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We complete our earliefPhys. Rev. B66, 134435(2002] study of the electronic structure, exchange
interactions, and Curie temperature(@aMn)As and extend the study to two other diluted magnetic semi-
conductors(GaCpAs and (GaFeAs. Four concentrations of thed3impurities are studied: 25, 12.5, 6.25,

3.125 %.(GaCpAs 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 ferromagnetisni@aMn)As is found to be very sensitive to the presence of the
donor defects, such as Asantisites. On the other hand, the Curie temperatur€GaiCpAs depends rather
weakly on the presence of this type of defects but decreases strongly with decreasing number of electrons. We
find the exchange interactions betweeth &oms that make a major contribution into the ferromagnetism of
(GaCpAs and(GaMnAs and propose an exchange path responsible for these interactions. The properties of
(GaFeAs are found to differ crucially from the properties @aCpAs and (GaMn)As. (GaFgAs 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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[. INTRODUCTION change the density of carriers they can strongly influence the
magnetism of the DMS systeris? This influence is also
The discovery of the ferromagnetism (@aMn)As (Ref.  addressed in the paper.
1) with the Curie temperature of GgMng osAs as high as The Cr and Fe impurities in GaAs were recently studied
110 K attracted much attention to the I11-V diluted magnetic theoretically>** In Ref. 6 the exchange interactions within
semiconductors. This attention was stimulated by both thémall clusters of the @impurities have been studied. In Ref.
possibility of deeper understanding of the fundamentals of1. the coherent potential approximation has been used to

long-range ferromagnetism in semiconductors and the pra@_stimate the energy difference between the ferromagnetic

tical need for the ferromagnetic diluted magnetic semicon@"d SPin-glass states. In both works the authors came to the

ductor (DMS) materials with high Curie temperature for the ponclusion of the strong ferromagnetic exchange interactions

realization of the semiconductor spin-electronic devices. In (GaCpAs. N.O trend to the ferromagneusm has been found
On the theoretical side both the model-Hamiltonian ap-" (GaFgAs. FIri}E attempts o synthesize these systems have
proach(see recent revieWs) and the parameter-free calcu- been reported:™*Although the dominant magnetic interac-
. o ) . tions between Cr atoms were found to be ferromagnetic no
lations within the density functional theofgee, e.g., Ref.)4

. Vel d dv th . ¢ th DMshigh Curie temperature i(GaCpAs was detected Interest-
are intensively used 1o study the magnetism of the ingly, the zinc blende CrAs that has recently been success-
One of the important directions of the both theoretical techTu"y grown on GaAs is ferromagnetic with the Curie tem-

nigues is the calculation of the exchange interactions a”Berature higher than room temperatifteThis system has
Curie temperature in the DMS systensee, e.g., Refs. peen designed on the basis of the calculations within the
5-10. framework of the density-functional theoDFT) and its

In a previous pape? (hereafter referred to a3 We used properties are is good agreement with theoretical
the supercell and frozen-magnon approaches to study the epredictions*
change interactions and Curie temperaturé@dMn)As for The purpose of the present work is to provide detailed
four different Mn concentrations. The present work extendsstudy of the exchange interactions and Curie temperature in
the study to the cases of Cr and Fe impurities. Since a Cthe series of diluted magnetic semiconduct6@aCpAs,
atom has one electron less and an Fe atom one electron mg@aMn)As, (GaFeAs. Much attention is devoted to the com-
than a Mn atom, comparison of the results for three DMSparative analysis of the systems. One of our aims is to further
systems allows the investigation of the trends in the variatiorstimulate experimental interest {GaCpAs and (GaFgAs
of magnetic properties within the series of the DMS. systems.

One of the issues attracting much attention is the depen- The remainder of the paper is organized as follows. In
dence of the Curie temperature on the presence of nonmagec. Il we discuss a simple two-band model studying the
netic defects. Such defects can be introduced purposely, e.gelation between the magnetic structure, the band occupation
by codoping, or appear in an uncontrolled manner during thand the band energy. In Sec. Ill we briefly present the calcu-
sample preparatiofe.g., Ag;, antisites. Since these defects lational approach. In Sec. IV we discuss the calculational
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results for (GaMnAs, (GaCpAs, and (GaFgAs systems. band energy of the system on the magnetic structure. Three

Our conclusions are given in Sec. V. cases are discussed: completely filled bands, almost empty
bands and almost filled bands. The helical structures are de-
II. KINETIC EXCHANGE AND BAND OCCUPATION fined by the formula
It is common to treat the magnetism of the DMS in terms e,=[cogq- R,)sin8,sin(q- R,)sin 6, coss], 1)

of the competition between the antiferromagnetic superex-
change and ferromagnetic kinetic exchange through chargehereR, are the lattice vectorsy is the wave vector of the
carriers (see, e.g., Refs. 6,15The definitions of different helix, e, is the unit vectors in the direction of the magnetic
types of exchange interactions rely on different modelmoment at sitdR,,, and polar angl® gives the deviation of
Hamiltonians and their perturbative treatmelitSince the the moments from the axis. The helical structures allow to
DFT is not based on a model Hamiltonian approach and doedescribe broad range of magnetic configurations from collin-
not use a perturbative treatment, various exchange interaear ferromagnetismd=0 or q=0) to collinear antiferro-
tions appear in the calculational results in a mixed form. Inmagnetism ¢=3K and §=90°, K is a reciprocal lattice
this situation the studies of simple models of electron sysvectoy.
tems relevant to the problem provide information useful in  The tight binding method for spiral structures was dis-
qualitative interpretation of the DFT results. cussed in its general form in Ref. 17. By neglecting the dif-
Here we consider a simple two-band tight-binding modelference in the spatial dependence of the basis functions with
of itinerant electrons experiencing local exchange fields obpposite spin projections and by preserving only the single-
atomic magnetic moments. We consider helical configuracenter matrix elements of the exchange potential we arrive at
tions of the atomic moments and study the dependence of thee following simple form of the secular matrix:

