!As was detected.12 Interest-
ingly, the zinc blende CrAs that has recently been succe
fully grown on GaAs is ferromagnetic with the Curie tem
perature higher than room temperature.14 This system has
been designed on the basis of the calculations within
framework of the density-functional theory~DFT! and its
properties are is good agreement with theoreti
predictions.14

The purpose of the present work is to provide detai
study of the exchange interactions and Curie temperatur
the series of diluted magnetic semiconductors~GaCr!As,
~GaMn!As, ~GaFe!As. Much attention is devoted to the com
parative analysis of the systems. One of our aims is to furt
stimulate experimental interest to~GaCr!As and ~GaFe!As
systems.

The remainder of the paper is organized as follows.
Sec. II we discuss a simple two-band model studying
relation between the magnetic structure, the band occupa
and the band energy. In Sec. III we briefly present the ca
lational approach. In Sec. IV we discuss the calculatio
©2003 The American Physical Society02-1
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results for ~GaMn!As, ~GaCr!As, and ~GaFe!As systems.
Our conclusions are given in Sec. V.

II. KINETIC EXCHANGE AND BAND OCCUPATION

It is common to treat the magnetism of the DMS in term
of the competition between the antiferromagnetic super
change and ferromagnetic kinetic exchange through ch
carriers ~see, e.g., Refs. 6,15! The definitions of different
types of exchange interactions rely on different mo
Hamiltonians and their perturbative treatments.16 Since the
DFT is not based on a model Hamiltonian approach and d
not use a perturbative treatment, various exchange inte
tions appear in the calculational results in a mixed form.
this situation the studies of simple models of electron s
tems relevant to the problem provide information useful
qualitative interpretation of the DFT results.

Here we consider a simple two-band tight-binding mo
of itinerant electrons experiencing local exchange fields
atomic magnetic moments. We consider helical configu
tions of the atomic moments and study the dependence o
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band energy of the system on the magnetic structure. Th
cases are discussed: completely filled bands, almost em
bands and almost filled bands. The helical structures are
fined by the formula

en5@cos~q•Rn!sinu,sin~q•Rn!sinu,cosu#, ~1!

whereRn are the lattice vectors,q is the wave vector of the
helix, en is the unit vectors in the direction of the magne
moment at siteRn , and polar angleu gives the deviation of
the moments from thez axis. The helical structures allow t
describe broad range of magnetic configurations from col
ear ferromagnetism (u50 or qÄ0) to collinear antiferro-
magnetism (q5 1

2 K and u590°, K is a reciprocal lattice
vector!.

The tight binding method for spiral structures was d
cussed in its general form in Ref. 17. By neglecting the d
ference in the spatial dependence of the basis functions
opposite spin projections and by preserving only the sing
center matrix elements of the exchange potential we arriv
the following simple form of the secular matrix:
S cos2S u

2DH21sin2S u

2DH12
D

2
2

1

2
sinu~H22H1!

2
1

2
sinu~H22H1! sin2S u

2DH21cos2S u

2DH11
D

2

D , ~2!
hy-
the
e

e

ds.

e
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a-
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f
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ion
en-
where H25H(k2 1
2 q), H15H(k1 1

2 q), and H(k) de-
scribes spin-degenerate bands of a nonmagnetic crystal.
derivation of Eq.~2! is based on the special symmetry of t
helical structures.18 This model describes one electron ba
with two opposite spin projections. At each lattice siteRn the
band-electron states experience a local exchange fiel
strengthD. The model neglects the effects of hybridizatio
between magnetic and band electrons and therefore is
suitable for the description of the superexchange.16 It, how-
ever, takes into account interactions characteristic for the
netic exchange through charge carriers.16,19–21We will study
the dependence of the energy of the band electrons on
magnetic configuration.

The eigenvalues of the matrix~2! have the form

«6~k!5
1

2
~H21H1!6S 1

4
~H22H1!2

2
1

2
D cosu~H22H1!1

1

4
D2D 1/2

~3!

and are illustrated in Fig. 1. To understand the structure
the electron bands of the spiral it is important to notice t
the ferromagnetic configuration of the local moments can
considered as a spiral withu50 and arbitraryq. The con-
sideration of the ferromagnet as a spiral leads to a rigid s
of the spin-up subband to the right byq/2 and the shift of the
he

of

ot

i-
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f
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spin-down subband to the left byq/2. If now the angleu
becomes nonzero the shifted bands of the opposite spin
bridize because of nonzero off-diagonal elements of
secular matrix@Eq. ~2!#. This leads to the repulsion of th
states that are close in energy~e.g., the states atq520.5 in
Fig. 1!. Additionally, there is an intraband mixing of th
states separated by vectorq in the reciprocal space~see the
diagonal elements of the secular matrix.

