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Abstract

We describe exchange interactions in dilute magnetic semiconductors(DMS) basedon
ab-initio calculations. Electronic structure of DMS is calculated on the basisof the density
functional theory by using the Korringa-Kohn-Rostok er coherert potential approximation
(KKR-CP A). We will show that there are two classesof DMS with very di erent properties.
In systemswith localised majority d-states deepin the valence band, the ferromagnetism
is induced by Zener's p-d exchange interaction. This interaction is weak but long ranged.
For systemswith impurit y-bands in the gap, the ferromagnetismis driven by Zener's dou-
ble exchange mechanism. This interaction is very strong but short ranged. Sophisticated
Monte Carlo methods show that for small concerirations the percolation e ect should be in-
cludedto estimate Curie temperaturesof DMS. In particular, the ferromagnetismis strongly
suppressedn double exchangesystemsdue to the absenceof the percolation for low concen-
trations.

1 Intro duction

Half-metals are consideredto be the ideal materials for spintronics. They are particular ferro-
magnets which from electronic structure point of view can be consideredas hybrids between
metals and semiconductors, since the majority density of states is metallic, i.e., nite at the
Fermi level Eg, while the minority bands exhibit a gap at EF. Therefore at EF a 100 % spin
polarisation exists, which is ideal for the e ciency of spin dependert devices|[1, 2].

Sincethe discovery of half-metallicity in the Heusleralloys by de Groot [3], many other materials
like certain manganites,e.g., Lag.7Srp.:3MnO 3 [4], double perovskites, e.g., SroFeReQ; [5] aswell
asthe transition metal oxides CrO,, Fe;O3 [4] have beenshown to be half-metals. To this class
also belong dilute magnetic semiconductors (DMS), such as In; yMnyAs and Ga; yxMnyAs
discovered by Munekata et al. [6] and Ohno et al. [7]. In thesesystemsa small concenration of
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Mn atoms, or in generalof transition metal atoms (TM), with typical concerrations of 3 - 8 %,
arerandomly distributed on the cation sites. Due to the small concerrations the systemsbehave
structurally as semiconductorsand can be easily grown on the corresponding parert substrate,
i.e., (Ga, Mn)As on GaAs. Moreover they can be doped and manipulated as semiconductors,
which o ers a large prospect for applications. Howewer a problem of these DMS-systemsiis,
that the Curie temperatures are well belov room temperature, e.g., 170 K for (Ga, Mn)As,
represerning the bestinvestigated system. This is the major obstaclefor applications [1, 2, 8].

In this paper, we will discussthe basic electronic structure of dilute magnetic semiconductors.
We will concerrate on the magnetic properties, in particular the exchange medanism which
control the ferromagnetism in these systems. Moreover we presen calculations of the Curie
temperatures based (i) on the most simple mean- eld approximation and (ii) on sophisticated
Monte Carlo methods. The ab-initio calculations are performed within the density functional
formalism by using the Korringa-Kohn-Rostoker (KKR) method together with the coheren
potential approximation (CPA) to describe the disorder in these systems. As a result we will
show that there are two classesof DMS, one, in which the majority d-states are well localised
below the valenceband, and a secondone, where impurity d-bands in the gap exist. In the
former classthe interaction is dominated by Zener's p-d exchange being relatively weak, but
longer ranged, while in the latter one Zener's double exchange prevails, being strong but short
ranged. Both have important consequence$or the Curie temperatures.

2 Ab-initio Calculations for Dilute Magnetic Semiconductors

The results presentied in this review are obtained by ab-initio calculations based on density
functional theory (DFT). Exchangeand electronic correlation e ects are described by the local
density approximation, the standard working horsein the eld. As calculational method we use
the KKR-Green function method. Greenfunction methods avoid the calculation of eigenfunction

and eigervalues E  of the Kohn-Sham equations of DFT. The Green function G(r;r %E),

de ned asthe causalsolution of the Kohn-Sham equation with a unit sourceterm at the position
0
r

2
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allows to determine the charge density n(r) directly from its imaginary part by integrating over
all occupied states

VA E
2 F
nir)= -— dEIMG(r;r;E) (2)
and the density of states (DOS) in a certain volume V by a volume integral