0 (6 A 1
0052(5 H_+sir? §)H+_E —Esme(H_—HJ,)
1 e 0 Al @
—5sino(H_—H,) S|n2(§ H_+cog S|H 5

where H_=H(k—3q), H,=H(k+3q), and H(k) de- spin-down subband to the left by2. If now the angled
scribes spin-degenerate bands of a nonmagnetic crystal. Ti@comes nonzero the shifted bands of the opposite spin hy-
derivation of Eq(2) is based on the special symmetry of the bridize because of nonzero off-diagonal elements of the
helical structure$® This model describes one electron bandsecular matrix Eq. (2)]. This leads to the repulsion of the
with two opposite spin projections. At each lattice $&ethe  states that are close in ener@gyg., the states af=—0.5 in
band-electron states experience a local exchange field @fig. 1). Additionally, there is an intraband mixing of the
strengthA. The model neglects the effects of hybridization states separated by vecipiin the reciprocal spacésee the
between magnetic and band electrons and therefore is ngiagonal elements of the secular matrix.

suitable for the description of the superexchatfye, how- First, let us consider the case of completely filled bands.
ever, takes into account interactions characteristic for the kitn this case the total energy equals to

netic exchange through charge carritr§-2*we will study

the dependence of the energy of the band electrons on the

magnetiq configuration. E,= f dk[e_(K)+e.(K)]= zf dkH (k) (4)
The eigenvalues of the matri®) have the form BZ BZ

and does not depend on the magnetic configurafionEq.

(4) the integration is carried out over the first Brillouin zone
(BZ).] This means that the kinetic exchange taken into ac-
count by Eq.(2) does not influence the magnetic configura-
tion in the system with filled bands. The superexchange not
accounted for by Eq(2) plays the main role in the case of
and are illustrated in Fig. 1. To understand the structure o€ompletely filled bands.

the electron bands of the spiral it is important to notice that Now let us consider almost empty bands. In this case the
the ferromagnetic configuration of the local moments can beninimum of the electron energy corresponds to the ferro-
considered as a spiral with=0 and arbitraryg. The con-  magnetic structure. To prove this we show that any deviation
sideration of the ferromagnet as a spiral leads to a rigid shiffrom the ferromagnetic structure increases the minimal en-
of the spin-up subband to the right by2 and the shift of the ergy of the band statdsee Fig. 1 for an illustration

1 1
8+(k):§(H+H+)i<Z(H_H+)2

1 1 1/2
_EA cosf(H_—H_ )+ ZAz) ©)
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I1l. CALCULATIONAL APPROACH

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

The calculations were carried out with the augmented
spherical wave (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 experimental
lattice parameter of GaAs. Two empty spheres per formula
= unit have been used in the calculations. The positions of
0.5 1 empty spheres ar@.5, 0.5, 0.5and(0.75, 0.75, 0.7b Radii

of all atomic spheres were chosen to be equal. Depending on

FIG. 1. The energy bandhick solid line of the spiral structure ~ theé concentration of Mn, the supercell is cubic<(25%, a
with q=0.4, A=2, and §=45°. H(k)=1—cos@k). The thin XaXa, and x=3.125%, Z&X2aX2a) or tetragonal X
solid lines show the bands of a ferromagnetic configuration. The=12.5%,aXaX2a and 6.25%, 2X2axa).
broken lines give the ferromagnetic bands shifted in the reciprocal The densities of state®OS) presented in the paper are
space according to the given(see the tejt The minimal energy of ~ calculated for self-consistently determined ferromagnetic
the ferromagnetic configuration is lower than for the spiral. On thestates of the corresponding systems. To describe the ex-
other hand, the maximal energy of the ferromagnet is higher thaghange interactions in the system we use an effective Heisen-
for the spiral. berg Hamiltonian of classical spins

L

energy (abit. units)
[\)

~ o

It is sufficient to consider the lower branch of the eigen-
values ¢_(k). Let us take an arbitraryk. If H_(k) Her=— > Jij&-€, (6)
<H (k) thane_(k)>H_(k)—3A. If H_(k)>H, (k) than 7

e_(k)>H. (k) —3A. Therefore, in both cases the eigenstateypere j; is an exchange interaction between two Sites
of the helix & _(k) is higher than one of the states of the (j ;y ande is the unit vector pointing in the direction of the
ferromagnetic crystal. For th& vector satisfyingH _ (k) magnetic moments at site

_ — —h_1 . ,
=H.(k)=h, e_(k)=h—3A. In the usual case ofi(k) To estimate the parameters of the Mn-Mn exchange inter-
having minimum at the center or the boundary of the BZ,;¢tion we performed calculation for the following frozen-
h—zA is not the minimal energy of the ferromagnetic Struc- magnon configurations:

ture.

