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Temperature-dependent magnetization in diluted magnetic semiconductors
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We calculate magnetization in magnetically doped semiconductors assuming a local exchange model of
carrier-mediated ferromagnetic mechanism and using a number of complementary theoretical approaches. In
general, we find that the results of our mean-field calculations, particularly the dynamical mean-field theory
results, give excellent qualitative agreement with the experimentally observed magnetization in systems with
itinerant charge carriers, such as;GaMn,As with 0.03<x<0.07, whereas our percolation-theory-based
calculations agree well with the existing data in strongly insulating materials, such agh@g . We comment
on the issue of non-mean-field like magnetization curves and on the observed incomplete saturation magneti-
zation values in diluted magnetic semiconductors from our theoretical perspective. In agreement with experi-
mental observations, we find the carrier density to be the crucial parameter determining the magnetization
behavior. Our calculated dependence of magnetization on external magnetic field is also in excellent agreement
with the existing experimental data.
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I. INTRODUCTION identifying the crucial controlling parameters that determine
and limit T, in DMS materials. On the other hand, the tem-
Diluted magnetic semiconductorometimes also re- perature dependend&(T) of the spontaneous magnetization
ferred to as doped magnetic semiconductors—we will us@possesses many characteristics, such as concavity/convexity
the abbreviation “DMS” to denote both of these equivalentof the curve, value of saturation magnetization, critical be-
terminologieg$ have recently attracted a great deal ofhavior at the point of ferromagnetic transition, etc., which
attentiort® for their potential in combining ferromagnetic cannot all be described by just tuning parameters of a given
and semiconductor properties in a single material. The promodel. Thus study oM(T) has a very high potential for
totypical DMS material is Ga ,Mn,As (Ref. 3 (typically  elucidating the physics behind DMS ferromagnetism in real
x~1-10%) with the Mn ions substitutionallyin the ideal  systems.
situation replacing Ga at the cation sites. Mn ions in A particular issue of considerable significance in DMS
Ga _,Mn,As serve a dual purpose, acting both as dopantferromagnetism has been the non-trivial non-mean-field-like
(acceptors in this cageand as magnetic impurities, whose behavior of the spontaneous magnetization as a function of
spins align at the ferromagnetic transition. Boe1—7%,  temperature. This was already apparent in the very first re-
Ga,_,Mn,As is found to be ferromagnetic with the ferro- ported observatich of DMS ferromagnetism in a
magnetic transition temperatufer, equivalently, the Curie Ill;_,Mn,V material, namely, Ip_,Mn,As, where the ex-
temperaturg T,~10—-100 K. The optimum value ofx, perimental M(T) curve exhibited an untypical outwardly
which corresponds to the highest value of reported value ofoncave shape strikingly different from the usual convex
T., is around 5%. Other DMS materials of current interestM (T) behavior expected within the textbook Weiss mean-
include In_,Mn,As,* Ga_,MnpP° Ge_,Mn,,% and field theory and seen routinely in conventional ferromag-
Ga,_,Mn,Sh. netic materials. The n,Mn,As (with x=0.013) system
In spite of a great deal of recent experimental and theostudied in Ref. 4 was an insulating systéne., with resis-
retical activity? there is not yet a consensus on the fundadivity increasing monotonically with decreasing tempera-
mental mechanism leading to ferromagnetism in these sygure), and the insulating ferromagnetic DMS systems studied
tems as well as on the definitive predictive theoryso far in the literature almost always exhibit qualitatively
quantitatively describing this ferromagnetic mechanism. It is similar non-mean-field-like concawd (T) behaviof®
therefore, important to work out detailed and experimentally Two of us have recently showrhat such a manifestly
falsifiable consequences for various proposed theoreticalon-mean-field-like concavé(T) behavior in insulating
models and ideas. In this context, it is unfortunate that muctbMS materials can be understood on the basis of a magnetic
of the theoretical DMS literature, perhaps due to the considpercolation transition of bound magnetic polarons in the
erable technological motivation in creating room- strongly localized carrier system. Earlier numerical
temperature ferromagnetic semiconductors for projectegimulationd®!!in the strongly localized regime had already
spintronics applications, has concentrated on the calculatioriadicated that theM(T) behavior of DMS ferromagnets
of T in various DMS materials. Such theoretical predictionscould have concave outward shapes as seen experimentally.
of T, invariably involve tuning free parametefs.g., the Very recent numerical simulatiotfsin the strongly localized
strength of the exchange coupling between carriers and locaégime have verified our polaron percolation picture of DMS
moment$, whose values are often unknovenpriori. This  ferromagnetism in the insulating regime.
significantly reduces the practical importance of these pre- Even in the “metallic” (i.e., with resistivity decreasing
dictions except perhaps in the broadest qualitative sense afith T below the ferromagnetic transition temperajubd1S
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systems;>13-20 such as optimally doped GgMngAS, ture. We conclude in Sec. lll, summarizing our qualitative
where long-range magnetic ordering of the Mn magnetic mofindings and providing a critical perspective on what our
ments is created presumably by a dilute gas of delocalizetheoretical results on magnetization imply for the micro-
holes mediating the magnetic interaction, the experimentall$coPiC mechanisms underlying DMS ferromagnetism with
observedM (T) often appears to be very different from the the parucylgr emphags on'the co_rrelatlons between transport
classic mean-field shafe. Although the metallic characteristic¥metallic or insulatingg and M(T) behavior

Ga,_,Mn,As DMS system does not exhibit the manifestly (convex, concave, or “linear:
concave temperature-dependent magnetization seen in insu-
lating DMS systems, the observ&t(T) in metallic DMS is

often*®13-20 almost linear in temperature for O5<T A. The model

<T., with a temperature-dependent behavior intermediate We assume in this work that the fundamental mechanism
between the concaviel(T) shapes of the localized thedry underlying ferromagnetism in DMS materialge.qg.,
and the textbook convex magnetization cur¥es. Iy, _,Mn,V, Ge,_,Mn,) is the carrier—local-momentki-

We mention that very recent annealing experiment8  netic orp-d) exchange coupling, which eventually leads to a
in Ga_,Mn,As (with x=0.05-0.10) demonstrate that global ferromagnetic ordering of the impurity local moments
M (T) behavior(as well as the value df;) can be strongly (i.e., Mn) for T<T, overcoming any direct antiferromagnetic
affected by annealing, and particularly, “optimal” annealing (Superexchangenteraction between the local moment spins
(to be found empirically for each sample purely by trial andthemselves. This is certainly the prevalent viewpoint for
error since the precise role of annealing in improving theDMS ferromagnetism, at least for GaMn,As system fol-
materials quality is unknown at this stageay lead to rea- lowing the pioneering work of Ohno and his co-workers. Itis
sonably mean-field-like conveM (T) shape with a concomi- natural to ask about the evidence for this belief in carrier-
tant enhancement af, . Nonoptimal annealing, on the other Mediated DMS ferromagnetism induced in the Mn local mo-
hand, leads to suppression ®f and strongly non-mean- ments. First-principles band theory calculations indicate that
field-like (and nonuniversalM (T) behavior. there is strongp-d hybridization between the Md levels