2Z
n(E)= — drimG(r;r;E) 3)
\%

The KKR method is basedon multiple scattering theory which is of strong advantage for the
description of the disorder introduced by the transition metal impurities like Mn, which are
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randomly distributed on the cation sites, i.e., on the Ga sitesin GaAs. Therefore this disorder
correspondsto the disorderin arandom A.B1 . alloy wherec = c5 denotesthe conceriration of
A atomsandcg = 1 ca the oneof B atoms. This disorder problem can be well described by the
coheren potential approximation (CPA) [9], in which the atoms A and B are enbeddedin an
e ective "CPA'-medium which is determined selfconsistetly. If we denotethe atomic t-matrices
of the A- and B-atoms and of the CPA mediumby ta;tg andtcpa, then the CPA selfconsistency
condition, which determine tcpa, leadsin the multiple scattering KKR description to

caTa+cgTg =0 4)

where Ta.g describesthe total single-site T-matrix of an atom A or B embeddedin the CPA
medium on site 0

1
1 GRalta tcpra)

(®)

Ta = (ta  tcpa)

where GX,,, are the on-site elemerts of the CPA Greenfunction Gcpa at site 0. Theseelemerts
can be calculated from tcpa by Brillouin zoneintegration

z

1 1
Gepa = Vo &7 dkg(k)l
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where g(k) are the free spacestructure constarts.

According to eq. (5) the CPA medium, i.e., the CPA-scattering matrix tcpa, hasto be chosen
such that on the statistical averagethe insertion of an A and B atom at the consideredsite
into the CPA medium doesnot changethe scattering which is the condition of eq. (4). In our
calculations we used the KKR-CP A code MACHIKANEY AMA 2000 produced by H. Akai of
Osaka University [10].

All the above considerations can be easily generalisedto the caseof a spin polarised system
where we have to distinguish two charge densitiesn® (r) and n (r), wheren(r) = n* + n and
m(r) = n* n arethe charge- and magnetisation-densities. All quantities G;ta;tg;Ta etc.
have then an additional spin index. For dilute magnetic semiconductorsit is very important
to distinguish two states, the ferromagnetic one, where all momerts of the magnetic atoms are
alignedin onedirection, or the disordered-lacal-momert (DLM) state (or spin-glassstate) where
the directions of all local momerts are randomly distributed, sothat the averagemagnetisation
vanishes. While the description of the ferromagnetic statesis straightforward in the above CPA
formalism, the DLM state can be consideredas a three componert alloy, where in addition
to the Ga atoms with concenration 1 c, the Ga sites are occupied either with Mn atoms
with local momert “up' (Mn") or with Mn atoms with momert “down' (Mn#), both with equal
concerrations ¢c=2 [9].

To evaluate the thermodynamic properties, we describe the system by a classical Heiserberg
model

H = E Jij |\7ri Mj (7)



where N; and M; denote the local momerts, in particular their directions, of the magnetic
impurities i and j and J;j the exdhange integral between these atoms. This we calculated by
the formula of Liechtenstein [11], which describesthe energy change due to a small change of
the angle betweenboth momerts within the frozen potential approximation.
1. ZEe

Jj = 4—Im dETr(t] ¢ )Gi (EXt| t)G;i(E)g (8)
t; is the atomic t-matrix of atom i for majority(+) and minority(-) spin directions and G;; is
the Greenfunction of the system.

The disorder of the other atoms is described by identifying the Greenfunction G;; betweeni and
j by the Green function of the ferromagnetic CPA medium. The exdange coupling constarts
Jjj describe not only the sign and the strength of the coupling, but also their spatial extert,
which is particular important for the considereddiluted systems.

Given the Jj , the thermodynamic properties and in particular the Curie temperature T¢ can
be described by standard statistical methods. In the simplest mean- eld approximation (MFA)
the action of all neighborsj of impurity i is calculated by an average eld

X .
Hi=c Jjj hViji 9)
j(8i)
where M i = hM;ji = hM;i is the averagemomert and c the occupation probability for site j.
The condition of vanishing M i then yields as Curie temperature in MFA

1 X
kg TYFA = ZcMm? Ji (10)

j(8i)
Note that in MFA only the sum of all Jj erters, but not the spatial extent. Therefore the
mean- eld value TMFA can also be calculated directly from the CPA total energiesfor the
ferromagnetic ground state Egy and from the disordered local momert state Ep . In the
mean- eld approximation of the Heiserberg model the ground state energyHp v Vvanishesfor
the DLM states

HDLM = E JinVhi H\/|ji20 (ll)

since the average momerts hM;i vanish due to the average over all directions. On the other
hand for the ferromagnetic ground state one obtains:

1 X
Hew = M2 (12)
2 i6)

Since orientational degreesof freedom should be described well by the Heiserberg model, we
can identify the di erence

Hov  Hew = ESim - Efg (13)
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Figure 1. Density of states of dilute magnetic semiconductorswith 5 % Mn impurities: (a) (Ga,
Mn)N, (b) (Ga, Mn)P, (c) (Ga, Mn)As and (d) (Ga, Mn)Sb. The full curve givesthe average
DOS of the whole system, the dotted curve the local DOS of the Mn atoms.

by the total energy dierence for the ferromagnetic system, e.g., Ga; (Mn_As, and the DLM
systemwith 50 % Mn momerts up and 50 % down, i.e., Ga; CMnLZZMn’fZZAs. By comparison
with the above result for TMFA we obtain then

CPA CPA
3 Ebim Eem
3 c

Thus in MFA the Curie temperature is determined by the total energydi erence per Mn atom
betweenthe DLM and FM state [12].

kg TMFA = (14)

Often the MFA does not give reliable results. In this caseMonte Carlo simulations o er an
(numerically) exact method to calculate the thermodynamic properties. For details seeSect. 5.