First, let us consider the case of completely filled ban
In this case the total energy equals to

Eb5E
BZ

dk@«2~k!1«1~k!#52E
BZ

dkH~k! ~4!

and does not depend on the magnetic configuration.@In Eq.
~4! the integration is carried out over the first Brillouin zon
~BZ!.# This means that the kinetic exchange taken into
count by Eq.~2! does not influence the magnetic configur
tion in the system with filled bands. The superexchange
accounted for by Eq.~2! plays the main role in the case o
completely filled bands.

Now let us consider almost empty bands. In this case
minimum of the electron energy corresponds to the fer
magnetic structure. To prove this we show that any deviat
from the ferromagnetic structure increases the minimal
ergy of the band states~see Fig. 1 for an illustration!.
2-2
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It is sufficient to consider the lower branch of the eige
values «2(k). Let us take an arbitraryk. If H2(k)
,H1(k) than«2(k).H2(k)2 1

2 D. If H2(k).H1(k) than
«2(k).H1(k)2 1

2 D. Therefore, in both cases the eigenst
of the helix «2(k) is higher than one of the states of th
ferromagnetic crystal. For thek vector satisfyingH2(k)
5H1(k)5h, «2(k)5h2 1

2 D. In the usual case ofH(k)
having minimum at the center or the boundary of the B
h2 1

2 D is not the minimal energy of the ferromagnetic stru
ture.

Also for almost filled bands the configuration of lowe
energy is ferromagnetic since any deviation from the fer
magnetic state increases the energy of the electrons. To s
this we first notice that the maximal energy of the band sta
always decreases with deviation from ferromagnetism. T
proof of this is similar to that given above for the minim
energy. Since the energy of the completely filled bands d
not depend on the magnetic configuration, the highest en
of the hole states means the lowest energy of the system

In the case of exchange splittingD much bigger than the
width of the nonmagnetic bandH(k) the low-energy eigen-
value of the secular matrix given by Eq.~2! takes the form

«2~k!5cos2S u

2D FHS k2
1

2
qD2

D

2 G
1sin2S u

2D FHS k1
1

2
qD2

D

2 G . ~5!

It can be easily verified that this subband fulfills all thr
properties formulated above for the set of two bands.

These properties of the model agree qualitatively w
those obtained within other models, e.g., within the mode
two interacting impurities.6 We will refer to these propertie
in the discussion of the results of the DFT calculations in
following sections.

FIG. 1. The energy bands~thick solid line! of the spiral structure
with q50.4, D52, and u545°. H(k)512cos(pk). The thin
solid lines show the bands of a ferromagnetic configuration. T
broken lines give the ferromagnetic bands shifted in the recipro
space according to the givenq ~see the text!. The minimal energy of
the ferromagnetic configuration is lower than for the spiral. On
other hand, the maximal energy of the ferromagnet is higher t
for the spiral.
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III. CALCULATIONAL APPROACH

In the calculations we use the scheme discussed in I. T
scheme is based on the supersell approach where one o
Ga atoms in a supercell of zinc blende GaAs is replaced
the 3d atom. The calculations are performed for four valu
of the concentrationx: 0.25, 0.125, 0.0625, and 0.03125.

The calculations were carried out with the augmen
spherical waves22 ~ASW! method within the local density
approximation~LDA ! to the DFT. In all calculations the lat
tice parameter was chosen to be equal to the experime
lattice parameter of GaAs. Two empty spheres per form
unit have been used in the calculations. The positions
empty spheres are~0.5, 0.5, 0.5! and~0.75, 0.75, 0.75!. Radii
of all atomic spheres were chosen to be equal. Dependin
the concentration of Mn, the supercell is cubic (x525%, a
3a3a, and x53.125%, 2a32a32a) or tetragonal (x
512.5%,a3a32a and 6.25%, 2a32a3a).

The densities of states~DOS! presented in the paper ar
calculated for self-consistently determined ferromagne
states of the corresponding systems. To describe the
change interactions in the system we use an effective Hei
berg Hamiltonian of classical spins

Heff52(
iÞ j

Ji j ei•ej , ~6!

whereJi j is an exchange interaction between two 3d sites
( i , j ) andei is the unit vector pointing in the direction of th
magnetic moments at sitei.

To estimate the parameters of the Mn-Mn exchange in
action we performed calculation for the following froze
magnon configurations:

u i5const, f i5q•Ri , ~7!

whereu i andf i are the polar and azimuthal angles of vec
ei andRi is the position of thei th Mn atom. The directions
of the induced moments in the atomic spheres of Ga and
and in the empty spheres were kept to be parallel to thz
axis.