Finally, most of DMS magnetization measurements in th and the valence-barystates of GaAs. This leads to strong
. Y. X gr . Sinetic exchange coupling between hole spins and Mn spins,
literature, particularly for the insulating DMS systems, showWhiCh is the basis of our model. Experimentally, there are a

a saturation magnetizatiofior B=0) considerably smaller ,mner of compelling circumstantial indications of
in magmtud_e Fhan ;ha; ex.pected from the full ordermg of a"Gai_XMnXAs being a carrier-mediated ferromagnetic mate-
the magnetic ions, indicating that a large fractisometimes ia| First, there is a strong correlatidmade even stronger
as much as 90%tof the magnetic ions do not contribute to py the recent annealing experimentetween transport and
the global DMS ferromagnetism. ~magnetic properties. This, however, is not definitively con-
Motivated by the desire for |IIum|nat|ng the phyS|caI clusive since strong|y insu|ating GaMn,As (and
mechanisms underlying DMS ferromagnetism, we theoretiin, _,Mn,As) samples are also found to be ferromagnetic
cally consider in this paper the temperature-dependent magalbeit with much lowerT, values. Perhaps the most com-
netizationM (T) in three-dimensional DMS systems using a pelling evidence supporting the carrier-mediated ferromag-
number of complementary theoretical approaches. The calcuretic mechanism, is the observed agreentemffar available
lations we present here are based on the stilfieisy mo-  only in Gg _,Mn,As DMS systemgsbetween the magnetiza-
lecular mean-field theor’}, the dynamical mean-field theory tion measured directly using a SQUID magnetometer and
(DMFT),?? and the percolation theofy.Of particular interest  that inferred by analyzing the anomalous Hall-effect data.
is the important issue of correlations between magnetic an§uch an consistency between direct and “transport-inferred”
transport properties of various DMS materials since suchnagnetization strongly suggests a carrier-mediated exchange
correlations shouldand do exist in magnetic systems, Mechanism underlying DMS ferromagnetism. In addition,
where the ferromagnetism is mediated by carriers leading t§1ere are a number of experiments dealing with optical prop-
the global ordering of the dopant local moments. While ear€'ties(again, available only for Ga,Mn,As so faj which
lier studies invariably concentrated on either localized-carriefndicate very strong corrglatlpn between the magnetic ban_d
(“insulating”) and itinerant-carriefmetallio material, we Svucture and the magnetization of the system, leading again
consider both these regimes as well as the crossover betwe the condition that the global ferromagnetic ordering of the

. i : n local moments is most likely induced by the hole spin
them. We provide detailed numerical results for our calcu- TR X
lated magnpetizatioM(T B), whereB is the applied external polarization in DMS systems. The related issue of whether

" X . . . these carriers are valence-band holes or impurity band holes
magnetic field and is the temperature, in various regimes of

is more difficult to settle. Given the strong inherent disorder
the system parameter space. Th&s€T,B) results should iy ppmS materials and rather strong exchange coupling be-

help ascertain the applicability of various theoretical modelsyeen hole and Mn spinfeading to local binding of holes

to specific experimental DMS materials of current interest. and Mn iong, it is natural to think that all of the physics
This paper is organized as follows. In Sec. II, we describghoth localized and delocalizedare essentially impurity

our model and our theoretical approaches based on the Weisand physics. This viewpoint, which we have adopted in our

mean-field theory, DMFT, and the percolation theory, andheories presented in this paper, has received strong support

present our numerical results fdi(T,B) in each of the from recent optical experiments. Also our DMFT results, as

theoretical approaches, providing brief discussion of our represented in Sec. Il C, clearly demonstrate the important role

sults in light of the existing experimental data in the litera-of impurity band physics in DMS magnetic properties.

II. MODEL, THEORY, AND RESULTS
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Since the most intensively studied DMS materials ofperfect “realistic” valence-band hole states may be
current interest are Mn-doped -V semiconductorsinapplicable—in fact, we believe that much of the DMS
- MnV (e.g., Ga_Mn,As, In;_,Mn,As, Gg_,Mn,P, physics is oc_:curring _in the impurity band_of the h_ost ser_ni—
Ga,_,Mn,N, and Ga_,Mn,Sb), where the carriers are typi- conductor with the itinerant and the localized carriers being

cally holes, we will other refer to the semiconductor carrierst"® €xtended and the localized hole states in the impurity
as “holes” in the rest of the paper without any loss of band of the system and not the valence-band states, a view

generality. P(Ssimt Sgztlr_ozr;gly supported by several recent experimental
SO our basic model is that of a finite densityof mag- The.HamiItonian of exchange interaction between mag-
netic dopantg“impurities” ) interacting through a local ex- netic impurities and holes, we use in this paper, reads
change coupling with a finite density, of holes in the host ’ ’
semiconductor material with,/n;<1. We assume that mag- 3 3 B 3
netic impurities under consideration enter substitutionally aﬂ"M:J d r}j: Jao[Sj-s(r)]b‘(r—Rj)=§j: Jag[§-s(R)) ],
the cation sitege.g., Mn impurities at Ga sitgsRecent ex- 1)
Sﬁgvn\:rig‘%th:tnl?a??clzlggdefil{[g"re‘r?ay %fe Fﬁmgxgi in?p?gﬁantvvhere‘]’ Whic_h has_units_of energy, is the exchange cou_pling
role in determining magnetic and transport properties of thé)etwgen an |mpu3r|f[y Spmgj, located atR; and a hole spin
samples, but we assume in our work that these defects ent@fNSityS(r), andag is the unit cell volume needed for proper
our theory only in determining the basic parameters of thd1rmalization. The impurity spi§ in Eg. (1) is assumed to
model, namely, the density of magnetically active dopantP® completely classical in the theory whereas the carrier spin
n;, the hole density., and perhaps the local effective ex- sis t(eated' quan;um.mechamcally. This is justified bepause
change coupling between the holes and the magnetic im-the impurity spin is large, e.g.S=5/2 for Mn in
purities, and do not include any defects into our model exGa& - xMNAS. _ ,
plicitly. Examples of such defects, which enter our model Our model (except for the mean-field theory consider-
through its parameters rather than directly, are given by ar@tions of Sec. Il B omits the direct Mn-Mn antiferromag-
tisite defects in the host semiconductor matefia., As at  Netic éxchange interaction, assuming its effects to be either
Ga sites in GaAsand Mn interstitials(i.e., Mn atoms at negligibly small orlncor_porated into the effective pgrameters
interstitial sites rather than cation substitutional gitegiich ~ Of the model. Actually, in the parameter range of interest to
may very well be important in providing substantial compen-Us X<1), where DMS ferromagnetism typically occurs, the
sation in the semiconductor, leading to the experimental fad@gnetic impurities are separated from each other by non
that the hole densityr, is usually a small fraction of the ™Magnetic atoms, and this antiferromagnetic interaction,
magnetic dopant density instead of there being a one-to-onghich rapidly decays with the distance, should be negligible.
correspondence between dopants and holes. The localVe also ignore any speC|_f|c hole—hole |nteract|on. effect in
moment densityy; in our model is not necessarily the total OUr theory. These approximations are nonessential and are
Mn concentration in the system, since the presence of M§ON€ in the spirit of identifying the minimal DMS magnetic

interstitial defects could lower the density of magnetically Model of interest. Both of these effects, which may be of
active Mn ions. In this work, we use, to denote local- gquantitative importance in some situations, can be included

moment volume density andto denote the fraction of Ga N the theory by adjusting the parameters of the model, or

atoms replaced by Mn dopants. perhaps a}t .the cost 01_‘ mtrodqcmg more unk_nown parametz_ers
Similarly, consistent with the spirit of our minimal model characterizing these interactions. The possible effects of in-

we also neglect all band structure effects in our theory, makcluding these_z interactions in our calculations will be dis-

ing the simplest approximation such as a single paraboli€ussed later in the paper. o

band with a single effective mass or a single simple tight- With this introduction, the full Hamiltonian is given by

binding carrier band characterized by an effective band width v2

parameter. This is not because realistic band-structure effects H= f d3r2 IJIL(I'){ —=—+V(r)

are not of any importance in DMS ferromagnetism, in fact @ 2m

we believe that spin-orbit coupling in GaMn,As valence-

band hole states may play a quantitative role in G&n,As + E f dSr[E W(r— R,-)d;Z(r)z//a(r)

ferromagnetism, particularly in the relatively disorder-free ! “«

metallic (x~0.05) systems where the holes are likely to be

GaAs valence-band hole states with strong spin-orbit cou- +2 JaS(S,-~oaﬁ)é(r—R,-)g/;L(r)wﬁ(r)

pling. Our reasons for neglecting spin-orbit coupling and ap

other band-structure effects in our theory are the following:

(1) our interest in this paper is in theoretically exploring +Z gins(S-B)

M(T,B) within a minimal model, which requires only;, !