Also for almost filled bands the configuration of lowest
energy is ferromagnetic since any deviation from the ferro-
magnetic state increases the energy of the electrons. To shajhere; and ¢; are the polar and azimuthal angles of vector
this we first notice that the maximal energy of the band stateg andR; is the position of théth Mn atom. The directions
always decreases with deviation from ferromagnetism. Thef the induced moments in the atomic spheres of Ga and As
prOOf of this is similar to that g|Ven above for the minimal and in the empty Spheres were kept to be para”el tozthe
energy. Since the energy of the completely filled bands doegyis.
not depend on the magnetic configuration, the highest energy |t can be shown that within the Heisenberg mogIthe

of the hole states means the lowest energy of the system. energy of such configurations can be represented in the form
In the case of exchange splittilg much bigger than the

g;=const, ¢ =0-R;, (7)

width of the nonmagnetic band(k) the low-energy eigen- E(6,g)=Eq(6)— 623(q), @)
value of the secular matrix given by E) takes the form
where E, does not depend og and J(q) is the Fourier
&_(K)=cog 0 Hl k- 11 é transform of the parameters of the exchange interaction be-
- 2 2q 2 tween pairs of Mn atoms
in? o H| k ! A
Fsiml )| Hik+ 2972 ® @)= 3, Jojexia-Ro). ©

It can be easily verified that this subband fulfills all three i )
properties formulated above for the set of two bands. In Eq. (8) angle § is assumed to be small. Usifq) one

These properties of the model agree qualitatively with®@n estimate the energies of the spin-wave excitations
those obtained within otger models, e.g., within the model of 4 5
two interacting impurities.We will refer to these properties _ B _ B
in the discussion of the results of the DFT calculations in thew(q) M [J(0)=J(a)] M (1—cosf) [E(6.0)~E(6,0)],
following sections. (10
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whereM is the atomic moment of the Mn atom. Performing  gooF GrM As Faa™ ]
back Fourier transformation we obtain the parameters of the | Sl / ]
exchange interaction between Mn atoms /! ,.--°"""':\=\ |

i \ |

N
(=)
(=}

[N}
=
=)

1
Joi =y 2 exp~id-Ry)I(Q). (11)

Temperature (K)
S

The calculation ofE(6,q) for different Mn concentrations
has been performed for uniform meshes in the first BZ.
Angle 6 is selected in the proportionality region between -
[E(0,9)—E(6,0)] and (1—cos¥b).

The Curie temperature was estimated in the mean-fielc

-200

1€

Cur

-400

. . ¢ 1
(MF) approximation 00k /. | | | T"»...,,%Z%-‘_“
-2 -1 0 1 2
2 n
keTe =5 2 Joj - (12) - o _
3 7o FIG. 2. T¢" of (Ga,MnAs with different Mn concentrations as

a function of the electron numbarn=0 corresponds to the system
We use rigid band approach to calculate the exchang&a ,Mn,As with no additional donor or acceptor defects.
parameters and Curie temperature for different electron oc-

cupations in each of the systems studied. This allows one tg . . o0 ihe interval betweers — 1 (one additional
simulate the influence of the As antisites and the nonmagﬁole) andn=0. Then it decreases again, changes sign in the

netic codoping for a given concentration ofl 3mpurities. . I

We as:sumtre3 tr?at the e-glectron structure calculatez for a DMgﬂerval beva{eemzo ar_1d n=1 (one a_lddmonal eIectrQn .
with a given concentration of thedBimpurity is basically reache_s mlnlmu_m_and increases again. The only deviation
preserved in the presence of defects. The main difference {50 this scenario is the case of-3.125% where the curve

in the occupation of the bands and, respectively, in the posi?@S tWo maxima, one close to=1 and another ta=0.

tion of the Fermi level. For each electron occupation we(The two-maxima shape of the curve can be related to the

calculated the energy of the frozen-magnon states and tHoperties of the electron DOS presented in I in the energy

interatomic exchange parameters. region just below the Fermi level: the closeness of the top of
the spin-down valence band to the Fermi level and a deep
IV. CALCULATIONAL RESULTS minimum in the spin-up DO$A remarkable feature in the
dependences is the kink ai=1 for x=3.125% andx
A. (GaMn)As =6.25%. Thisn value corresponds to a completely filled

The main body of the calculational results f@aMnAs  valence band and empty conduction band. Correspondingly,
is presented in I. Here we discuss the dependence of tHer n<1 the carriers are holes in the valence band and for
calculated Curie temperature on the number of carriers. The>1 the carriers are electrons in the conduction band. The
experimental studies show that the concentration of holes iabrupt change of the character of the carrier states=at
(Ga,MnAs is lower than the concentration of the Mn results in the discontinuity of the slope a@ic(n). For x
atoms? One of the important factors leading to the low =12.5% andk=25% the kink is not obtained because of the
concentration of holes is the presence of the As antisitesaverlap of the valence and conduction bands. Also the mini-
(See Refs. 10,15,24,25 for earlier DFT studies of the influmum for these concentrations is shifted to a noninteger value
ence of the As antisites on the properties of the DMS. of n that depends on the details of the band overlap and

Since As has two more valence electrons compared witlsannot be predicted without calculations.