3 Local Density of States and Curie Temperatures in MF A

Herewe presen results of ab-initio calculationsfor a seriesof |11-V DMS with 5% Mn impurities.
We have chosenthe sequencdGa, Mn)N, (Ga, Mn)P, (Ga, Mn)As and (Ga, Mn)Sh, where only
the anionsN, P, As and Sb are di erent. For the resultsit is most important that the majority
d-level of Mn has a lower energy than the atomic p-level of Sb, but a higher energy than the
p-level of N, while the p-levels of P and As are intermediate.

Fig. 1 showsthe density of states(DOS) for the consideredsystemswith 5% Mn on the Ga sites.
The upper curvesrefersto the majority DOS, the lower inverted onesto the minority DOS, both
for the ferromagnetic con guration. The full curvesshow the averagetotal density of states of
the DMS with 5% Mn. Due to the small concenration of Mn this is roughly the DOS of the pure
semiconductors,consisting of the occupied valenceband, dominated by the anion p-states and
the empty conduction band, formed mostly by the Ga s-states. The dotted lines shaw the local
DOS of the Mn atoms. We consideronly the neutral charge state without additional doparts.
SinceMn has 7 valenceelectronsand substitutes for a Ga atom, 3 of the 7 electronscan replace
the 3 Ga electronsin the valenceband. The remaining 4 electronshave to be put in newlocalised
d-states in the band gap. Therefore the electronic structure of transition metal impurities in
semiconductorsis dominated by d-statesin the gap, which for nite concerrations dewelop into
impurity bands. Since Mn has a large momern, only the majority states are occupied leading
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Figure 2: Impurity levels of magnetic transition metal impurities in semiconductors: For Mn
on the Ill-site in I11-V semiconductorsthe double degeneratee™ state and two of the three
degeneratet” statesare occupied (left gure); the samestatesare occupiedfor Cr impurities on
Il-sitesin I1-VI semiconductors.On the other hand for Mn impurities in 11-VI and Fe impurities
in 111-V semiconductorsall v e majority states (right gure) are occupied.

to a so-called high-spin state'. The impurity levels are schematically indicated in Fig. 2. Two
dierent impurity levels have to be distinguished: A twofold degeneratee-state (d,z;dy2 y2),
the wave functions of which for symmetry reasonshybridize very little with the valenceband
p-states, and a threefold degeneratet-state (dyy ; dy,; dzx) Which strongly hybridizes with the p-
states, resulting in bonding- and antib onding hybrides. While the bonding hybrides are located
in the valenceband, the antib onding hybrides form the impurit y t-statesin the gap, which are
dueto the hybridization shifted to higher energiesthan the e-states. In the neutral con guration
only the two e-states and two of the three t-statesin the majority band are occupied, while the
minority gap states are empty.

In Fig. 1 both the e- and t-states can be very well seenfor the GaN compound with 5 % Mn.
Since the d-states around the individual Mn atoms overlap and form an impurity band, the
higher and broader band corresponds to the more extended t-states, and the lower narrow one
to the more localisede-states. Within the valenceband there is alsosomehybridised-in Mn DOS
from the bonding t-hybrides. The Fermi level falls into the majority t-impurit y band, suc that
per Mn atom exactly two e-states and two t-states are occupied, leaving one majority t-state
and all minority d-statesempty. Therefore the consideredsystemis a half-metallic ferromagnet,
with a momernt of 4 g per Mn atom.