It can be shown that within the Heisenberg model~6! the
energy of such configurations can be represented in the f

E~u,q!5E0~u!2u2J~q!, ~8!

where E0 does not depend onq and J(q) is the Fourier
transform of the parameters of the exchange interaction
tween pairs of Mn atoms

J~q!5(
j Þ0

J0 jexp~ iq•R0j!. ~9!

In Eq. ~8! angleu is assumed to be small. UsingJ(q) one
can estimate the energies of the spin-wave excitations

v~q!5
4

M
@J~0!2J~q!#5

2

M ~12cosu!
@E~u,q!2E~u,0!#,

~10!
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L. M. SANDRATSKII AND P. BRUNO PHYSICAL REVIEW B67, 214402 ~2003!
whereM is the atomic moment of the Mn atom. Performin
back Fourier transformation we obtain the parameters of
exchange interaction between Mn atoms

J0 j5
1

N (
q

exp~2 iq•R0j!J~q!. ~11!

The calculation ofE(u,q) for different Mn concentrations
has been performed for uniform meshes in the first B
Angle u is selected in the proportionality region betwe
@E(u,q)2E(u,0)# and (12cosu).

The Curie temperature was estimated in the mean-fi
~MF! approximation

kBTC
MF5

2

3 (
j Þ0

J0 j . ~12!

We use rigid band approach to calculate the excha
parameters and Curie temperature for different electron
cupations in each of the systems studied. This allows on
simulate the influence of the As antisites and the nonm
netic codoping for a given concentration of 3d impurities.
We assume that the electron structure calculated for a D
with a given concentration of the 3d impurity is basically
preserved in the presence of defects. The main differenc
in the occupation of the bands and, respectively, in the p
tion of the Fermi level. For each electron occupation
calculated the energy of the frozen-magnon states and
interatomic exchange parameters.

IV. CALCULATIONAL RESULTS

A. „GaMn…As

The main body of the calculational results for~GaMn!As
is presented in I. Here we discuss the dependence of
calculated Curie temperature on the number of carriers.
experimental studies show that the concentration of hole
~Ga,Mn!As is lower than the concentration of the M
atoms.23 One of the important factors leading to the lo
concentration of holes is the presence of the As antisi
~See Refs. 10,15,24,25 for earlier DFT studies of the in
ence of the As antisites on the properties of the DMS.!

Since As has two more valence electrons compared w
Ga, each As antisite compensate the holes produced by
Mn atoms. We study the influence of the number of electr
in the broad interval fromn522 ~two electrons per super
cell less! to n52 ~to electrons per supercell more!. Con-
cretely, for each frozen-magnon configuration studied
perform the total energy calculation for differentn and then
for eachn the procedure of the evaluation of the exchan
interactions described in Sec. III is used. Negative value
the Curie temperature in Fig. 2 indicate an instability of t
ferromagnetic state due to dominating antiferromagnetic
teractions.

The results of the calculations are shown26 in Fig. 2. The
following features are important. First, for all concentratio
x the value of the Curie temperature oscillates with occu
tion. It is negative forn522 ~two additional holes!, in-
creases with increasing occupation, changes sign and rea
21440
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the maximum in the interval betweenn521 ~one additional
hole! andn50. Then it decreases again, changes sign in
interval betweenn50 and n51 ~one additional electron!
reaches minimum and increases again. The only devia
from this scenario is the case ofx53.125% where the curve
has two maxima, one close ton51 and another ton50.
~The two-maxima shape of the curve can be related to
properties of the electron DOS presented in I in the ene
region just below the Fermi level: the closeness of the top
the spin-down valence band to the Fermi level and a d
minimum in the spin-up DOS.! A remarkable feature in the
dependences is the kink atn51 for x53.125% andx
56.25%. Thisn value corresponds to a completely fille
valence band and empty conduction band. Correspondin
for n,1 the carriers are holes in the valence band and
n.1 the carriers are electrons in the conduction band. T
abrupt change of the character of the carrier states atn51
results in the discontinuity of the slope ofTC(n). For x
512.5% andx525% the kink is not obtained because of t
overlap of the valence and conduction bands. Also the m
mum for these concentrations is shifted to a noninteger va
of n that depends on the details of the band overlap
cannot be predicted without calculations.