n., andJ, leaving out all nonessential complicationi®) if

needed, band-structure effects can be systematically included + f d*r > gougil(1) Pp(r) (0,5 B), 2

in the future by appropriately extending the mod8);due to B

the inevitable presence of strong exchange coupling andhere first term is the “band” Hamiltonian, witim being the

strong disorder in DMS materials, a starting point based omelevant effective mas§/(r) is the random potential arising

ho(1)
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from (nonmagnetig disorder,W(r —R;) is the Coulomb po- ~Kasuya-YosidaRKKY) interaction. The relevancer per-
tential due to a magnetic impurity located Rt, and the haps even, the dominancef RKKY physics (leading to a
second term is the local exchange coupling between the ménagnetic ground stateover the Kondo physics in the low
ments of magnetic impurities and the carrier sfins., pre-  carrier density limit of the Kondo lattice system has occa-
cisely theH,, defined by Eq(1)]. For the Pauli matrices, we Sionally been mentioned in the Kondp-eﬁect [iteratﬁfre.
use the notationraﬁz(gxﬂ ,Jyﬁ ,Uzﬁ) with @ and 8 being The crucial element of RKKY physics, playing a key role
the spin indices andﬂfa,g'a)EaxUﬁ/;JrayUﬁ/ﬁazUﬁﬁ for in DMS f_err_omagnensm, Is the relf'mvely |9W values of car-
rier density in these materials leadingkigi/n;<1 (wherekg

any vectora. The last two terms in Eq2) are simply the . . . X . .
Zeeman energies of the local moments and the holes, respe'é-the Fermi wavevector associated with the carrier density

: . : . n. and3/n; is the characteristic interimpurity separaticso
g\ﬁ{’n?é a::tg; a;iéhiz fhoérgife ?zg:nr?];azftrii’#; d|s the that the RKKY interaction is essentially always ferromag-
Th Ig | ' h i bg ¢ ) q netic, and the RKKY spin-glass-type behavior predominant
€ local exchange coupling can be terromagnetic ( in disordered magnetic metallic systems may not arise here
<0) or antiferromagnetic X>0), without affecting DMS

. . C 20 since the interaction is mostly ferromagnetic avoiding effects
ferromagnetism[first-principles band theof§—° suggests of frustration.

local antiferromagnetic couplingJ&0) for the holes in In principle, one could start from the general Hamiltonian
Ga_¢Mn,As]. Finally, we mention that the magnetic inter- (2), and try to develop a theory for carrier localization and
action Hamiltonian, defined by E(l), is sometimes referred magnetism on an equal footing. Such an ambitious attempt
to as thes-d (or s-f) exchange Hamiltonial or the Zener would be essentially futile, due to the enormous complexity
modef? in the literature although it was originally of the problem, which would require both disorder and ex-
introduced® by Nabarro and Filich in a slightly different  change interaction to be treated nonperturbatively. We, there-
context. The physics, we are interested in, is how the locafore, adopt the reasonable empirical approach of building
exchange interaction defined in E¢$) and(2) could lead to  into our basic model the metalligtinerant carriers or the
global ferromagnetic ordering of the impurity local momentsinsulating (localized carriersnature of the system, and de-
below a Curie temperaturg.. We mention that we choose velop separate complementary theoretical approaches for the
S=5/2 ands=1/2 in all our numerical calculations below. two situations in order to compare and contrast the nature of
Unfortunately, none of the parameteks,, andn; of our ~ DMS ferromagnetism in metallic and insulating systems,
model is directly experimentally measurable. This is why weboth with the local exchange magnetic Hamilton{ah cou-
have emphasized, throughout this work, qualitative behaviopling the impurity moments to carrier spins.
in temperature-dependent magnetization as a function of the We use complementary theoretical approaches
system parameters. The carrier densitys hard to measure [degenerate- and nondegenerate-carrier Weiss static mean-
even in metallic ferromagnetic materials because of the probfeld theory, dynamical mean-field theory, and percolation
lems associated with anomalous Hall effeantd the situation  theory] in this paper; two of which apply to the limiting
is obviously worse in strongly insulting system$he local-  cases of extended metallic systédegenerate-carrier mean-
moment density; is unknown because only a fraction of the field theory and DMFT and the other two to the strongly
incorporated Mn atoms are magnetically active due to theocalized insulating systen{nondegenerate-carrier mean-
invariable presence of Mn interstitials and other possible defield theory and percolation thegryin principle, DMFT can
fects in the system. What is known about;GgMn,As is interpolate smoothly between the systems with extended and
that it is a heavily compensated system in the sense that thecalized carriers, but we have neglected localization effects
density of holes, is much less than the density of Mn, typi-in our DMFT calculations carried out so far. Our results for
cally n./nj~0.1. Much of this compensation most likely temperature- and magnetic-field-dependent magnetization
arises from various defects invariably present in low-M(T,B) exhibit qualitative behavior very similar to that seen
temperature molecular beam epitaxy grown,; GMn,As. in experiments which, given the minimal nature of our the-
The two most “harmful” defects in this respect are Mn in- oretical model, is all we can expect of the theory. In our
terstitials and As antisites. Both of these defects act as effeadew, at this early stage of the development of DMS materi-
tive double donors, producing two electrons each. Thus thals and their physical understanditgnd given the meta-
holes produced by the magnetically and electrically activestable and fragile complex nature of the DMS systems
“desirable” Mn?" ions (sitting at substitutional cation sites where all the materials detailg.g., defects and disorder of
with each substitutional Mn ion producing one hole, could bemany possible typegjualitatively affecting the system mag-
heavily compensated by the defects leading to the existingetization may not even be known at the present time, it is
situation in Ga_,Mn,As, wheren./n;<1. premature to deman@r impose, for example, by tuning the
All aspects of Kondo physics are completely negligible parameters of the theoretical modglantitative agreement
for the current problem. Kondo physics is relevant only inbetween theory and experiment. In this respect, we strongly
the complementary regime of high carrier density./fy,  disagree with the statements asserting that DMS ferromag-
>1), where a paramagnetic carrier ground state entails agetism is a well-understood problem based on a model of
the impurity spin is quenched by the free carriers. For itin-free valence-band holes interacting with Mn local moments.
erant delocalized carrier@.e., metallic DMS, the indirect The excellent qualitative agreement between our calculated
exchange coupling between the local momeiiduced by  magnetization results in different theoretical approaches and
carrier spin polarizationis precisely the Rudermann-Kittel- the experimental magnetization data in the existing literature
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provides useful insight into the possible magnetic mechadepends on whether the hole gas is degenerate or not. The
nisms underlying metallic and insulating DMS systems.  two complementary cases of nondegenerate and degenerate
holes will be considered below in Secs. IIB1 and II B 2,
B. The Static Mean-Field Theory respectively. We mention that the nondegenefdigener-
ate) situation applies primarily to the insulatingnetallio

The basic idea underlying the static mean-field theory, a MS systems

applied to ferromagnetism in DMS, is to represent action o
all impurity/hole spins upon a given impurity/hole spin as an
effective “mean field,” whose value is determined by the o
average values of the spins acting upon this given spin. The The case of nondegenerate holes, when the hole spin dis-
resulting equations for the spins of impurities and holes ard’ibution is not affected by the Pauli exclusion principle, cor-
to be solved self-consistently, finally, yielding the equilib- FéSPonds to two physical situations. The first one occurs
rium magnetization at a given temperature. when the holes are localized with strong on-site repulsion, so

The difference between the mean-field theory, considerefere is only one hole at each localization center. This sce-
in this section, and the canonical Weiss mean-field modehario is relevant to DMS with localized carriers, which will
arises from the existence of two interacting species of spingiso be considered in Sec. Il D using the percolation theory.
those of holes and of impurities in a DMS system. As alhe second situation takes place in a gas of delocalized holes
result, we have two effective fields—one determined by thevhen the temperature is higher than the Fermi energy.
average value of a hole spin and the other determined by the When the Pauli exclusion principle plays no role in the
average value of an impurity spin. In the framework of SPIN distribution of electrons, the latter is determined by
Hamiltonian (2), the effective field acting upon holes has BOltzmann statistics, and the average hole spin, as deter-
contributions coming from magnetic impurities and from themined by the effective mean-fieBy , is given by
external magnetic fiel, ©

gc/-LBBeff)

kgT

1. Nondegenerate holes

(s,)=5sBs (8)