Ga, each As antisite compensate the holes produced by two The amplitude of the curves decreases with decreasing
Mn atoms. We study the influence of the number of electrond herefore, potentially the highest Curie temperature can be
in the broad interval froorm= —2 (two electrons per super- reached for the highest Mn concentration. This, however,
cell lesg to n=2 (to electrons per supercell moreCon-  needs large-scale tuning of the number of carridsth, the
cretely, for each frozen-magnon configuration studied wegrowth of the samples with Mn concentration of the order of
perform the total energy calculation for differemtand then 20% and corresponding large-scale tuning of the number of
for eachn the procedure of the evaluation of the exchangecarriers are technologically hardly possiblk.is interesting
interactions described in Sec. Ill is used. Negative values ofo consider the dependence ©f on concentratiorx for

the Curie temperature in Fig. 2 indicate an instability of thevarious numbers of electroms Since the form of the curves
ferromagnetic state due to dominating antiferromagnetic inTc(n) differs considerably for different they intersectFig.
teractions. 2). The intersection of the curves influences the dependence

The results of the calculations are shéfvim Fig. 2. The  of T¢ on concentration (Fig. 3). Indeed, if before intersec-
following features are important. First, for all concentrationstion at somens, T for concentratiorx, is larger thanT¢
x the value of the Curie temperature oscillates with occupafor concentratiorx, after the intersection the relation is op-
tion. It is negative forn=—2 (two additional holes in-  posite. The last property is reflected in Fig. 3 where the value
creases with increasing occupation, changes sign and reachefsTH" as a function ok is shown for different hole concen-
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FIG. 3. T2 of (Ga,MnAs as a function of the Mn concentra- 2ol |1 190
tion x for different electron numbers. n is defined as in Fig. 2. } x=0.125 x=0.03125 -
Note that the number of holgsper Mn atom equals 1n. The stars 1 L 11 .
show the experimental values of the Curie temperature. -04 -02 O -04 02 0
E(Ry)
trations. Indeed, a monotonous depen_dencem?er—. 0.4 is FIG. 4. The DOS of Ga ,Cr,As. The DOS is given per unit
rep|3_lced by a nonmonotonous behavior for 0 with the  cell of the zinc blende crystal structure. The DOS abéedow) the
maximum atx=12.5%. abscissas axis corresponds to the spir(digawvn) states.

For n=0.4 andn=0.6 the maximum corresponds 0

=6.25%. The experimentdlc values obtained in Ref. 27 -panges in the band structure with the deviation of the mag-
are in good agreement with the values for-0.6. Forn  peiic configuration from the collinear ferromagnetic one. In-
=0.8 the maximum value of the Curie temperature COrmeyeed, we have seen that for completely filled bands the
sponds to the lowest Mn concentration. _changes in the energy of different states compensate and no
Note that the mean-field approximation usually overestijncrease of the total energy is connected with the deviation
mates the Curie temperature and the comparisaffbfwith  from the collinear ferromagnetic structure. The antiferromag-
experiment should be made with caution. For example, th@etic superexchange obtained in Fig. 2 for 1 is not de-
value of the Curie temperature ¢GaMn)As obtained in I scribed by the model of Sec. Il since the hybridization be-
within the random phase approximatiéRPA) is about 15— tween magnetic and band electrons is not taken into account.
20 % smaller than th&¢" . This means that good agreement For the case there are partially field band with holes or elec-
with the experimental Curie temperatures just for0.6  tron present, the ferromagnetic state becomes energetically
might be accidental. The most important result of the calcupreferable. These properties correlate with the view of the
lation is the qualitative trends obtained with the variation ofmagnetism of the DMS as governed by the competition be-
the number of carriers. tween the antiferromagnetic exchange through completely

In general, Figs. 2, 3 confirm the picture of the ferromag-filled bands and ferromagnetic exchange through charge car-
netism in DMS as mediated by the charge carriers. Indeediers (holes or electrons

the decrease of the number of holes in the valence band (
>0) leads to a fast decrease in the trend toward ferromag-
netism. However, because of the oscillating character of the B. (GaCr)As