The amplitude of the curves decreases with decreasinx.
Therefore, potentially the highest Curie temperature can
reached for the highest Mn concentration. This, howev
needs large-scale tuning of the number of carriers.~Both, the
growth of the samples with Mn concentration of the order
20% and corresponding large-scale tuning of the numbe
carriers are technologically hardly possible.! It is interesting
to consider the dependence ofTC on concentrationx for
various numbers of electronsn. Since the form of the curves
TC(n) differs considerably for differentx they intersect~Fig.
2!. The intersection of the curves influences the depende
of TC on concentrationx ~Fig. 3!. Indeed, if before intersec
tion at somens , TC for concentrationx1 is larger thanTC
for concentrationx2 after the intersection the relation is op
posite. The last property is reflected in Fig. 3 where the va
of TC

MF as a function ofx is shown for different hole concen

FIG. 2. TC
MF of ~Ga,Mn!As with different Mn concentrations a

a function of the electron numbern. n50 corresponds to the system
Ga12xMnxAs with no additional donor or acceptor defects.
2-4
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ELECTRONIC STRUCTURE, EXCHANGE . . . PHYSICAL REVIEW B 67, 214402 ~2003!
trations. Indeed, a monotonous dependence forn520.4 is
replaced by a nonmonotonous behavior forn50 with the
maximum atx512.5%.

For n50.4 andn50.6 the maximum corresponds tox
56.25%. The experimentalTC values obtained in Ref. 27
are in good agreement with the values forn50.6. For n
50.8 the maximum value of the Curie temperature cor
sponds to the lowest Mn concentration.

Note that the mean-field approximation usually overe
mates the Curie temperature and the comparison ofTC

MF with
experiment should be made with caution. For example,
value of the Curie temperature of~GaMn!As obtained in I
within the random phase approximation~RPA! is about 15–
20 % smaller than theTC

MF . This means that good agreeme
with the experimental Curie temperatures just forn50.6
might be accidental. The most important result of the cal
lation is the qualitative trends obtained with the variation
the number of carriers.

In general, Figs. 2, 3 confirm the picture of the ferroma
netism in DMS as mediated by the charge carriers. Inde
the decrease of the number of holes in the valence bann
.0) leads to a fast decrease in the trend toward ferrom
netism. However, because of the oscillating character of
curvesTC(n), the increase of the number of holes to mo
than one per Mn (n,0) has only small potential for obtain
ing higher Curie temperature in~GaMn!As.

Figure 2 ~and the corresponding Figs. 10 and 13 in t
following! show that the contribution of the completely fille
bands into exchange interaction is always antiferromagne
Indeed, in all cases of completely filled bands (n51 in Fig.
2, n521 and n52 in Fig. 10, or n52 in Fig. 13! the
estimation of theTC

MF is negative. On the other hand, th
deviation from the completely filled bands to smallern ~cre-
ating holes in the filled bands! or to largern ~creating elec-
trons in the empty bands! leads to increasingTC

MF and, re-
spectively, to increasing trend to ferromagnetism. The res
of the study of the two-band model in Sec. II help to und
stand the physical mechanism of this property in terms of

FIG. 3. TC
MF of ~Ga,Mn!As as a function of the Mn concentra

tion x for different electron numbersn. n is defined as in Fig. 2.
Note that the number of holesp per Mn atom equals 12n. The stars
show the experimental values of the Curie temperature.
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changes in the band structure with the deviation of the m
netic configuration from the collinear ferromagnetic one.
deed, we have seen that for completely filled bands
changes in the energy of different states compensate an
increase of the total energy is connected with the devia
from the collinear ferromagnetic structure. The antiferroma
netic superexchange obtained in Fig. 2 forn51 is not de-
scribed by the model of Sec. II since the hybridization b
tween magnetic and band electrons is not taken into acco
For the case there are partially field band with holes or e
tron present, the ferromagnetic state becomes energeti
preferable. These properties correlate with the view of
magnetism of the DMS as governed by the competition
tween the antiferromagnetic exchange through comple
filled bands and ferromagnetic exchange through charge
riers ~holes or electrons!.

B. „GaCr…As

In Fig. 4 we show the DOS of~GaCr!As for four values
of the Cr concentration. There is substantial difference
tween these DOS and the DOS of~GaMn!As presented in I.
In particular, an important different feature is a higher ene
position of the Cr 3d states relative to the GaAs states
compared with the position of the Mn 3d states in~GaM-
n!As. For the Cr concentration ofx53.125% this energy
shift results in an impurity band lying within the semico
ducting gap of GaAs and separated in energy from both
valence and the conduction bands.@In the case of~GaMn!As
corresponding states lie at the top of the valence band.# The
impurity band has spin-up character. The replacement of
Ga atom in the supercell of GaAs by a Cr atom does
change the number of the spin-down states in the vale
band. In the spin-up channel there are, however, five a

FIG. 4. The DOS of Ga12xCrxAs. The DOS is given per unit
cell of the zinc blende crystal structure. The DOS above~below! the
abscissas axis corresponds to the spin-up~down! states.
2-5
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L. M. SANDRATSKII AND P. BRUNO PHYSICAL REVIEW B67, 214402 ~2003!
tional energy bands which are related to the Cr 3d states.
Two of them lie within the valence band and three in t
semiconducting energy gap. Since there are five extra en
bands and only three extra electrons~the atomic configura-
tions of Ga and Cr are 4s24p1 and 3d44s2) the impurity
band is not filled. The integrated number of the occup
~electron! states in the impurity band is one per Cr ato
~correspondingly, one electron per supercell!. On the other
hand, the integrated number of empty~hole! states in the
impurity band is two per Cr atom~two holes per supercell!.