When we move from Mn in GaN to Mn in GaP and GaAs we notice that the Mn d-level is
shifted to lower energies.For (Ga, Mn)P the e-state hasfully moved in the valenceband, while
the t-state forms with the valencep-states of the P atom a resonanceat Er. Most of the local
d-intensity of the Mn atom is now located at the bonding t-states within the valenceband. For
(Ga, Mn)As thesetrends are even somewhatstronger. Finally for (Ga, Mn)Sb, the resonanceat
the Fermi level hasmore or lessdisappeared,sud that at E¢ the local Mn DOS agreeswell with
the DOS of the Sb atoms. Sincethe minority d-like gap states are in all casesunoccupied, the
total momen is xed to 4 g per Mn. Howewer in the caseof (Ga, Mn)Sb the situation is very
di erent from (Ga, Mn)N, sincein GaSball 5 majority d-statesare occupied, while a hole exist in
the Sb majority p-statesat the Fermi level. Thereforethe lling of the v e d-resonancedeadsto
atotal momert of 5 g, which is, howewver, reducedto 4 g per Mn atom by the empty statesin
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Figure 3: Curie temperaturesof Mn dopedI11-V semiconductors,ascalculated in the mean eld
approximation as a function of the Mn concerration.

the majority p-band. Thusin the CPA description the Sb atoms are weakly and homogeneously
polarised, with an averagemomert of -1 g per Mn atom, being antiferromagnetically coupled
to the Mn momerts, sud that the total momert per Mn atom is still 4 g. In summary the

behaviour of Mn in GaN and GaSbis completely di erent. In fact, both systemsrepresen two

extremes: in (Ga, Mn)N the d-states are in the gap and form impurity bands at E¢, while in

(Ga, Mn)Sb the d-states are at the lower end of the valenceband and fully occupied, while a

hole exist in the majority valenceband. The behaviour of Mn in GaP and GaAs lies between
thesetwo extremes. In all casesthe minority d-states are unoccupied.

The Curie temperatures T¢, calculated in MFA for these systems,re ect this strongly di erent
behaviour. Fig. 3 shaws the calculated T¥FA valuesfor the four systemsas a function of the
concerration c¢ of Mn impurities. For (Ga, Mn)Sb we nd a linear dependenceon the concen-
tration, but in the other casesa strong non-linear dependenceis obtained, which is particular

pronounced for (Ga, Mn)N. As we will demonstrate below, in this case TYFA scalesas the
squareroot of the concertration ¢, leading to very large T¢ valuesalready for small concertra-

tions of Mn. The behaviour of (Ga, Mn)As is intermediate betweenthese extremes: a wealer
P c-dependencefor smaller concerrations and a linear dependencefor larger concertrations.

As we will discussin the following, the di erent concerration dependencesare causedby two
di erent exchange medanisms, which stabilize the ferromagnetism, i.e., double exchangein the
caseof impurity bands in the gap and kinetic or p-d excdhangein the caseof nearly localised
d-levels below the valenceband [13].

4 Double Exchange, Super Exchange and Kinetic p-d Exchange

To identify the excdhange medanism, which stabilisesferromagnetismor antiferromagnetism, is
an important problem in magnetic materials. For dilute magnetic semiconductorsthis means

identifying the mecdanism which stabilisesthe ferromagnetismalready for small concertrations
[12, 13, 14].
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Figure 4: Double exdhange: Due to the broadening of the impurity t-band with increasing Mn
concernration c, states are transferred to lower energies,leading to an energygain, if the Fermi
energyliesin the band. As explained in the text, the band width increasesas " c.

For (Ga, Mn)N the characteristic features of the DOS of the ferromagnetic state is sketched in
Fig. 4. The Fermi energy lies in the majority impurity band of t-symmetry. The important
energygain arisesfrom the broadening of the impurit y band with increasingconcerration c. If
we increasethe concertration from a lower value, with the DOS given by the full line, to a larger
value corresponding to the broader DOS as given by the dashedline, we transfer DOS-weight
from around E¢ to lower energies,leading to an energy gain, which, aswe will shaw, stabilises
the ferromagnetic state. This energygain is proportional to the band width W of the impurity
band, which scalesas the squareroot P c of the concerration. The energy gain due to band
broadeningis known as Zener's double exchange[14].

This can be proven by a theorem for tight-binding model. The squareof the band width is given
by the energyvariance

W2=(E E)2= X iHomi2 15
( ) jHom] (15)
m60

which itself is determined by the sum of the hopping probabilities jH omj? from site 0 to any
other site m. Hop is the so-calledhopping matrix elemen. Consider now a disordered lattice
with a random distribution of Mn atoms. Starting from a given Mn atom at site 0, an electron
can only hop from the state certered at O to the site m, if this site is occupied by another Mn
atom. If we denotethe Mn-Mn hopping integral by ton, we nd in the disorderedsystem

Hom = tom(if Mn atom at m) or O(otherwise) (16)
By averaging over all con gurations of Mn atoms we therefore obtain

i conf = Homj“i = ¢  jtomj (17)
m60 m60

sincethe probability to nd a Mn atom at site m is given by the atomic concerration ¢. Thus
the e ective band width W, scalesas P c. This P ¢ behaviour of band width can be clearly
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Figure 5: Impurit y band width W and its squareW 2 for the impurity t-band in (Ga, Mn)N as
a function of Mn concertration. The inset shows the local density of Mn gap states.

seenin calculated DOS asis showvn in Fig. 5. In the gure W and its squareare plotted as a
function of Mn conceriration. The linear dependenceof W 2 on Mn concertration indicates a P C
dependenceof W. Thus, the energygain of the ferromagnetic state with increasingconcernration

scalesas P ¢, which explains the strong increaseof the Curie temperature in MFA as shawn in
Fig. 3 for (Ga, Mn)N. The double exchange mechanism is only important, if the Fermi energy
liesin the band. If the band is completely occupied or empty, no energy can be gained by band
broadening.