curvesTc(n), the increase of the number of holes to more |n Fig. 4 we show the DOS dfGaCpAs for four values
than one per Mni{<0) has only small potential for obtain- of the Cr concentration. There is substantial difference be-
ing higher Curie temperature iGaMn)As. tween these DOS and the DOS (@aMn)As presented in |.
Figure 2(and the corresponding Figs. 10 and 13 in the|n particular, an important different feature is a higher energy
following) show that the contribution of the completely filled position of the Cr @ states relative to the GaAs states if
bands into exchange interaction is always antiferromagneti(éompared with the position of the Mnd3states in(GaM-
Indeed, in all cases of completely filled banas=(1 in Fig.  n)As. For the Cr concentration of=3.125% this energy
2,n=—1 andn=2 in Fig. 10, orn=2 in Fig. 13 the  shift results in an impurity band lying within the semicon-
estimation of theT’\C/lF is negative. On the other hand, the ducting gap of GaAs and separated in energy from both the
deviation from the completely filled bands to smaltefcre-  valence and the conduction banfis. the case ofGaMnAs
ating holes in the filled bangl®r to largern (creating elec-  corresponding states lie at the top of the valence Qaffte
trons in the empty bangdeads to increasing g™ and, re-  impurity band has spin-up character. The replacement of one
spectively, to increasing trend to ferromagnetism. The result&a atom in the supercell of GaAs by a Cr atom does not
of the study of the two-band model in Sec. Il help to under-change the number of the spin-down states in the valence
stand the physical mechanism of this property in terms of théand. In the spin-up channel there are, however, five addi-
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TABLE I. Magnetic moments in Ga ,Cr,As and Ga_,FgAs. S 4 12 T12 4
There are shown the moment on the Bnpurity, the induced mo- = 04F 23 12 3 1
ment on the nearest As atoms, and the magnetic moment of the 2 A’Aiiiigﬁﬁ 82 (GACEAS)
supercell. All moments are in units @fg . § B M clectron As (GaCrAs)
© QO hole Mn
) /X/\ hole Ga (GaMnAs)
X g 0 oy [ |1 hole As (GaMnAs)
0.25 0.125 0.0625 0.03125 2 20)
Cr 3.10 3.11 3.13 3.15 s M
(GaCpAs As —-0.09 -008 —0.07 —0.07 = = a0
cell  3.00 3.00 3.00 3.00 0.0 LI et A
y N
Fe 3.18 3.29 3.40 3.46 0.1k A i
(GaFeAs As 0.03 0.04 0.05 0.06 }
cell 361 3.87 4.15 4.39 = sl ..
=
g o0.af _
tional energy bands which are related to the @r Sates. g ) o
Two of them lie within the valence band and three in the § AA Ga (GaCrAs)
semiconducting energy gap. Since there are five extra energy & -0.2[ Wl As (GaCrAs)
bands and only three extra electroftise atomic configura- AR é‘jéii((g:mﬁg
tions of Ga and Cr are #4p! and 3*4s?) the impurity 0.3k J L . J
band is not filled. The integrated number of the occupied . Lo . 2
. . . . distance from the 3d impurity (a)
(electron states in the impurity band is one per Cr atom
(correspondingly, one electron per supencedn the other FIG. 5. Distribution of the carrier states over atorfupper

hand, the integrated number of emptyole) states in the pane) and induced magnetic momentglower panel for
impurity band is two per Cr atorttwo holes per supercgll  Ga _,CrAs and Ga_,Mn,As with x=3.125%. FoGaCjAs, the

With increasingx, the impurity band becomes broader. At distribution is given for the occupie@lectron states in the impu-
X=6.25% it touches the spin-down states of the conductionity band. For(GaMnAs, the distribution is given for emptghole)
band still being separated by an energy gap from the valencgates in the valence band. All values are for the coordination
band. Atx=12.5% andx=25% the impurity band overlaps spheres. The numbers of atoms in the coordination spheres are
with both valence and conduction bands. For all concentrashown at the top of the picture. The calculated valuesGaMnAs
tions the Fermi level lies in the energy gap of the spin-dowrare taken from I.

DOS. Therefore for alk the system is half-metallic and is

characterized by a 100% spin polarization of the carriers ajvell. Since the ferromagnetism is expected to be mediated
the Fermi energy. The latter property is very important forby carriers it is important to consider their localization about
efficient spin injection to semiconductors. Cr atoms.

In Table | we present the magnetic moment of the Cr In Fig. 5 we show forx=3.125% the distribution in the
atom, the induced moment on the nearest As atom, and thsupercell of the one electron in the occupied part of the im-
magnetic moment per supercell. Both the Cr and As mopurity band. This distribution was calculated as follows. At
ments vary weakly with the change xfThis is the result of first the distribution over atoms was found for each state of
the half-metalicity that leads to a fixed number of the spin-upthe occupied part of the impurity band. Then the summation
and spin-down electrons in the system and, correspondinglyver these states was performed. The number of electrons in
complicates the change of atomic moments. the occupied part of the impurity band is exactly one per Cr

Taking as an example the system with 3.125% we find  atom(or, what is equivalent, per supergelFor comparison,
that the contribution of the @ electrons into the Cr moment we plot in Fig. 5 the data for one hole per Mn atom in
is 3.1Qug with the rest 0.0z coming from the 4 and 4p (GaMn)As calculated similarly. About 44% of the electron is
electrons. The total number of thed 3lectrons in the Cr inthe Cr sphere. The first coordination sphere of As contains
sphere is 4.38. The main contribution to the induced As mo43% of the state. The third coordination As sphere with dis-
ment comes from theplelectrons. tance 1.08 from the Cr atom contains 11% of the electron.

Interestingly, the induced As moment i{GaCpAs is  We will show that the large portion of the electron states at
larger than in(GaMn)As though the Mn moment is larger the atoms of the third coordination sphere of the As atom is
than the Cr moment. The explanation of this fact is in theimportant for the magnetic ordering in the system. The first
hybridization of the spin-up states of thel Znd As atoms. coordination sphere of Ga atoms contains 9% of the state.
Because of this hybridization, part of the As spin-up state€ach of the other coordination spheres contains less that 3%
contributes to the hole states in the valetGaMnAs or  of the state.
impurity (GaCrAs band and is unoccupied. The number of  Another important characteristic for establishing the ex-
hole states ifiGaCpAs is larger than ifGaMn)As, therefore  change interaction between the Cr atoms is the value of in-
the negative induced moment on the As atom is larger aduced momentgFig. 5. The induced moments on all As
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(110) (220) rameters. The quantitative comparison with the exchange pa-
' ' GaCrAs 1 rameters of(GaMn)As presented in | shows that they are
] substantially different. There is, however, a number of quali-
Q- tative similarities. First, in both cases the Heisenberg model
_ . with the interaction between the first nearest neighbors only
— i is not able to describe the magnetism of the system. Second,
12.5% ] the exchange interactions are rather quickly decreasing with
] increasing distance between atoms. In Fig. 7 we plot the
dependence of the absolute value of the exchange parameters