1
B{i=———(Jajn(s,)) +B, 3
Yetts similarly to Eq.(6), with g, being the holey factor.
where the direction of the axis is chosen to coincide with ~ Combining Eqs(3), (5), (6), and(8), we obtain the fol-
the direction of applied magnetic fieB, or, in the case of lowing self-consistent equation fg6,):
B=0, with the direction of spontaneous magnetization of (S)

impurities. The effective field acting upon impurities is a A/ _3E\F_C, / sS
sum of contributions from holes and the external magnetic S S T Vi V(s+1)(S+1)
field. Relative simplicity of the static mean-field theory al-
lows us to account also for possible direct antiferromagnetic B _3E\/E sS @
interaction between magnetic impurities by adding the fol- s T Vn, V(s+1)(S+1) S
lowing term to the Hamiltonian:
gc,U«BB) 6STy @_ giMBB} )
HAFZZ Jﬁ(p(sj.s()’ @ kgT (S+1)T S kgT
ik where
which yields one more contribution to the effective field act- — 1383 NS5+ 1)s(s+ 1)
ing upon magnetic impurities, KgTco=35JapVNeNiVS(St1)s(s+1), (10
1 kgT;=£S(S+1)zAFIAF, (11
() —_— (,AF9AF 3
Ber giMB(Z IS FI36n(s;)) + B, ® andJ is assumed to be negativantiferromagnetic interac-

AF - ) o .. tion between impurities and holesSimilarly to the text-
wherez™ is the effective number of surrounding impurities ook mean-field theory, Eq9) has a nontrivial solution in

a given impurity interacts with. _ _ . the absence of the external magnetic field only if temperature
(i)The response of the impurity spin to this effective field 1 js pelow a certain value, which is the ferromagnetic tran-
Beir Is given by sition temperaturd .. Using the expansion for the Brillouin
02580 function
<SZ>:SBS( 'kBTEﬁ)’ (6) s+1
° By(X)|x<1~ 55X+ 0(x%), (12

where
we arrive at the following expression:
_2s+1 2s+1 1

1
By(X) = —g—coth——x— 5cothy_x (7) TW= T2+ T5-T,. (13

is the Brillouin function. The magnetic response of hole In the absence of antiferromagnetic interaction between

spins to effective fieché%’ produced by impurities strongly the impurities, T;=0 so the ferromagnetic transition tem-
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FIG. 1. (a) Dopant magnetizatioiM/M=(S,)/S and (b) hole
magnetizationm/mg=(s,)/s with S=5/2 and s=1/2 from the FIG. 2. Dopant magnetization with both** and J from the
nondegenerate-hole model for various values of density ratimondegenerate-hole model wil+5/2 ands=1/2 for various val-
(ne/n;=1.0,0.5,0.2,0.1,0.05). ues of coupling constant ratieA"JA7/J=0.0,0.5,1.0,2.5, and 5.0

x 1073, from the top (a) for density ratiosn./n;=0.5 and(b)

perature equal¥ . Equation(9) in the absence of the ex- Nc/M=0.1.
ternal magnetic field and @\*=0 reduces to

n
3Tco\/n70\/T T~T9 \fn—::<T£%)-
T Vi V(s+1)(S+1) Finite antiferromagnetic coupling®™ suppressed ., as

T o sS (S) one can easily see from E@L3). In Fig. 2, we show the
3—°O\ﬁw /—_” (14)  dopant magnetization, as given by ttreimerical solution
T Ving V(st1)(S+1) S of Eq. (9) for B=0, for various values off; /T, for two

L . typical values ofn./n;=0.5 and 0.1.
the average hole spin is still given by E¢8) and (3) with In discussing the results shown in Fig. 2, we first note that

B=0. The solution of Eq(14) can be found numerically. the actual direct Mn-Mn antiferromagnetic couplid§® is

The resulting magnetization curves for impurities and holesex ected to be very small in GaMn,As for low values of
for several values oh./n; are shown in Fig. 1. Note that P y ANy

specific values ofl, n., and n, are not of any relevance X, i._e., for relativgly Iargg Mn-Mn separation, §ince 'Fhe.direct
here—only the rati(ln }n i thecimportant tuning parameter anufgrromagnetm coupling falls off exponentially with inter-

) . e, : atomic distance. For larger values xfhowever, effects of

n det_ermlnlng magnetization as a func_t|on B‘TC' TTe antiferromagnetic Mn-Mn coupling may very well be impor-

mg;l?ggrmt" S(?ohr?gé\j:ax;e r?ét::zlgt.ic}nIsbzhﬁaCilgP|¥ornﬁ)c; tant in determining the DMS magnetic behavior. In general,
values 0.2) ofn./n;. The regson for such behavior is that finite ‘]/-AF suppresses boff, andM(T) as one would expect.

. : c . -, .~ " In particular, the zero-temperature magnetizatiGr — 0)

if we have one hole per many impurities, the effective field

B© acti holes i h st than it ; S#t could be strongly suppressed far below the saturation mag-
eff AClNG ON NOIES 1S Much stronger than Its coun erB_ .__netization by the finite antiferromagnetic coupling, particu-
acting on impurities. As a result, the hole magnetlzatlon|ar|y for lower hole densities

grows as
1T® . [S+1 s

(s,) V-1 Sy _ 1T N [SH1 s

L\ S [r—o=mim 1,5 T, YV V' S s+1

S T

(&) _

SBS

X By

. (15

for T=<T¢ and reaches unity at some temperature of the Ap interesting feature of Fig. 2 is that at low carrier den-
Iesg than unlty. A; the temperature is getting lower, the iMstrongly suppressed value of saturation magnetizatioe
purity magnetization grows as convexM(T) shapele.g., thez*7|JAF|/J=5.0x 10 2 curve
for n./n;=0.1 in Fig. Zb)]. For higher hole densities, how-
s slUT n; V (s+1)(S+1) The magnetic susceptibility of the system is essentially
that of impurities(sincen./n;<1 andS>s), and above the

ever,M(T) becomes more concave faf"+0.
and approaches unity only at critical temperature is given by
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1.0 T 04T T2095,10,105T, If the effective field B(e%) acting on carriers is weak, we
S can expand the density of states up to the first order in the

08 effective field to obtain

= S 1

=0.6 (s =—gc,uBsB(e$f)f def(e)D'(e). (18

2 S N

b

= 0.4

For very low temperature&g T<Eg (in general, this condi-
tion is satisfied in metallic Ga,Mn,As systems, where
typically kg T./Er<<0.1 noting that boti . andEr decrease
with lowering the hole densitp.), we get

0.0 1 1 I 1 § =
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 (s,)

1
/T, = —gupsBYD’ (Ep). (19)
S N¢

FIG. 3. External magnetic field and temperature dependence
dopant magnetization for the nondegenerate-hole model for vario
values of density ratior(./n;=1.0,0.5,0.2,0.1,0.05, from the top () —(d)
Solid (dashedl lines indicate the results for a fixed external mag- Te'=Te — 2Ty, (20)
netic fieldB=2.6T (0T). The parameters of Fig. 1 are used. In the
inset, the magnetization curves as a function of magnetic field ard/here
given for fixed temperaturesT&0.95, 1.0, and 1.0k, from the
top). Solid (dashed lines represent the results far./n;=1.0

:j;inearizing Eq.(6) and using Eqgs(3) and(5), we arrive at

S(S+1
(ne/m=0.1). T£%>=(T)s2<3a8>2D(EF>ni (21)
(T2 , andT, is given by Eq.(11).
Xot 5 399cHuB In the absence of antiferromagnetic interaction between
X(T)En_f?(giMB<5z>) _ TJay (16) magnetic impurities JAF=0, the ferromagnetic transition
: JB T T\’ temperature equal§.,. As one can see from E@21), T
1- T 1+ T oc\lzni’3 in the Weiss mean-field theory for degenerate holes

[sinceD(EF)ocni’3 for a three-dimensional degenerate elec-

yvhere T =T,+ /_Z_TTlJFTco, alf'd.)'(o: ni(giMB_)ZS(S_Jf 1)/3T 'gon g|?§B |1n cohntra_?t to;h%znondegenerate case considered in
is the paramagnetic susceptibility of bare impurities. ec. » Wherel godng . _
Finally, we show in Fig. 3 the effect of an external mag- When the hole density is very small,'the hole F.erml en-
netic field, by showing\ (T,B) for fixed parameter values ergyEF(rCr;ay be comparable to the effective magnetic energy
J,S,s, and for various values of density ratip/n;. In the  JecueSBei. In this case, we can not expand Hd7) with
main figure we shovM (T,B) as a function of temperature respect to the effective fielgﬁf), and the hole magnetization
for a magnetic field valueB=2.6T (solid lineg, and in the =~ must be obtained by directly integrating Hd.7).
inset we showM (T,B) as a function of the external mag- Before presenting our numerical results for the calculated

netic field for different temperatures. In inset we showteémperature-dependent DMS magnetization for the