Let us now considerthe stability of the disorderedlocal momert (DLM) (or spin-glass)state as
comparedto the ferromagnetic one. In the CPA-description of the DLM state, for a given Mn
atom 50 % of the neighboring Mn atoms have a moment being parallel aligned to the certral
momert, and 50 % are antiferromagnetically aligned. The parallel aligned pairs lead, asin the
ferromagnetic case,to a broadenedimpurity band, but with a reduced band width scaling as

c=2, sinceonly 50 % of the pairs are parallel aligned. Therefore in total the double exchange
due to band broadening always favors the ferromagnetic con guration.

The 50 % antiferromagnetically aligned pairs gain energy by super-exdange. The density of
statesin the gap of two Mn impurities with antiparallel aligned momerts is schematically shown
in Fig. 6. Note that the minority and majority peaksare exchanged for the two atoms. Since
the wave functions with the same spin directions hybridise with ead other, covalent bonding
and antib onding hybrides are formed. From the energetic point of view it is important, that
the lower bonding states are shifted to lower energies,while the higher antib onding states are
shifted to higher energies. Thus energy is gained by super-exdange, if the Fermi energy is
located betweenthe two peaksor in the peaks,however not, if Ef is below or above both peaks.
As canbeshown, the energygain is given by c%, wheret is the e ectiv e hopping matrix elemert
and | M is the exchange splitting, given by the exchangeintegral | times the local momert M.
It is linear in c, sincethe e ects of sewral antiparallel aligned neighbours on the certral atom
superimposeon ead other.

Thusin the caseof impurit y bandsin the gap, double exchangefavors the ferromagnetic con g-
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Figure 6: Super exchange: Showvn are the local densities of states for two impurities with
momerts S; = ‘up' and §; = “down'. Due to hybridisation of the majority and the minority d-
wavefunctionsthe lower energylevels are shifted to lower and the higher levelsto higher energies
as indicated by the dashedlines. Due to hybridisation also small peaksoccur locally for the
‘wrong' spin direction. The downward shift stabilisesthe antiferromagnetic alignmert of the two
local momerts, provided the Fermi level falls betweenthe two peaks,but not below or above.

uration and always wins, if the Fermi energylies (well) in the band. Then the energygain due to
double exchange, scalingas ' cjtj, is always larger than the energygain due to super exchange,
scaling like ¢jtj?=IM . Howevwer if the Fermi energy lies betweenthe two bands or lies closeto
the band edges,super exchange wins stabilising the disordered local momernt state. Thus the
system (Ga, Mn)N is expected to be a ferromagnet, while (Ga, Fe)N should be a disordered
system, since the t-band is completely lled. For the samereason,in the [I-VI compounds Cr
impurities should favour the ferromagnetic state, but Mn impurities the DLM state.

However these considerationsare only valid for impurity band systems. If the majority d-level
lies below the valencep-states, asit is the casefor (Ga, Mn)Sb in Fig. 1, then we haveadi erent

situation which is schematically sketched in Fig. 7. In the majority band the low lying d-states
of Mn hybridise with the valenceband p-states of Sb, and e ectiv ely push the majority valence
band to higher energy The opposite is true for the minority valencestates being pushedby the
empty minority d-statesto lower energies.Thus the valenceband becomesspin polarised, with

a momert of 1 g per Mn atom, i.e., antiparallel to the Mn moment. The other Mn atoms
gain energy by also aligning antiparallel to this host polarisation, thus leading to an indirect

ferromagnetic coupling of the Mn-atoms. Due to the strong localisation of Mn d wavefunctions
the direct d-d interaction is very small.

This kind of exdhange interaction is called Zener's kinetic or p-d exchange and favours ferro-
magnetism. No energy gain is obtained in the DLM state, sincethe host polarisations induced
by non-aligned Mn momerts cancelead other.