! T T
3.125% o

10O

6.25%

o o o0 o
AN © NO N

exchange parameter (mRy)
o
3

0.0 A AAAZAA AN NN for three different impurities on the interatomic distance us-
I 25'% j o gttt ing Iogari';hmic ordinate axis. .The de.crease of exchangg pa-
asl 1 rameters is close to exponential that is expected for semicon-
1 ducting and half-metallic system&2°

0.0 ¢ 00090 f— In Fig. 6 we show the variation of the Curie temperature
) u . 0: T S F— [Eq. (12)] with increasing number of the contributing coor-
= o 5% ©°% geecece eseesy dination spheres. For instance, no noticeable contribution to
% apole Bk . the Curie temperature is obtained from the interactions be-
8 © k| | o e %AA R tween Mn atoms at the distances larger than Bhird, the
g 200 ?D 0o b dependence of the exchange parameters on the distance be-
e 1 tween Cr atoms is not monotonous. Forth, the coordination
g 0 pal o spheres which contribute importantly into the magnetism of
© % * (GaMn)As provide, in most cases, such contribution also in

r(a) (GaCpAs.

_ _ In Fig. 8 the Curie temperature ¢6aCpAs for four val-

FIG. 6. The parameters of t.he. eXCh%ﬂge. Interaction between CL'Ees of the Cr concentration is presented. ¥e13.125% and
atoms(upper pangland the variation off =~ with increasing num- —25% the Curie t t is higher than@aMnA
ber of the contributing coordination spherésver panel. The ab- X o the Lure temperature IS '_g e_r an( ) nAS,
scissa gives the radius of the coordination sphere in the units of thior X=6.25% andk=12.5% the relation is opposite. In gen-
lattice parameter of the zinc blende crystal structure. The calcula€ral both systems giv&c in the same temperature interval.
tions has been performed uptte- 7a. Because of very small val- Only for very largex the Curie temperature diGaCpAs
ues the exchange parameters for largee not shown. The broken becomes substantially larger.
vertical lines show the coordination spheres with strongest ex- The calculated exchange parameters combined with the
change interaction with the central atom. Two data points for thenformation about the induced moments and spatial distribu-
same system and the same radiesg., atr=2.82& for x  tjon of the states of the impurity band allow to suggest the

=12.5% and mean that there are two inequivalent coordination gychange path responsible for the realization of the ferro-
spheres with equal radii. magnetic state.

The analysis of the interatomic exchange interactions and

atoms are ant.iparallel to the Cr mo_ment. Th_e same featurgeir contribution into the Curie temperatufiig. 6 shows
was obtained in | fofGaMnAs (see Fig. 3and is explained a4 the main role for all concentrations of the Cr atoms is

by the contribution of the As spin-up states to the hole Stateﬁlayed by the exchange interaction between the Cr atoms

in the impurity band discussed above. On the Ga atoms, th§eparated by the vectors parallel(fol,0 [or to the vectors

induced moments are parallel to the Cr moment. Note that,, «talloaraphically equivalent tél 1 Indeed. for con-
the parts of the states corresponding to the Ga atoms and t@%yntratio%yi o5 z2_5q% d.10] !

induced moments on the Ga sites are very similar in botqem erature comes from the atoms separatetLity0. For
(GaCpAs and(GaMnAs. On the other hand, for thed3and Iow&leor concentrations the main role is pl)olayed b)t/j}'fhe interac-
As atoms there is substantial difference between two sys;on petween atoms separated (22,0.
tems.

For (GaCphAs, there is a clear correlation between the
value of the induced moment and the part of the electro

the main contribution to the Curie

This result together with the information about the in-
duced moments and the localization of the carrier states al-
Tow to propose the exchange path for the realization of the

Fi | icular th . - able induced n%trong exchange interactions. Let us consider the case of
(Fig. 5. In particular there is a sizable induced moment at_ 3.125% (Fig. 9 again.

the thirq coordination sphere of A_s atoms. Note that the hole On the straight line connecting the Cr atoms6,0 and
states in(GaMn)As are less localized about Mn atom com-
pared with the electron states localization about Cr atoms if2:2:0 there are three Ga atoms a,£.0), (1,1,0), and
(GaCpAs. On the other hand, the values of the induced mo{3,3,0). (The first and the third atoms are equivalgince,
ments are larger iiGaCpAs. Thusa priori it is not clear according to Fig. 6, only very small portion of the carrier
which of the two systems has potential for the ferromag-states corresponds to these atoms and the induced moments
netism with higher Curie temperature. on these atoms are also very small they cannot efficiently
In Fig. 6 we show calculated interatomic exchange paimediate the exchange interaction between Cr atoms.
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J , X=25%, [110]-direction