With increasingx, the impurity band becomes broader.
x56.25% it touches the spin-down states of the conduc
band still being separated by an energy gap from the vale
band. Atx512.5% andx525% the impurity band overlap
with both valence and conduction bands. For all concen
tions the Fermi level lies in the energy gap of the spin-do
DOS. Therefore for allx the system is half-metallic and i
characterized by a 100% spin polarization of the carriers
the Fermi energy. The latter property is very important
efficient spin injection to semiconductors.

In Table I we present the magnetic moment of the
atom, the induced moment on the nearest As atom, and
magnetic moment per supercell. Both the Cr and As m
ments vary weakly with the change ofx. This is the result of
the half-metalicity that leads to a fixed number of the spin
and spin-down electrons in the system and, correspondin
complicates the change of atomic moments.

Taking as an example the system withx53.125% we find
that the contribution of the 3d electrons into the Cr momen
is 3.10mB with the rest 0.05mB coming from the 4s and 4p
electrons. The total number of the 3d electrons in the Cr
sphere is 4.38. The main contribution to the induced As m
ment comes from the 4p electrons.

Interestingly, the induced As moment in~GaCr!As is
larger than in~GaMn!As though the Mn moment is large
than the Cr moment. The explanation of this fact is in t
hybridization of the spin-up states of the 3d and As atoms.
Because of this hybridization, part of the As spin-up sta
contributes to the hole states in the valence~GaMnAs! or
impurity ~GaCrAs! band and is unoccupied. The number
hole states in~GaCr!As is larger than in~GaMn!As, therefore
the negative induced moment on the As atom is larger

TABLE I. Magnetic moments in Ga12xCrxAs and Ga12xFexAs.
There are shown the moment on the 3d impurity, the induced mo-
ment on the nearest As atoms, and the magnetic moment o
supercell. All moments are in units ofmB .

x
0.25 0.125 0.0625 0.03125

Cr 3.10 3.11 3.13 3.15
~GaCr!As As 20.09 20.08 20.07 20.07

cell 3.00 3.00 3.00 3.00

Fe 3.18 3.29 3.40 3.46
~GaFe!As As 0.03 0.04 0.05 0.06

cell 3.61 3.87 4.15 4.39
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well. Since the ferromagnetism is expected to be media
by carriers it is important to consider their localization abo
Cr atoms.

In Fig. 5 we show forx53.125% the distribution in the
supercell of the one electron in the occupied part of the
purity band. This distribution was calculated as follows.
first the distribution over atoms was found for each state
the occupied part of the impurity band. Then the summat
over these states was performed. The number of electron
the occupied part of the impurity band is exactly one per
atom~or, what is equivalent, per supercell!. For comparison,
we plot in Fig. 5 the data for one hole per Mn atom
~GaMn!As calculated similarly. About 44% of the electron
in the Cr sphere. The first coordination sphere of As conta
13% of the state. The third coordination As sphere with d
tance 1.09a from the Cr atom contains 11% of the electro
We will show that the large portion of the electron states
the atoms of the third coordination sphere of the As atom
important for the magnetic ordering in the system. The fi
coordination sphere of Ga atoms contains 9% of the st
Each of the other coordination spheres contains less that
of the state.

Another important characteristic for establishing the e
change interaction between the Cr atoms is the value of
duced moments~Fig. 5!. The induced moments on all A

he

FIG. 5. Distribution of the carrier states over atoms~upper
panel! and induced magnetic moments~lower panel! for
Ga12xCrxAs and Ga12xMnxAs with x53.125%. For~GaCr!As, the
distribution is given for the occupied~electron! states in the impu-
rity band. For~GaMn!As, the distribution is given for empty~hole!
states in the valence band. All values are for the coordina
spheres. The numbers of atoms in the coordination spheres
shown at the top of the picture. The calculated values for~GaMn!As
are taken from I.
2-6
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ELECTRONIC STRUCTURE, EXCHANGE . . . PHYSICAL REVIEW B 67, 214402 ~2003!
atoms are antiparallel to the Cr moment. The same fea
was obtained in I for~GaMn!As ~see Fig. 5! and is explained
by the contribution of the As spin-up states to the hole sta
in the impurity band discussed above. On the Ga atoms,
induced moments are parallel to the Cr moment. Note
the parts of the states corresponding to the Ga atoms an
induced moments on the Ga sites are very similar in b
~GaCr!As and~GaMn!As. On the other hand, for the 3d and
As atoms there is substantial difference between two s
tems.