All ab-initio calculations presered in the previous section are basedon the local density ap-
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ogouslythe empty minority d-level pushesthe minority valencep-statesto lower energies.Since
dueto charge neutrality the valenceband must have one hole per Mn atom, this hole is con ned
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Figure 8: Mean eld Curie temperature of (Ga, Mn)As evaluated in the LDA andin the LDA+ U
approximation (with U = 4 eV). The inset shaws the local density of states of the Mn atoms.
Due to the Hubbard U of 4 eV, the Mn majority d-states are shifted to lower energies,while
the resonanceat the Fermi level is diminished. This increasesthe importance of p-d kinetic
exchange and reducesthe double exchange, sothat T¢ varieslinear with conceriration.
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proximation (LDA). This approximation works in most casesvery well, but has its limit for
correlated systems. One typical error is, that the spin splitting is usually too small. The error
can be partially removed by the LDA+ U method, where U stands for the Hubbard U param-
eter of the Hubbard model. Fig. 8 shows the results of an LDA and LDA+ U calculations for
(Ga, Mn)As systemwith 5 % Mn. The inset shaws the local Mn DOS in LDA and LDA+ U,
using a U parameter of U = 4 eV. As one sees,the U parameter of 4 eV shifts the majority
peak by about 1.3 eV to lower energies,suc that it is in good agreemen with photoemission
measuremets [15, 16]. Sincethe d-states are now located in the lower region of the valence
band, one expects that the p-d exchange becomesmore dominant. The calculated Curie tem-
peratures TMFA indeed show this e ect. The LDA results shov a P &-behavior resulting from
double exchange, while the LDA+ U results are more or lesslinear in ¢, indicating that in (Ga,
Mn)As the kinetic p-d exchangeis most important [13]. This exchange metanism underlies all
model calculations basedon the Kondo Hamiltonian, which describe the physicsof (Ga, Mn)As
rather well. Howewer the physics of the impurit y band systemsis very di erent and cannot be
described by such a Hamiltonian (although this is very often done).

5 Exchange Coupling Constants and Curie Temp eratures

The exdchange coupling constarts Jj; give accordingto eq. (7) the information about the ori-
entational coupling betweenthe local momerts M; and M;. For the DMS-systemsthey have
been calculated by embedding the two magnetic impurities i and j in the CPA medium of the
ferromagnetic state, in this way including the substitutional disorder of all other impurities in
an averageway. As a result, the coupling constarts are strongly concerration dependert due
to the magnetic screeningof the other impurities.

The calculated J;; constarts for (Ga, Mn)N, (Ga, Mn)P, (Ga, Mn)As and (Ga, Mn)Sb are
shawvn in Fig. 9 for three di erent concerrations, i.e., 1 %, 5 % and 15 % of Mn impurities.

The results shawv a qualitativ ely very di erent behaviour, in particular for the two extreme cases
of (Ga, Mn)N and (Ga, Mn)Sb. In (Ga, Mn)N the interaction is very strong for the nearest
neighbors, but the coupling of the further away atomsis very small. This is typical for the double
exchange medanism mediated by the impurity band. The coupling arisesfrom the overlap of

the impurity states on neighboring sites. Since these states are relatively well localised, the

coupling is strong, but short ranged. (Ga, Mn)Sb represens the other extreme, the coupling

of which is dominated by p-d exchange. Here the coupling is weak, but very long ranged. This

arisesfrom the large spatial extent of the Shp states near the valenceband maximum, sincethe

interaction is basically transferred by the spin polarised hole states at the  point.

The estimation of the Curie temperature T¢ by the mean eld expression%cP iso Joi IS very
problematic for dilute systemswith low concerirations, sinceit doesnot require any information
on the interaction range. This simpli cation leadsto signi cant errors in the calculations of T¢
for low concertrations [17, 18]. It can be easily understood and is known as the percolation
problem [19]. Let us considera Heiserberg model with a ferromagnetic excdhange interaction
only between nearest neighbors (nearest neighbor Heiserberg model), and seewhat happens
when the system is diluted with non-magnetic sites as schematically showvn in Fig. 10-(a).
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Figure 9: Exchangecoupling constarts J;j betweentwo Mn atoms as a function of the distance
for three di erent concertrations. The concenration dependencearisesfrom the screeninge ects
of the other impurities, being described by the embedding of the two impurities in the CPA
medium.