M(B,Tc)oc|31/3, as expected in the mean-field theory. degenerate-carrier mean-field theory, we mention that Eq.
(20) for the ferromagnetic transition temperature in the Zener
2. Degenerate hole gas model was first derived in Ref. 35 more than 40 years ago

_ _ and has recently been rediscovefed in the context of
For metallic DMS systems, where ferromagneficis  pps ferromagnetism.

optimum (at least for Ga_Mn,As), the carrier system is In Fig. 4, we show our calculated impurity and carrier
typically delocalized, with the Fermi energy substantially ex-magnetization for the degenerate-carrier Weiss mean-field
ceeding the ferromagnetic transition temperature. In suckeqry using the same parametésgical for Ga_ Mn,As)

systems, the formalism of Sec. I1B 1, developed for theys for the corresponding nondegenerate case shown in Fig. 1.
nondegenerate-hole system is not applicable anymore, ang general, except for the lowest hole density with/n,

we have to use the generic expression =0.05, the impurity magnetization is convex, but looks quite
different from the classic textbook Weiss form except per-

(s,) 11 © haps at very high carrier densities wheyin,~1. Particu-
s n Ef def(e)[D(e+gerpSBer) larly, for the realistic value ofi./n;=0.1 (which is thought
to apply to many Ga ,Mn,As samples M(T) in Fig. 4 has

—D(e—geusSBY)] (17)  the non-mean-field-like straight line shape at lower tempera-

tures. For higher values of hole density,/n;=0.2 and 0.5,
for the hole polarization, wherB(¢) is the hole density of the magnetization is much closer to the classical Brillouin
states. shape whereas for lower carrier densitiés.g., n./n;
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1.0 (a)] 1.0 @7
0.8 =05 ) 0.8 1
< 0.6 n/ni=0.05 b E 0.6 b
< S
E 0.4 b S 0.4 ]
Z 0.2 ] 0.2 ]
0.0 0.0 |
1.0 (b) 1.0 (b)
~— ne/ni=0.03
(IZI) 0.8 b . 0.8 b
\'—/ n/ni=0.5 =
g 0.6¢r 1 > 0.6 1
~ - e
= 0.4f n/m=0.5, 0.2, 0.1, 0.05 1 3 0.4 1
£ 0.2 1 0.2 1
0.0 . . . . 0.0 . . . .
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 08 1.0

/T /T

FIG. 4. (8 Dopant magnetizations from the degenerate-hole FIG. 5. Dopant magnetization with botB*"#0 from the
model for various values of the density ratio.(n;=0.5, 0.2, 0.1, degenerate-hole model for various values of the coupling constant
and 0.05, from the top Here we use the fixed parameter values: ratio (a) z*"J*7/J=0.0, 0.5, 1.0, 1.5, and 25102 (from the top
S=5/2,s=1/2, n;=10" cm 3, m=0.5m,, x=0.05, and coupling and for density ratim./n;=0.5; (b) z*FJAF/J=0.0, 0.5, 1.0, 1.5,
constant)=3.0 eV. (b) Hole magnetization with the same param- and 1.75 10 3 (from the top andn./n;=0.1. The parameter val-
eters as ina). Notem(T=0) is the magnetization &t=0, which ues of Fig. 4 are used.
may not be equal tong=g.ugsSn;.

the metallic and the insulating DMS materials is basically the
=0.05), even this metallic DMS system starts exhibiting thesame, namely, suppression of the transition temperature and
concave magnetization curve typical of the insulating DMSthe magnetization.
systems discussed Sec. 1| B 1. Similar to the results shown for the insulating systems, we

The origin of the concave shape of the magnetizatiorpresent in Fig. 5 calculated impurity magnetization for two
curve is exactly the same as for the nondegenerate case diglues of the ratio./n;=0.5[Fig. 5a] and 0.1[Fig. 5b)].
cussed in Sec. Il B 1, namely, the magnetization of holes In Fig. 6, the calculated external magnetic field and tem-
saturates al<T., much earlier than magnetization of im- perature dependence of the dopant magnetization is shown
purities, which upon saturation of the hole magnetizatiorfor fixed parameter value$,S,s, and for various values of
grows as given by Eq(14), which represents a concave density ration./n;. In the main figure, we shoM (T,B) as
curve providedn./n;<1. Thus, the concave magnetization

behavior may be generic to the low carrier density limit of ' o

the DMS ferromagnets, independent of whether they are me- 1.0 osf”
tallic or insulating although the highly concave magnetiza- 02 g
tion curves of Fig. (a) are clearly much more typical of the 0.8

insulating DMS systems than the metallic ones. The carrier -
magnetization results presented in Figb)dare very similar 2
to textbook convex Weiss magnetization behavior. We note =
that the degenerate-carrier mean-field theory results shown in s
Fig. 4(a) are qualitatively very similar to the experimentally

/ 1=0.95,1.0,1.05T¢

o 1 2 3 7§
8(T)

measured temperature-dependent magnetization data in me- 0.2F

tallic Ga; _,Mn,As systems. In particular, recent annealing

experiments, where annealing leads to better metallicity 0.0 N '
(e.g., higher conductivityby virtue of increasing the hole 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
density, show qualitative trends strikingly similar to the re- /T

sults of F'g', 4). . . . , FIG. 6. External magnetic field and temperature dependence of

Next we include the direct .antlferromagnetlc. Coupl(ﬁg dopant magnetization from the degenerate-hole model for various
between the local moments in our consideration. With  alues of the density ratin¢/n;=0.5, 0.2, 0.1, and 0.05, from the
#0, the critical temperature is given by EQO). The cal- (o) Solid (dashed lines indicate the results for a fixed external
culated impurity magnetization in the presence of the antifermagnetic field8=2.6T (0T). The parameters in Fig. 4 are used. In
romagnetic coupling is shown in Fig. 5. Comparing with thethe inset the magnetization curves as a function of magnetic field
nondegenerate-hole model, we find that the degenerate-hoige given for fixed temperature3 €0.95, 1.0, and 1.06%, from
case is more quantitatively sensitive to the antiferromagnetithe top. Solid (dashedl lines represent the results fog/n;=0.5
coupling although the qualitative effect of a finité" in both  (n./n;=0.05).
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a function of temperature for a magnetic-field vall®, field theory, where the appropriate density of stdteslud-
=2.6T (solid lineg, and in the inset, we shoM (T,B) asa ing impurity band formationalong with temporal fluctua-
function of the external field for fixed temperatures. Our cal-tions are incorporated within an effective local-field theory.
culatedM (T,B) behavior is roughly qualitatively similar to We model the Ga ,Mn,As system as a lattice of sites,
experimental observations in GgMn,As systems in the which are randomly nonmagnetiwith probability 1—x) or
metallic regime. magnetic(with probability x), where x now indicates the
The magnetic susceptibility of the system is essentiallyrelative concentratiori.e., per Ga siteof active Mn local
that of impurities, similarly to Sec. IIB 1, Eql6), and moments in Ga ,Mn,As. The DMFT approximation

above the critical temperature is given by amounts to assuming that the self-energy is local or momen-
tum independents (p,iw,) —2(iw,), and then all of the
T ) relevant physics may be determined from the local
Xot —Tjaggigcﬂs (momentum-integratedSreen function defined by
x(T)= d ; (22)
T Guotion) =23 | il :
T oI TE0 | 2m)3 lwnt ptho—e(p)—2 (iwy)’

where xo=n;(giug)?S(S+1)/3T is the paramagnetic sus- (23

Ceﬁ_t;]tgl'%e?ésbiglé'?&:?t:ﬁ;n_ﬁel d theory resifts local- where we have normalized the momentum integral to the
Y volume of the unit cella3, and . is the chemical potential

ized carriers in Sec. Il B 1 and for delocalized carriers in Sec, L o )
[ B 2), presented above for DMS magnetization, qualita-f’imjh.the external magnetic fiel@o. is, in general, a matrix .
tively agree very well with the existing experimental data. In'N SPIN gnd band |nd!ces and depends. on w'hethe.r one 1s
particular, the basic trend of our results shown in Figs. 1_6cons_|der|ng a magf‘e““'?‘ﬁ. or nonmagneuc ) site. Since
that the spontaneous magnetization is strongly suppressé%iOC IS a local functlor), Itis thg solut|o.n Of a local problem
(perhaps even into a very unusual outwardly concave 3hap§pec_:|f|ed by a mean-field functiagy, Wh'.Ch IS rglated to the

at low carrier densities and for more insulating systems&oart'tlon functionZo;= f dSexp(=Soc) with action

whereas at higher carrier densities and for more metallic sys-

tems, the _magnetization has the usyal convex textbook sloczz ggaﬂ(T_ T,)CL(T)CB(T,)

shape, is in excellent agreement with experiment. Our ap

degenerate-carrier mean-field resiykse Fig. 8a)] also re-

produce the almost linear magnetization curves seen in +JE (S aaB)CZ(T)Cﬁ(T,)v (24)