For ~GaCr!As, there is a clear correlation between t
value of the induced moment and the part of the elect
states in the impurity band corresponding to a given at
~Fig. 5!. In particular there is a sizable induced moment
the third coordination sphere of As atoms. Note that the h
states in~GaMn!As are less localized about Mn atom com
pared with the electron states localization about Cr atom
~GaCr!As. On the other hand, the values of the induced m
ments are larger in~GaCr!As. Thusa priori it is not clear
which of the two systems has potential for the ferroma
netism with higher Curie temperature.

In Fig. 6 we show calculated interatomic exchange

FIG. 6. The parameters of the exchange interaction betwee
atoms~upper panel! and the variation ofTC

MF with increasing num-
ber of the contributing coordination spheres~lower panel!. The ab-
scissa gives the radius of the coordination sphere in the units o
lattice parameter of the zinc blende crystal structure. The calc
tions has been performed up tor 57a. Because of very small val
ues the exchange parameters for larger are not shown. The broken
vertical lines show the coordination spheres with strongest
change interaction with the central atom. Two data points for
same system and the same radius~e.g., at r 52.828a for x
512.5% and! mean that there are two inequivalent coordinati
spheres with equal radii.
21440
re

s
he
at
the
h

s-

n

t
le

in
-

-

-

rameters. The quantitative comparison with the exchange
rameters of~GaMn!As presented in I shows that they a
substantially different. There is, however, a number of qu
tative similarities. First, in both cases the Heisenberg mo
with the interaction between the first nearest neighbors o
is not able to describe the magnetism of the system. Sec
the exchange interactions are rather quickly decreasing
increasing distance between atoms. In Fig. 7 we plot
dependence of the absolute value of the exchange param
for three different impurities on the interatomic distance u
ing logarithmic ordinate axis. The decrease of exchange
rameters is close to exponential that is expected for semic
ducting and half-metallic systems.28,29

In Fig. 6 we show the variation of the Curie temperatu
@Eq. ~12!# with increasing number of the contributing coo
dination spheres. For instance, no noticeable contributio
the Curie temperature is obtained from the interactions
tween Mn atoms at the distances larger than 3a. Third, the
dependence of the exchange parameters on the distanc
tween Cr atoms is not monotonous. Forth, the coordina
spheres which contribute importantly into the magnetism
~GaMn!As provide, in most cases, such contribution also
~GaCr!As.

In Fig. 8 the Curie temperature of~GaCr!As for four val-
ues of the Cr concentration is presented. Forx53.125% and
x525% the Curie temperature is higher than in~GaMn!As,
for x56.25% andx512.5% the relation is opposite. In gen
eral both systems giveTC in the same temperature interva
Only for very largex the Curie temperature of~GaCr!As
becomes substantially larger.

The calculated exchange parameters combined with
information about the induced moments and spatial distri
tion of the states of the impurity band allow to suggest
exchange path responsible for the realization of the fe
magnetic state.

The analysis of the interatomic exchange interactions
their contribution into the Curie temperature~Fig. 6! shows
that the main role for all concentrations of the Cr atoms
played by the exchange interaction between the Cr ato
separated by the vectors parallel to~1,1,0! @or to the vectors
crystallographically equivalent to~1,1,0!#. Indeed, for con-
centrationsx525, 12.5 % the main contribution to the Cur
temperature comes from the atoms separated by~1,1,0!. For
lower concentrations the main role is played by the inter
tion between atoms separated by~2,2,0!.

This result together with the information about the i
duced moments and the localization of the carrier states
low to propose the exchange path for the realization of
strong exchange interactions. Let us consider the casex
53.125% ~Fig. 9! again.

On the straight line connecting the Cr atoms at~0,0,0! and

~2,2,0! there are three Ga atoms at (1
2 , 1

2 ,0), (1,1,0), and

( 3
2 , 3

2 ,0). ~The first and the third atoms are equivalent.! Since,
according to Fig. 6, only very small portion of the carri
states corresponds to these atoms and the induced mom
on these atoms are also very small they cannot efficie
mediate the exchange interaction between Cr atoms.

Cr
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On the other hand a substantial part of the electron st
in the impurity band is on the As atoms at~1

4,
1
4,

1
4! and

~3
4,

3
4,

1
4!. Simultaneously, these atoms carry sizable

duced moments. On the basis of this information we s
gest the following exchange path: Cr~0,0,0!2As~1

4,
1
4,

1
4!