When the concertration of magnetic sitesis 100 % , we have a perfect ferromagnetic network.
Due to the dilution, the network is weakened, and for a conceriration belov a percolation
threshold the ferromagnetism cannot spreadall over the system leading to paramagnetic state
sincedue to missinglonger rangedinteractions the momerts can no longer align. Obviously this
e ect is not counted in the mean eld equation for T¢, becausethe dilution e ect is included
only as a concerration factor ¢ in the equation. In caseof the nearest neighbor Heiserberg
model, the percolation threshold c, for the fcc structure is 20 % (note that the impurities sit
on the fcc Ga sublattice of the zinc blende structure). In real systemssud as (Ga, Mn)N
the interaction readesbeyond the nearestneighbors and the real percolation threshold should
be lower. Howewer, below 20 % the strong nn coupling is not so important anymore, since
only the much wealker longer ranged interaction inducesthe ferromagnetism, so that the Curie
temperature is expectedto drop considerablyand to be much smallerthan the mean eld value,
being determined to a large extent by the strong nn coupling Jo;z.

In order to take the percolation e ect into accourt, we perform Monte Carlo simulation (MCS)
for the classicalHeiserberg model. The thermal averageof magnetization M and its powers are
calculated by meansof the Metropolis algorithm [20]. Due to the nite size of super cells used
in the simulation, it is dicult to determine T¢ from the temperature dependenceof M (T)i.
In particular, when considering dilute systems, nite size e ects and appropriate nite size
scaling are of particular importance for a correct and e cien t evaluation of T¢ by Monte Carlo
simulations. To avoid this dicult y, we usethe cumulant crossingmethod proposedby Binder
[20]. This method usesthe nite sizescalingin the forth order cumulant U4 which is de ned
asUs = 1 hM4i=(hM?2i)2. U, is calculated for various cell sizesand plotted as a function of
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Figure 10: (a) Schematic picture of dilute 2-dimensionalnearestneighgorIsing model in square
lattice. The percolation theresholdis 0.59in this case. (b) Curie temperatures of the classical
nearestneighbour Heiserberg model for the fcc lattice as a function of the concertration. The
full line givesthe mean eld results, being linear in c. The crossesconnectedby the dashedline
give the exact values as obtained by Monte Carlo simulations (MCS), which vanish below the
percolation threshold of ¢, = 20 %. The nn coupling constart Jo; hasbeen xed at a constart
value.

temperature. If the cell sizeis larger than the correlation length, it canbe shown that the U4(T)
curvesfor di erent sizescrossead other at three characteristic temperatures. Two of them are
T=0and T =1, andthe otheris T = Tc. Weuse3cellsizes(6 6 6;10 10 10and
14 14 14cornvertional fcc cells)to carry out the cumulant crossingmethod for T¢ calculations.

First, asa pedagogicalexample we show the calculated T¢ for the dilute fcc nearestneighbour
Heiserberg model as calculated by MFA and MCS in Fig. 10-(b). For MCSsfor dilute systems,
we take 30 dierent random con gurations of magnetic sites for the ensenble average. As
shawvn in Fig. 10-(b), it is found that the MFA givesa reasonable,but too high estimation of
Tc for ¢ = 1. Howewer, with decreasingc both curves decline with nearly the sameslope and
below the percolation threshold, ¢, = 0:20, the Curie temperature vanishes. Thus in the dilute
concertration range below 20 %, which is most relevant for DMS systems, the failure of the
MFA is evident [17, 18].

Next, we show the calculated T¢ values of (Ga, Mn)N (Fig. 11-(a)) and (Ga, Mn)As (Fig.
11-(b)) as obtained by the MCS from the J; valuesin Fig. 9. Thirty con gurations of Mn
atoms are consideredfor averaging and J;; interactions up to 15 shellsare included. As shown
in Fig. 11-(a), very small T¢ values are predicted for low concerrations in (Ga, Mn)N. The
MFA values are almost 2 orders of magnitude too large. Thus we nd that the magnetismis

106



600
300
<€ (c) (Zn, Cr)S MFA
o <
2 ‘@ 400
g 200 g
5 g
o £
3100}/ (a) (Ga, Mn)N MCS 220 Mes
. [ ] O L]
L . '
O ™2 4 6 8 1o 12 14 16 %0 5 10 15 20
Mn Concentration (%) Cr concentration (%)
600
- 300 = (d) (Zn, CnTe
3 MFA 3
o Y MFA
£ L] £ 400
S 200 . g
<1 =3 g
E . MCS 5
2 £ 200 "
= . 5
3 100 o MCS
(b) (Ga, Mn)As
[] L g B
0 0
o2 4 6 8 10 1z 14 16 0 5 10 15 20

Mn Concentration (%) Cr concentration (%)

Figure 11: Curie temperatures of (a) (Ga, Mn)N, (b) (Ga, Mn)As, (c) (Zn, Cr)S and (d) (Zn,
CnTe as evaluated in the mean eld approximation (MFA) and by Monte Carlo simulations
(MCS) from the J;; valuesobtained in the LDA (seeFig. 9). Due to the percolation problem
the Curie temperature of (Ga, Mn)N is strongly reducedfor small concenrations. This e ect
can alsobe seenin (Zn, Cr)S and (Zn, Cr)T e. Due to the longer interaction range the reduction
of Curie temperatures e ect is more moderate in (Ga, Mn)As.