Ga, _,Mn,As for intermediate carrier densities. But obvi- ap

ously, one needs to go beyond the Weiss mean-field theo
for a deeperand more quantitatiyeunderstanding of DMS
magnetization, if for no other reason than to validaieto
ascertain the regime of validity pthe simple static mean- Soe= 2 U0a5(T— T )CL(T)CH(T'), (25)
field theory. At low carrier density, the mean-field theory ap

should work better since on the average there are many Mg, the (nonmagnetic b site. Herec! () (¢l (7)) is the de-

local moments between any FWO holes, but typically the,struction(creation operator of a fermion in the spin state
number of Mn atoms per hole is around 3—4 so the quanti

tative appl_|cab|I|ty_ of MFT is qgesnonable. N(_)te that the field (bare Green function for the local effective acti§p,)
hole-hole interaction neglected in our calculations may b nd is a function of time. Its physical content is that of an

included in a crude approximate fashion by incorporating 3nean amplitude for a fermion to be created at timand

Stoner enhancement of the carrier susceptibility, though irﬂ)eing destroyed at time'. The local Green function is cal-
general the strength of this enhancement is unknown. culated exactly as '

In the next two sections, we go beyond the Weiss static
mean-field theory and develop two more sophisticated ap- ; —/in-l -1
proximation schcraymes to theor(ftically study Dl\as magnetizal?— Grocli@n) =((Go "+ IS 0ap) ), (26)
tion. These are DMFTSec. I1 Q and the percolation theory where the thermal averade- - ) is taken with respect to the
(Sec. II D). orientation of the local spif. Thea-site mean-field function

g5 can be written agg, ;= as+aim- o,, with m the mag-
C. The Dynamical Mean-Field Theory netization direction andy; vanishing in the paramagnetic

In this section, we use a recently developed nonperturbastate T>Tc). Since the spin axis is chosen parallehto g
tive method, the “dynamical mean-field theoryDMFT),3®  becomes a diagonal matrix with components paraitg}, (
to calculate magnetization for the minimal moflet. (2)] of ~ =ap+a;) and antiparallel §§, =a,—a;) to m. It is speci-
dilute magnetic semiconductors. The DMFT has been refied by the condition that the local Green function computed
cently applied to the DMS system to calculate the magnetiérom Z,., namely,§InZ,./8g5=(g5—=) ! is identical to
transition temperature and the optical conducti?#tfdMFT  the local Green function computed by performing the mo-
is essentially a lattice quantum version of the Weiss meanmentum integral using the same self-energy.

"¥n thea (magneti¢ site and

and at timer. go(7— 7') plays the role of the Weiss mean
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The form of the dispersion given in full Hamiltonian, 0.25[d=0
Eq. (2), applies only near the band edges. It is necessary S T
for the method to impose a momentum cutoff, arising 0.207[ 010 J
physically from the carrier bandwidth. We impose the cutoff 0.0
by assuming a semicircular density of states 0.15} oot L
D(e)=agfd3p/[(277)3]5(8—8pa)=\/4t2—62/277t, with § 30
t=(27)?’Imad. The parametet is chosen to correctly re- ot0f LI TET
produce the band edge density of states. Other choices of =2
upper cutoff would lead to numerically similar results. This 0.05F
choice of cutoff corresponds to a Bethe lattice in infinite m
dimensions. Othetperhaps more realisficchoices for the 0.00 . !
density of states would give magnetization results qualita- -3.0 2.5
tively similar to our results since the band edge density of w/t

states has the correct physical behavior in our model. For this

. . . FIG. 7. Th Iculated density of states for dynamical mean-
N(e), the self-consistent equation fgg obeys the equation e calcuiated densily of sta y

field calculations applied to the semicircular model. Shown is the
a _ b _ 2/ @ -1 evolution of majority spin DOS for various carrier-spin couplihg

9o(@) = Go(@) = &+ p=Xt{(Go(w) + IS 7p) ) in the disordered spiif>T, state. Inset shows the DOS for the

—(1—X)t2<g8(w)71>, (27) ordered ferromagnetic state &t=0. For the large coupling con-
stant)>J., we find a well separated impurity band below the main
where the angular brackets denote averages performed in thand.
ensemble, defined by the appropridig. .
Within this approximation, the normalized magnetization

M(T) of the local moments is given by sities,n./n;. For the small coupling constadt=t, the im-

purity band is not formed, but fod=1.5,2.Q, we have a

~exp(— S spin-polarized impurity band. For relatively high density
M(T):f (d9)-S—— (28 (n./n;=0.4, orn=0.02), the calculated magnetization looks

similar to the Weiss mean-field results. But for low density

As the temperature is increased, the spins disorder and evefh./n,;=0.04), we have a lineaM(T) in the intermediate
tually the magnetic transition temperature is reached. AbOV@emperature range. Near the critical temperatlie the
this temperatureg, is spin independent. By linearizing the critical behavior of the magnetization for all density is given
equation in the magnetic part gb with respect toa;, we  py M(T)«=(T.—T)¥2 For different exchange couplings, we
may obtain the ferromagnetic transition temperaftye The  have similar result§i.e., linear behavior at low densities and
details on the calculation of . are given in Ref. 22. The intermediate temperature ranges
critical temperaturel . and magnetization of the local mo-  |n discussing our DMFT magnetization calculations, we
ment depend crucially od/'t, x, and carrier densitp.. Note  note that the DMFT results shown in Fig. 8 are qualitatively
that in the DMFT calculation, it is more convenient to ex- roughly similar to the delocalized statidegeneratemean-
press our results in terms of the relative concentration of field-theory results we obtained in Sec. Il B 2. For example,
active local moments rather tham, the absolute impurity the results of Fig. 8 approximately resemble those shown in
density. Fig. 4(a), except that the DMFT results of Fig. 8 are in much

Before we show our calculated magnetization, we debetter agreement with the magnetization measurements in
scribe the density of stateDOS) of dynamical mean-field metallic Gg_,Mn,As systems in the sense that the linear
calculations applying to simple semicircle models. In Fig. 7,pehavior ofM (T) for lower T (with almost a kink just below
we show the DMFT density of states for majority spin nearT_ as can be seen in Fig) & much more pronounce@s in
the band edge corresponding to the disordered spin $tate the experimental datathan our delocalized mean-field-
>T,, and the inset shows tfie=0 ferromagnetic state. The theory results shown in Fig.(d. This is both gratifying and
evolution of the energy«) dependent DOS is shown as the expected because DMFT is a substantial improvement on the
carrier-spin coupling) is increased from zero; note that the Weiss mean-field theofMFT) as it incorporates the physics
method works equally well in the order@c-=0 state and the  of spin-split impurity bands through the appropriate quantum
disordered spiT>T, case, and predicts the formation of a self-energy corrections not included in the simple MFT of
spin-polarized impurity band fod>t. For smallJ, we see Sec. Il B. In fact, for very low carrier densities, we obtain
the expected band shift proportional xd. For J>J., an  outwardly concaveM (T) in our DMFT calculationgas we
impurity band centered at —J and containingx states, is expect to do in the strongly nondegenerate limiiut the
seen to split off from the main band, where the critical cou-computational convergence in our DMFT numerical calcula-
pling J.~t. In the DMFT calculations, we parametrized the tions is rather poor in this regime of unrealistically low
exchange coupling in terms of the bandwidth parameter (n./n;=<0.01) carrier densities, and, therefore, we refrain
subsuming the unit cell volumag implicitly. from showing these results. One can, however, detect very

In Fig. 8, we show the normalized magnetization of theslight concavity in the lowest carrier density (/n;=0.04)
local moments as a function of temperature for different val-M (T) results shown in Fig. 8. We point out that the critical
ues 0fJ=1.0,1.5,2.0 andx=0.05, and for various hole den- magnetic properties in DMFT are the same as in the static
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FIG. 8. The normalized DMFT impurity magnetization as a function of temperaturéfdr=1.%, (b) J=1.0t, and(c) J=2.Q; for
x=0.05 and fom./n;=0.4, 0.2, 0.1, and 0.0&rom the top. The dashed line ifi@) represents the magnetization calculated for the simple
Weiss mean-field theory for the local-moment sBin 5/2.