Me-Me
|'--._in' I T I Y I L I T I L I
o ® (GaMn)As
B (GaCr)As
~ 0.1000 - A (GaFe)As n
>
© 0.0100[ 7]
g s
<
(=]
& 0.0010 - ot —
g .
% A ‘ . Ga O As Cr/Mn
0.0001 (- . i
i FIG. 9. Thez=0 andz=a/4 planes of the supercell for the
'1 . é . ; . "t ' g ' é . 7L concentration of magnetic impurity of 3.125%. The exchange path
r (a) shown by the thick line connecting the impurity atoms goes over As

atoms.
FIG. 7. The absolute values of the exchange parameters between
3d impurities as a function of the interatomic distance. The impu-
rity concentration is 25%. ThgL10] crystallographic direction is

presented. A logarithmic ordinate axis is used to visualize fast dec
of the exchange parameters. The small value of the exchange p a¥he origin of the kink is also similar to that fdGaAsMn

rameter of(GaFeAs atr = 2+/2a results from the oscillation of the and consists in the transition from the occupation of the

parameter as a function of(Fig. 12. The dashed straight line is a yalen(_:e -band states at<—1 to the occupation of the
guide for the eye. impurity-band states at>—1. At n=—1 the valence band

is completely filled and the impurity band is empty. The
curves forx=3.125% andx=6.25% have another kink at

&=2 which marks the end of the filling of the impurity band
331 and beginning of the filling of the conduction band. The

aa7)- Simultaneously, these atoms carry sizable iNyooq0n for the increase of the interatomic ferromagnetic in-
duced moments. On the basis of this information we sug:

! ) teractions with appearance of holes in valence band or elec-
gest 3t2el follozwsn? excr;a;nlge path: (00,0 ~As(3,3,2 trons in conduction band was discussed in Sec. Il in terms of
—As(3,52)—As(3,3,3) —As(4,7,2)—Cr(2,2,0. Here A7,3,7)  two-band model and consists in the increase of the energy of
is equivalent to Asf,%,7) and As€,2,3) is equivalent to  the system with deviation of the moments from the parallel
As(3,2,7). The calculational information for(GaMnAs  directions.

(see ) allows one to also suggest the same exchange path for An important conclusion from the comparison of the Figs.
this system. To get deeper insight into the magnetism of0 and 2 is that the role played in the casg¢@aMnAs by
(GaCpAs we calculated the dependence of the Curie temholes in the valence band is played(®BaCpAs by the elec-
perature on the electron occupatigdfig. 10. trons in the impurity band. In particular, the decrease of the

Many qualitative features of these dependences are simipumber of electrons results in fast decrease of the Curie tem-
lar to those for(GaMn)As (Fig. 2). The dependences show perature similar to the behavior obtained(BaMnAs with
oscillating behavior with the amplitude decreasing with de-

creasing Cr concentration. Fer=3.125,6.25,12.5 % there is
a kink atn=—1 similar to the kink an=1 for (GaMn)As.

On the other hand a substantial part of the electron stat
in the impurity band is on the As atoms #&,1,3) and

600 ; . :
. | GaCrAs e e i
N PR 4001 . ~, a
4 400 8 - < S 1
(] F I @ ]
5 & i *é 200
= 200 e e _ =
g 2 0
g - g
8 0 = ~
2 - ‘o 200}
5 . 5
¥ 200/ (B T 4 © o)
=) €@ GaCrs e o ]
E ‘ g, 4 o !'!
e - . ! . ; L g 5
-400- ‘ | , : “m ] 6005 -1 0 1 2
0 0.1 0.2 n

X
FIG. 10. T¥F of (Ga,CyAs with different Cr concentrations as a

FIG. 8. T“C’IF of (Ga,CpAs, (Ga,MnAs, and(Ga,FeAs for dif- function of the electron number. n=0 corresponds to the system
ferent concentrations of thed3mpurity. Ga, _,Cr,As with no additional donor or acceptor defects.
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(GaFe)As GaFeAs
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FIG. 11. The DOS of Ga ,FgAs. The DOS is given per unit 3 0 DAK T EBN BAA AP
cell of the zinc blende crystal structure. The DOS abedow) the g -
abscissas axis corresponds to the spiridgwn) states. g -200 . 2;%7 .
12.5%
3 O 625% 1
decreasing number of holes. On the other hand, the decrease .2 -400f O 3125% ® %geq0ce
of the number of holes iKGaCpAs (the region of positiven 3 | 0% 1
3 4

O
—_

in Fig. 10 first leads to a moderate increase of the Curie 2
temperature. Only for largern (n>1 for x 1(a)

- 3'1.25’6'25’1.2'5 %) a _Stro_ng dec_reaseTgfls observed. FIG. 12. The parameters of the exchange interaction between Fe
[Agaln, a S'm'_lar behavior is obtained fcﬁGaMn)A; but atoms(upper pangland the variation oﬂ'(“:”F with increasing num-
with n de(_:reasmg Iower thar 1.] _Therefore the Curie tem- pop o he contributing coordination spher@swer panel. The ab-
perature i(GaCpAs is less sensitive to the presence of theggjssa gives the radius of the coordination sphere in the units of the
As antisites and other nonmagnetic donor defects. Since thgttice parameter of the zinc blende crystal structure. The decay of
formation of the As antisites is difficult to avoid this property the exchange parameters is illustrated in the logarithmic scale in
is of technological importance. Fig. 7.