strongly suppresseddue to the missing percolation of the strong nearestneighbour interactions.
Only the weak, longer ranged interactions satisfy the percolation requiremernt, leadingto small
but nite Curie temperaturesfor 5, 10 and 15 % of Mn. As shown in Fig. 11-(b), due to the
longer ranged interaction in (Ga, Mn)As, the reductions from the MFA are not very large, but
still signi cant. Naturally these changesare larger for smaller concerrations. The T¢ values
of 103 K obtained for 5 % Mn is in good agreemem with the experimenal values of 118 K
reported by Edmonds et al. [21]. This valuesrefersto measuremets in thin Ims which are
free of Mn-interstitials represening double donors. Including interactions beyond 15th shell,
MCS could give slightly higher T¢ valuesfor low concertrations. At very high concertrations
we expect our results to increasetowards the MFA values.

The experimental situation for T¢ in (Ga, Mn)N is very cortroversial. There are many reports,
wherevery high Curie temperatures, well above room temperature, have beenobsened, but also
many obsenations of no ferromagnetismor only very low Curie temperatures. The above calcu-
lations suggest,that a homogeneouslyferromagnetic phasewith a Curie temperature around or
above room temperature can be excluded. Therefore the experimertally obsened very high T¢
valueshave to be attributed to small ferromagnetic MnN clusters and segregatedVinN phases,
where the strong ferromagnetic nn interaction becomesfully e ective.

The samemethod for calculating T¢ is applied to (Zn, Cr)S and (Zn, Cr)T e astypical examples
of 1I-VI DMS systems[22]. Results are shown in Fig. 11-(c) and -(d). In these compounds,
impurity t-bands appear in the gap and 2/3 of the impurity bands are occupied (namely, they
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are equivalert to Mn-doped I11-V DMS sud as (Ga, Mn)N from electron occupation point of
view), therefore the double exchange is dominant mecanism. As a result, MFA valuesof T¢
shawv P ¢ dependence. For both cases,MCS values of T¢ deviate very much from MFA values
dueto the samereasonin the caseof (Ga, Mn)N. The suppressionof the ferromagnetismin (Zn,
Cn)S at small concertrations is assigni cant asin (Ga, Mn)N. The e ect is slightly moderate in
(Zn, Cr)Tethan in (Zn, Cr)S, becauseZznTe has smaller band gap than ZnS and the Cr t-band
is very near to the host valenceband in (Zn, Cr)Te [22]. Calculated exchange interactions of
(Zn, Cr)T e are short ranged but not asshort asin (Ga, Mn)N. The obsenation of a T¢ value of
300K for (Zn, Cr)Tewith 20 % Cr is in good agreemen with MCS results. The linear scaling
in MCS valuesof T¢ in Fig. 11-(d) hasbeenobsened in recent experimerts [23, 24]

6 Summary

Due to their half-metallicity and structural similarity to semiconductorsdilute magnetic semi-
conductors are hopeful materials for a future spintronics. Howewer the Curie temperatures are
in general very low. In this review we have discussedthe origin of ferromagnetism in these
materials and presered ab-initio calculations for the electronic and magnetic properties of (Ga,
Mn)N, (Ga, Mn)P, (Ga, Mn)As and (Ga, Mn)Sb. The results point of the existence of two
classesof DMS with very di erent properties:

() In systemswith localised majority d-states deepin the valenceband sudc as (Ga, Mn)As
and (Ga, Mn)Sh, the ferromagnetism is induced by Zener's p-d exchange, leading to holesin
the majority p-valenceband. This interaction is relatively weak, but long ranged. At small
concenrations the Curie temperature is only moderately reducedby the percolation e ect.

(i) In systemswith impurit y-bands in the band gap sudc as (Ga, Mn)N and (Zn, Cr)Te, the
ferromagnetismis driven by Zener'sdouble exchange. Here the magnetic coupling is strong, but
short ranged. Therefore, in the dilute limit the ferromagnetism is strongly suppressed,since
percolation of the strong nearestneighbor interactions cannot be achieved.

A way to achieve higher Curie temperatures might beto try to increasethe impurity concenra-
tion. For the p-d systemsthis should help, sincethe Curie temperature basically scaleslinearly
with the concertration. For the impurity band systemsthe percolation e ects becomelessim-
portant at higher concenrations, soalsohere higher concenrations would help. The obsenation
of the T¢ of 300K for 20 % Cr doped ZnTe supports this argumert [23, 24].
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