MFT, and therefore, all the DMFT critical exponents are  The percolation theory assumes the same carrier-mediated
equal to those in the Weiss MFT. ferromagnetism model of Sec. Il B, but now the carriers are
In particular, it should be possible to obtain thM(T) pinned down with the localization radig . The localized
behavior for the localized carrier cagef. Sec. 1B ) also  carriers are therefore taken to be in the impurity band and
from DMFT by incorporating impurity band localization in disorder, completely neglected in the mean-field theory of
the DMFT formalism. Our current theory does not includeSecs. Il B and Il C, now plays a key role in the carrier local-
localization, and the impurity ban@r valence-bandcarriers  ization. The mean-field theory and the perturbation theory
in our DMFT calculations are all delocalized metallic carri- are therefore, complementary in the sense that @he
ers. First-principles band theory calculations indicate that thenean-field theory completely neglects disorder, and the
actual exchange coupling in GaMn,As may be close to other(the percolation theopyincludes disorder at a very fun-
critical J., and as such impurity band physics may be quitedamental level, i.e., by starting from the picture of localized
important for understanding DMS magnetization. To incor-carriers in a strongly disordered system. The magnetic impu-
porate physics of localization, one needs to include disordetities in this case are assumed to be completely randomly
effects (invariably present in real DMS systejnin the  distributed in the host semiconductor lattice in contrast to the
model. All our MFT calculationgboth DMFT in Sec. IC  mean-field case, where the carrier states are free and the
and the static MFT of Sec. Il Bare done in the virtual crys- disorder is neglected.
tal approximation, where effective field is averaged appropri- As we have demonstrated in Ref. 9, the problem of ferro-
ately leaving out random disorder effects explicitly. In the magnetic transition in a system of bound magnetic polarons
following section, we explicitly incorporate disorder in the can be rigorously reduced to the problem of overlapping
theory by developing a percolation theory approach to DMSspheres studied in the percolation theGrifhe latter prob-
magnetization for the strongly localized insulating systems.lem studies spheres of the same radiwandomly placed in
The calculated magnetization as a function of temperature
is shown in Fig. 9 for various external magnetic-field values.
The inset shows the magnetization as a function of external
field at T=T,. Our calculatedM (T,B) behavior is roughly
qualitatively similar to the mean-field results in Sec. Il B 2.
At the critical temperaturé,;, M(T.,B) shows a mean-field
behavior,M (T ,B)«BY3. The DMFT results shown in Fig.
9 are qualitatively similar to DMS experimental results.

D. Magnetization in the percolation formalism

Our recently developed percolation thebapplies strictly
in the regime of strongly localized holes, where the dynami-
cal mean-field theory for delocalized carriers described in
Sec. Il C has little validity. These two theories, mean-field
theory and percolation theory, are, therefore, complementary.
Interestingly, however, the perturbation theory and the dy-
namical mean-field theory are not mutually exclusive in spite  F|G. 9. The external magnetic-field effects on the magnetization
of their regimes of validity being different, and in particular, as a function of temperature for fixed parameter valired .5, x
a significant aspect of our percolation approach is its ability=0.05, anch./n,=0.2. The curves correspond Bo=0.002, 0.001,
to reproduce qualitatively the mean-field-theory results of the.0005, 0.0001, and 0.0from the top. Inset shows the magnetiza-
preceding section both fof, andM(T). tion as a function of external field &=T,.

0.0 0.5 1.0 15
T/T

c
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T, (dimensionless units)

/T,

FIG. 11. Fractions of volume taken by the infinite clustsolid

aB”i:/ 3 line) and finite cluster¢dashed lingand the fraction of volume that

do not belong to any cluster or sphetdotted ling for agnC
FIG. 10. Curie temperatur€, as a function of the dimension- =102 (Monte-Carlo simulatioh
less parametea3n.. At a3n.<1, T, is given by Eq.(30). At
a3n.=1, Eq.(30) (being beyond limits of its applicabililypredicts cluster, which is proportional to the cluster volume. The
decline of T, (dotted ling; in reality, T. grows monotonically with magnetic properties of the system can be expressed in terms

a3n, (solid line), though its exact behavior is unknown. of the following quantities, which can be easily foun@:

. . . . concentrationP(vn;r3n)dv of clusters with volume be-
space(three-dimensional in our caswith some concentra- tweenv and v+duv, (i) the fraction of volumeP..(r3n)

tion n. Overlapping spheres form “clusters”; as the Spheretaken by the infinite cluster, anii) the fractionPy(r3n)

radiusr becomes larger, more and more spheres join .".“q at does not belong to any sphere or cluster of spheres.
clusters, the clusters coalesce, and finally, at some critic learly, these quantities obey the relation

value of the sphere radius, an infinite cluster spanning the
whole sample appears. This problem has only one dimen-
sionless parameter’n and, therefore, can be easily studied 1/3
. . P.(rn~°)+
by means of Monte-Carlo simulations. 0
Each sphere of the overlapping spheres problem corre-

sponds to a bound magnetic polaron, which is a complex:gyre 11 shows the behavior of the three terms of the above
formed by one localized hole and many magnetic 'mpur't'esequation as a function of temperatufewith r3n related to
with their spins polarized by the exchange interaction with-l-/T by Eq.(29) andagn =10"3. Having found these quan-

C . Cc "

the hole spin. The concentratianof spheres is therefore, tities, one can easily find the magnetic properties of the
equal to the concentratiam, of localized holes. The expres- system

sion for the effective polaron radius is not trivial and has = 1,5 gpins of nonconnected clusters are not correlated and

geen foung In ﬁur_ealrherwoﬁdhe r?SEItmg formal rglauon .average out when we calculate the spontaneous magnetiza-
etween the physical parameters of the system under consifi, o the whole sample. The only nonvanishing contribu-

erag?n and ége only parameter of the overlapping sphereg,, comes from the infinite cluster. The total magnetic mo-
problem reads. ment of the sample per unit volume is, therefore,

©

Plon;rnY¥vdv+ Po(rn¥)=1.

3

T
0.86+ (agny) Yin—

36—
r-n=
T

(29

T 3
T .agNc|- (31

M =niSPoO TC

Here 0.64-0.86 is the critical value of the parameter
r®n, at which the infinite cluster appears, ahgis the Curie  Here and in the following equations, we write the character-
temperatu_re o.f the ferromagnetic system under consideigticsp,, Po, andP(vn) of the overlapping sphere problem
ation, derived in Ref. 9, as functions of the physical parametdi&T, and a3n; in-
3 stead ofr n. The relation between these parameters is given
T ~sS_<@ (adnyt \ﬁex _ 0.86 (30) by Eg.(29). The temperature dependence of the spontaneous
¢ ag BC Ne (agnc)m ' magnetization given by Eq31) is plotted in Fig. 12 for two
experimentally variable values cﬁgnc. As already men-
The limit of applicability of Eq.(30) is determined by the tioned before, such strongly concaV T) behavior is often
condition agn.<1. The dependence of the Curie tempera-observed in insulating DMS systems, see, for example, Refs.
ture on the hole concentration in a wider domain of values o# 6, and 39.
parametela3n, is shown schematically in Fig. 10. The magnetic susceptibility of a sample has contributions
Since the magnetic characteristics of the sample areoming from polaron clusters and free spins. Using the clas-
mostly due to magnetic impurities rather than holes, thesical expression for the susceptibility of a free magnetic mo-
quantity of interest is the number of magnetic impurities in amentm,
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MIM,

3. 1073
agn =10

0.0 0|.2 0|.4 0|.6 OI.8 1.0 12
/T,
FIG. 12. Spontaneous magnetization as a function of tempera-
ture. T/];:
s FIG. 14. Temperature dependence of magnetization in finite
_ Mo magnetic field withE,= g;ugSB.
Xme™ 3T
and the fact that the total spin of a cluster with volume T
equalsvn;, we arrive at M(B)=n;SP, _I_—,agnC
[
_ 1 3 wP vn al a3n.|(vn)%dv ” T 3 ginguniSB
X 3Tg 0 Ca-I—Ca B''c 1 J,_J 7) Unc;i,aBnc vn; - dU
0 Tc T
P T (32)
+ni 0 71aBnC . .
T T SB
c +n;SPy| =,adn, c(g'“B . (34)
T, T

The first term in brackets diverges a3 T;)” with y
~1.7 atT—T.. The second term in brackets does not have
any singularity af— T.. For the temperature dependence ofFigures 14 and 15 illustrate the dependence of the magneti-
the susceptibility given by Eq32), see Fig. 13. zation on the temperature and magnetic field, respectively.