2As~3
4,

3
4,

1
4!2As~5

4,
5
4,

1
4!2As~7

4,
7
4,

1
4!2Cr~2,2,0!. Here As~7

4,
7
4,

1
4!

is equivalent to As(14 , 1
4 , 1

4 ) and As(34 , 3
4 , 1

4 ) is equivalent to
As~5

4,
5
4,

1
4!. The calculational information for~GaMn!As

~see I! allows one to also suggest the same exchange pat
this system. To get deeper insight into the magnetism
~GaCr!As we calculated the dependence of the Curie te
perature on the electron occupation~Fig. 10!.

Many qualitative features of these dependences are s
lar to those for~GaMn!As ~Fig. 2!. The dependences sho
oscillating behavior with the amplitude decreasing with d

FIG. 7. The absolute values of the exchange parameters bet
3d impurities as a function of the interatomic distance. The imp
rity concentration is 25%. The@110# crystallographic direction is
presented. A logarithmic ordinate axis is used to visualize fast de
of the exchange parameters. The small value of the exchange
rameter of~GaFe!As at r 52A2a results from the oscillation of the
parameter as a function ofr ~Fig. 12!. The dashed straight line is
guide for the eye.

FIG. 8. TC
MF of ~Ga,Cr!As, ~Ga,Mn!As, and~Ga,Fe!As for dif-

ferent concentrations of the 3d impurity.
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creasing Cr concentration. Forx53.125,6.25,12.5 % there i
a kink atn521 similar to the kink atn51 for ~GaMn!As.
The origin of the kink is also similar to that for~GaAs!Mn
and consists in the transition from the occupation of
valence-band states atn,21 to the occupation of the
impurity-band states atn.21. At n521 the valence band
is completely filled and the impurity band is empty. Th
curves forx53.125% andx56.25% have another kink a
n52 which marks the end of the filling of the impurity ban
and beginning of the filling of the conduction band. Th
reason for the increase of the interatomic ferromagnetic
teractions with appearance of holes in valence band or e
trons in conduction band was discussed in Sec. II in term
two-band model and consists in the increase of the energ
the system with deviation of the moments from the para
directions.

An important conclusion from the comparison of the Fig
10 and 2 is that the role played in the case of~GaMn!As by
holes in the valence band is played in~GaCr!As by the elec-
trons in the impurity band. In particular, the decrease of
number of electrons results in fast decrease of the Curie t
perature similar to the behavior obtained in~GaMn!As with

en
-

ay
a-

FIG. 9. Thez50 and z5a/4 planes of the supercell for th
concentration of magnetic impurity of 3.125%. The exchange p
shown by the thick line connecting the impurity atoms goes over
atoms.

FIG. 10. TC
MF of ~Ga,Cr!As with different Cr concentrations as

function of the electron numbern. n50 corresponds to the system
Ga12xCrxAs with no additional donor or acceptor defects.
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ELECTRONIC STRUCTURE, EXCHANGE . . . PHYSICAL REVIEW B 67, 214402 ~2003!
decreasing number of holes. On the other hand, the decr
of the number of holes in~GaCr!As ~the region of positiven
in Fig. 10! first leads to a moderate increase of the Cu
temperature. Only for larger n (n.1 for x
53.125,6.25,12.5 %) a strong decrease ofTC is observed.
@Again, a similar behavior is obtained for~GaMn!As but
with n decreasing lower than21.# Therefore the Curie tem
perature in~GaCr!As is less sensitive to the presence of t
As antisites and other nonmagnetic donor defects. Since
formation of the As antisites is difficult to avoid this proper
is of technological importance.

C. „GaFe…As

An Fe atom has one additional valence electron compa
with a Mn atom. Thus no hole or electron carriers can
expected in~GaFe!As on the basis of the electron count. Th
system can be expected to be strongly antiferromagn
However, the calculations show that the electron structur
~GaFe!As differs strongly from the electron structure of bo
~GaMn!As and~GaCr!As and a simple consideration on th
basis of the electron count does not apply. The origin of t
difference is in the lower energy position of the Fe 3d states
with respect to the GaAs states if compared with the posi
of the Mn states~Fig. 11!.

As a result, the spin-down impurity states lie at the top
the valence band and become partly occupied. Corresp
ingly, the spin-up impurity states at the top of the valen
band are not completely filled. The presence of both spin
and spin-down states at the Fermi level is disadvantage
for the realization of an efficient spin injection that nee
very high spin polarization of the states at the Fermi lev
With increasingx the impurity bands broaden. For none
the concentrations the state of the system is half metallic

In Table I the Fe magnetic moment as well as the indu
moment on the first As atom are shown. Compared w
~GaCr!As, the moments strongly vary with concentratio
This variation is a consequence of the presence of b