spin-up and spin-down states at the Fermi level that leads to
C. (GaFoAs strong electron transfer between two spin channels. The in-
An Fe atom has one additional valence electron compareduced moment is now positive and its value increases with
with a Mn atom. Thus no hole or electron carriers can bedecreasing«. The reason for the change of the sign of the
expected ifGaFeAs on the basis of the electron count. The induced As moment is directly related to the increased num-
system can be expected to be strongly antiferromagnetiber of 3d electrons in an Fe atom compared to Mn and Cr
However, the calculations show that the electron structure oftoms. Indeed, ifGaFgAs the number of the hole spin-up
(GaFegAs differs strongly from the electron structure of both states becomes very small. These hole states play a crucial
(GaMnAs and(GaCpAs and a simple consideration on the role in the formation of the negative induced moments in
basis of the electron count does not apply. The origin of thifGaMnAs and(GaCpAs since they decrease the number of
difference is in the lower energy position of the Fe& States  the As spin-up electron. Simultaneously, the number of the
with respect to the GaAs states if compared with the positiorAs spin-down electrons ifGaFeAs decreases since, be-
of the Mn stategFig. 11). cause of a lower energy position of the Fd 8pin-down
As a result, the spin-down impurity states lie at the top ofstates, the As spin-down states hybridize with empty impu-
the valence band and become partly occupied. Correspondty states. The calculation of the exchange interactions
ingly, the spin-up impurity states at the top of the valenceshows(Fig. 12 that they are much more antiferromagnetic
band are not completely filled. The presence of both spin-uphan for(GaMnAs and(GaCpAs.
and spin-down states at the Fermi level is disadvantageous Correspondingly, the estimation of the Curie enefig.
for the realization of an efficient spin injection that needs8) is negative forx=3.125% andk=25% and close to zero
very high spin polarization of the states at the Fermi levelfor x=12.5%. It is positive fox=6.25% but much smaller
With increasingx the impurity bands broaden. For none of than the Curie temperature for the same concentration of the
the concentrations the state of the system is half metallic. 3d element inlGaMnAs and(GaFeAs. The explanation for
In Table | the Fe magnetic moment as well as the induceduch behavior is in small number of the spin-up holes. The
moment on the first As atom are shown. Compared withmain number of the states at and above the Fermi level are of
(GaCpAs, the moments strongly vary with concentration. the spin-down type. The spin down hole states are strongly
This variation is a consequence of the presence of botlocalized on the Fe atorfv6.5% and do not mediate ferro-
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600

v the series. We find that there is a similarity in the character of
GaFeAs | the exchange interactions 6BaMn)As and(GaCpAs. The
- dependence of the exchange interactions and Curie tempera-
ture on the band occupation shows that the presence of the
charge carriers is crucial for establishing of the ferromag-
netism in (GaMnAs and (GaCpAs. We find that the role
) o, played in (GaMnAs by the holes in the valence band is
i " B Sy 3.125%‘5\,::\_ played in(G_aCI)As by the electrons in the im_pqrity band. An
. o RS important difference between two systems is in the character
-200 ; 12.5% .., 7 of the dependence on the variation of the number of carriers.
r : T The ferromagnetism ifGaMn)As is very sensitive to the
\\_‘ 259% LS presence of the donor defects such ag_fentisites. On the
g e " other hand, the Curie temperature @aCpAs depends
-600 : : : .. : rather weakly on the presence of this type of defects but
2 -1 0 1 2 . .
n decreases strongly with decreasing number of electrons. The
VE o _ properties of GaFgAs are found to differ crucially from the
FIQ. 13.T¢" of (Ga,FeAs with different Fe concentrations as a properties of(GaCpAs and (GaMn)As. (GaFeAs does not
function of the electron number. n=0 corresponds o the system g4y 4 trend to ferromagnetism and is not half-metallic that
Gay_xFeAs with no additional donor or acceptor defects. makes this system unsuitable for the use in spintronic semi-
conductor devices.
We show that the sign of the induced moment on the As
oms and, correspondingly, the sign of thal exchange
(often denoted a®B) varies from negative inGaMnAs
and(GaCpAs to positive in(GaFegAs. There is a connection
between the half-metalicity of the system and the negative
sign of NB.

400

200,

T

Curie Temperature (K)
{e=}
3

-400

magnetic interactions efficiently. The curvesTf(n) (Fig.
13) show that there is a general trend to further strengthening,
of the antiferromagnetic interactions with increasingin
this case the valence band is filled 2. In agreement
with the two-band model of Sec. Il the curves have minimum
at this point. Appearance of holes<2) leads to increasing

ferromagnetic interactions. Although strong acceptor doping We show that the strongest exchange interactions in

has some.potential for increa;ing ferromagnetip in_tera}ctions(GaC')AS and (GaMn)As are between the Batoms sepa-
(GaEe)As IS not a.good cancﬁdate .for the application in therated by the vector parallel td,1,0 or to a vector crystal-
semiconductor spin-electronic devices. lographically equivalent t¢1,1,0. On the basis of the cal-
culated results we propose the exchange path over As atoms
V. CONCLUSIONS that is responsible for the mediating the ferromagnetic inter-

In the given paper we complete our study of the electroni@ctions between the Cr atoms.
structure, exchange interactions and Curie temperature of
(GaMn)As started in | and report calculations f@aCpAs
and(GaFeAs. A different number of the valence electrons in  The financial support of Bundesministeriunr feildung
Cr, Mn, and Fe allows the investigation of the trends withinund Forschung is acknowledged.
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