Using the classical magnetization relation Since the spins of polarons and their clusters are much large

than those of three impurities, the magnetization curve of
Fig. 15 has two characteristic scales. First, polarons and their
clusters are polarizetinset of Fig. 15, then the free spins
' (33 are polarized at much larger fields.
We mention that our percolation-theory critical exponents
where L(X)=B..(x) = cotarx— 1/x is the Langevin function, are y= .1'7 .and'[.gfwvo'd' for the susceptlb!l|t3(F|g. 13 an(_j
we obtain the following expression for the magnetic momemmagnetlzanon(Flg. 12, as compared W'th.the mean-flleld
per unit volume in finite magnetic field: res_ults ofy=1 and8=0.5 and the best existing num_encal
estimates ofy~1.39 andB~0.37 for the three-dimensional

Heisenberg modéf

giusSB
—

MS(T)—S£<

1.5%10° . . .
)
1.0x10°} 08
3
& X 06
> S
R 50x10% 04
02
()0 0.0 e a1 1 L
0 0 4 8 12 16
T/T, E,IT,

FIG. 13. Temperature dependence of the magnetic susceptibility FIG. 15. Magnetic-field dependence of the sample magnetiza-
for n./n;=0.02. tion at given temperature witB,=g;ugSB.
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I1l. CONCLUSION tion (compared with the number of Mn ions in the sample as
The temperature-dependent magnetization results preq-'Ven by th(_a value ok in Gai*anXAS)’ S also apparen_t n
our theoretical results presented in this work. In particular,

sented in this work for different but interrelated theoreticalthe resence of direct antiferromaanetic counling between
models are qualitatively consistent with one another. In par; b 9 bling

. ! : - ..~ “'the Mn moments may drastically suppress the saturation
ticular, the. two theories for metallic DMS syst.ems W!th ftin- magnetization, as can be seen in the results presented in Figs.
erant carriers, namely, the degenerate-carrier Weiss stat

. , ¥ and 5 of this paper. This absence of complete magnetiza-
mean-field theorysee Sec. Il B and the dynamical mean- jo saturation in our mean-field results is akin to having

field theory (see Sec. 11 ; both give onwardly convex effective ferrimagnetism in the system. In addition, the cal-
M(T) carriers, similar(but not identical to that in the text-  cyjated magnetization is may be much lower than the satu-
book molecular mean-field result, with the convexity beingration value except at very low temperatures, see Fig. 12,
enhancedsuppressedwith increasing(decreasingdelocal-  which could also explain the lack of magnetization satura-
ized carrier density. In typical situations involving itinerant tion. It is likely that in the real DMS materials an appreciable
carriers in metallic DMS systems, we find temperature-fraction of the Mn moments are magnetically inactive be-
dependent magnetization curves that are almost linear aause they do not sit in cation substitutional sites, but rather
lower temperatures, in excellent agreement with experimenat defect sites such as interstitials and are antiferromagneti-
tal observations in metallic Ga,Mn,As systems. Such ap- cally coupled to other Mn moments. Such magnetically in-
parent “non-mean-field-like” magnetization behavior, found active Mn atoms could be one of the reasons for the low
here both in our delocalized-carrier static and dynamic mearvalues of saturation magnetization in GaMin,As. We also
field theories, arises from a combination of following rea-note that our percolation theory provides another possible
sons:(1) the double Brillouin functiori.e., B(B(x))] form explanation for the observed low values of saturation mag-
of the coupled field magnetizatigsee Eq.9)]; (2) the low  netization in low carrier density insulating DMS materials.
values ofn./n;, leading to the Mn moments feeling on the Since the infinite cluster of percolating bound magnetic po-
average a much reduced number of free carriers. As the calarons triggering the long-range ferromagnetic ordering nec-
rier density is increased, for example, by suitable annealingssarily leaves out a large number of Mn momemihich
in recent experimental studies, such linear magnetizatioare not parts of the infinite cluster except Bt-0), one
curves evolve toward the more conventional outwardly connaturally expects a very low saturation magnetization except
vex magnetization, as can be seen in our results and in receperhaps al <T..
annealing experiments~°In the case of localized carriers A recent series of potentially important annealing experi-
appropriate for insulating DMS systerfrmany of which are  ments in metallic Ga_,Mn,As samples by several different
also found to be ferromagnetic with well-defined Curie tem-groups may eventually shed considerable light on our under-
peratures, e.g., Ga,Mn,As for x<0.03, In_,Mn,As,*and  standing of the mechanisms underlying DMS ferromag-
Ge,_Mn, (Ref. 6], our two complementary theories, netism. These experiments, while differing somewhat on the
namely the nondegenerate-carrier static mean-field theorgetails, all find that suitable low temperature optimal anneal-
(Sec. 11B) and the percolation theorySec. 11 D, give ing may enhance the magnetic properties of G&In,As by
gualitatively similar magnetization behavior. In particular, atincreasingT, and more importantly for our purpose, by en-
low carrier densities th&1(T) curves in strongly insulating hancingM(T) to more convex almost standard mean-field-
DMS systems exhibit strikingly non-mean-field-like out- like behavior. This enhancement of magnetization seems to
wardly concave magnetization behavior, as often observed ioorrelate well with improvement in the metallicity of the
the insulating DMS systems. Again, this unusual concavennealed samplée.g., higher conductivifyand with an in-
magnetization behavior arises from a combination of thecrease in the hole density. Annealing may also be enhancing
strongly localized nature of the carrier system and the lowthe magnetic properties by annealing away some of the Mn
values of the carrier density.e., n./n;<1) in DMS materi- interstitials. Our theoretical results are in excellent agreement
als. We emphasize, however, a very important feature of thewith these annealing experiments, since increasipn;
oretical results presented in this work: the convex magnetidoes lead to enhancddnd more convexmagnetization in
zation behavior in the strongly metallic case and the concaveur theory. In this context, it will be very helpful to have
behavior in the insulating case amet a sharp dichotomy in  more detailed information on thd (T) behavior in strongly
DMS properties—these are really the two extremes of a conlocalized insulating samples both for GaMn,As with x
tinuum of possible magnetization behavior in DMS materi-<<0.03 and for other insulating DMS materiale.qg.,
als, as can be inferred from the results of Sec. Il B. TheGe, _,Mn,).
typical DMS magnetization behavior should lie somewhere Our final comment addresses the role of dison@sisen-
in between these two extremes of highly concélesv car-  tially neglected in our work, except for the percolation
rier density and strongly localized insulating DM@&nd  theory part, as we treat it in the virtual crystal approximation,
highly convex(high carrier density and strongly delocalized i.e., we assume that holes and local moments only feel the
metallic DMS magnetization, leading to the generic experi- average effective field which is invariably strongand not
mental observation of almost linekt(T) behavior in ferro-  yet well understoodin DMS materials. In particular, even
magnetic Ga_,Mn,As. the metallic DMS systems are in effect very poor metals with
Another often-mentioned peculiar aspect of DMS magnemean-free paths which are at or below the loffe-Regel limit
tization, namely, the low value of the saturation magnetiza{with low-temperature mobilities of the order of a few
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c?/Vs only), indicating the presence of very strong <1% orx>10% in Ga_,Mn,As), where a ferromagnetic
disorder!* In the presence of such strong disorder, variousground state does not seem to stabilize in DMS materials.
spin-glass ground states may compete with ferromagnetic
ground states. We believe that it is important to look for

signatures of spin-glass physics in low-temperature DMS
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