FIG. 11. The DOS of Ga12xFexAs. The DOS is given per uni
cell of the zinc blende crystal structure. The DOS above~below! the
abscissas axis corresponds to the spin-up~down! states.
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spin-up and spin-down states at the Fermi level that lead
strong electron transfer between two spin channels. The
duced moment is now positive and its value increases w
decreasingx. The reason for the change of the sign of t
induced As moment is directly related to the increased nu
ber of 3d electrons in an Fe atom compared to Mn and
atoms. Indeed, in~GaFe!As the number of the hole spin-u
states becomes very small. These hole states play a cr
role in the formation of the negative induced moments
~GaMn!As and~GaCr!As since they decrease the number
the As spin-up electron. Simultaneously, the number of
As spin-down electrons in~GaFe!As decreases since, be
cause of a lower energy position of the Fe 3d spin-down
states, the As spin-down states hybridize with empty im
rity states. The calculation of the exchange interactio
shows~Fig. 12! that they are much more antiferromagne
than for ~GaMn!As and~GaCr!As.

Correspondingly, the estimation of the Curie energy~Fig.
8! is negative forx53.125% andx525% and close to zero
for x512.5%. It is positive forx56.25% but much smaller
than the Curie temperature for the same concentration of
3d element in~GaMn!As and~GaFe!As. The explanation for
such behavior is in small number of the spin-up holes. T
main number of the states at and above the Fermi level ar
the spin-down type. The spin down hole states are stron
localized on the Fe atom~76.5%! and do not mediate ferro

FIG. 12. The parameters of the exchange interaction betwee
atoms~upper panel! and the variation ofTC

MF with increasing num-
ber of the contributing coordination spheres~lower panel!. The ab-
scissa gives the radius of the coordination sphere in the units o
lattice parameter of the zinc blende crystal structure. The deca
the exchange parameters is illustrated in the logarithmic scal
Fig. 7.
2-9



in

m

in
n

he

ni
e

in
in

r of

era-
f the
g-

is
n
cter
ers.

but
The

hat
mi-

As

tive

in

-
toms
ter-

a

L. M. SANDRATSKII AND P. BRUNO PHYSICAL REVIEW B67, 214402 ~2003!
magnetic interactions efficiently. The curves ofTC(n) ~Fig.
13! show that there is a general trend to further strengthen
of the antiferromagnetic interactions with increasingn. In
this case the valence band is filled atn52. In agreement
with the two-band model of Sec. II the curves have minimu
at this point. Appearance of holes (n,2) leads to increasing
ferromagnetic interactions. Although strong acceptor dop
has some potential for increasing ferromagnetic interactio
~GaFe!As is not a good candidate for the application in t
semiconductor spin-electronic devices.

V. CONCLUSIONS

In the given paper we complete our study of the electro
structure, exchange interactions and Curie temperatur
~GaMn!As started in I and report calculations for~GaCr!As
and~GaFe!As. A different number of the valence electrons
Cr, Mn, and Fe allows the investigation of the trends with

FIG. 13. TC
MF of ~Ga,Fe!As with different Fe concentrations as

function of the electron numbern. n50 corresponds to the system
Ga12xFexAs with no additional donor or acceptor defects.
u-
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the series. We find that there is a similarity in the characte
the exchange interactions of~GaMn!As and~GaCr!As. The
dependence of the exchange interactions and Curie temp
ture on the band occupation shows that the presence o
charge carriers is crucial for establishing of the ferroma
netism in ~GaMn!As and ~GaCr!As. We find that the role
played in ~GaMn!As by the holes in the valence band
played in~GaCr!As by the electrons in the impurity band. A
important difference between two systems is in the chara
of the dependence on the variation of the number of carri
The ferromagnetism in~GaMn!As is very sensitive to the
presence of the donor defects such as AsGa antisites. On the
other hand, the Curie temperature of~GaCr!As depends
rather weakly on the presence of this type of defects
decreases strongly with decreasing number of electrons.
properties of~GaFe!As are found to differ crucially from the
properties of~GaCr!As and ~GaMn!As. ~GaFe!As does not
show a trend to ferromagnetism and is not half-metallic t
makes this system unsuitable for the use in spintronic se
conductor devices.

We show that the sign of the induced moment on the
atoms and, correspondingly, the sign of thep-d exchange
~often denoted asNb) varies from negative in~GaMn!As
and~GaCr!As to positive in~GaFe!As. There is a connection
between the half-metalicity of the system and the nega
sign of Nb.

We show that the strongest exchange interactions
~GaCr!As and ~GaMn!As are between the 3d atoms sepa-
rated by the vector parallel to~1,1,0! or to a vector crystal-
lographically equivalent to~1,1,0!. On the basis of the cal
culated results we propose the exchange path over As a
that is responsible for the mediating the ferromagnetic in
actions between the Cr atoms.
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