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Mechanism of carrier-induced ferromagnetism in magnetic semiconductors
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Taking into account both random impurity distribution and thermal fluctuations of localized spins, we have
performed a model calculation for the carrigiole) state in Ga_,Mn,As by using the dynamical coherent
potential approximation. The result reveals that carriers are nearly bound to magnetic impurity sites and that
the carrier spin strongly couples to the localizkdpins on Mn ions. The hopping of carriers among Mn sites
causes the ferromagnetic ordering of the localized spins through the double-exchange mechanism. The Curie
temperature obtained by using conventional parameters agrees well with the experimental result for
Ga, _yMn,As.
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Although a considerable amount of experimental results :
has already been accumulatethe origin of the ferromag- H—mz 8mnam,u,an,u+§ Un, (1)
netism in lll-V-based diluted magnetic semiconductors e
(DMS's) has still not been clarified theoreticafly? Since the wherea;m (am,) createsannihilateg a carrier(or p-hole)
magnetic interactions between Mn impurities in 1lI-V semi- with spin x at the mth site. Here,U,, denotes either
conductors have been shown to be antiferromagnetic, the feEAEMaﬁwamM or EMEﬂaLMamM— I Ewaﬁwoﬂ,f Smam, , de-
romagnetic interactions in lll-V-based DMS'’s are most likely pending on whether the sit@ is occupied byA or M. E,
hole induced. The ferromagnetism is considered to be (E,,) denotes the spin-independent potential of a (Sia)
caused by the exchange interactions between delocalized cagn; — 1o S,, represents the exchange interaction between
riers (holes originating from the valence barahd the local-  the carrier and the localized sp, of Mn at sitem. Thus we
ized spins on the Mn ions. Matsukuea al? referred to the take into account that a Mi ion in GaAs acts as both an
Ruderman-Kittel-Kasuya-YosideRKKY) interaction as the acceptor and a magnetic impurity. We use an attractive short-
origin of the ferromagnetism. The RKKY mechanism ex-range potentiak, instead of a realistic long-ranged one as
pIaInS some characteristic magnetic and transport propertigge potentia| due to M and assume thatmn does not
of the DMS’s, while the application of the RKKY theory to depend on the species of ions at siteandn. In the follow-
this system s somewhat questionable, as pointed out by varing, we show that this simple model can account for essential
ous authors™>® The RKKY theory is applicable when the features of the carrier-induced ferromagnetism in DMS's,
exchange interaction is small compare_d to the Fermi energihough the short-range potential may not necessarily be jus-
of the carriers, but this is not the case in DMS’s because thgfied, particularly in the case of low carrier density.
hole de_n5|ty is Iow._F_urthermore, recent studies of the infra- e apply the dynamical coherent potential approximation
red optical conductivii!! revealed the absence of the low- (dynamical CPAL%2 to the above model. In the present
frequency Drude peak, which suggests that the carriers aiodel, carriers are scattered by the randomness arising from
not in a simple metallic state. In contrast to the RKKY pic- hoth substitutional disorder and the thermal fluctuations of
ture, Akai stressed the character of the holes based on his the |ocalized spins. In the dynamical CBAthe carriers are
band calculations and invoked a dOUbb@XCh?”QQiescribed as independent particles moving in an effective
mechanisnt. The band calculations by other authots: _medium of spin-dependent coherent potentjsand 3. .
however, showed that holes at the Fermi level have malnlWe determine the coherent potentia|s so thattthmatrix for
the As 4p character and originate from the host valencea carrier at an arbitrarily chosen site embedded in the effec-

band. The results of photoemission spectroscopy stfd®s  tive medium vanishes on average. This condititme dy-
suggested that the states split off the valence band may kemical CPA conditiohis given by

responsible for the ferromagnetism.

In this paper, we propose a theory of carrier—inducc_ad fer- (1—x)t?1+x(tTMT(SZ)>aV=O, (29
romagnetism, which consistently accounts for essential fea-
tures of the above experimental observations. We adopt a (1_X)t?1+x<tm(sz)>av:0- (2b)

simple one-band model for valence-band holes in DMS’s.

We assume that a mole fractiarof host cationgdenoted by ~ The t-matrix elementtfw (u=1 or|) represents the mul-
A) is replaced at random with magnetic iofdenoted by tiple scattering of gu-spin carrier by arA ion andtl'fﬂ(sz)

M). Since we focus our attention on the case ofby anM ion, whereS, stands for thez-component of the
Ga _Mn,As, A(M) is regarded to be a G&in) ion in the  localized spin. The thermal average over the fluctuating lo-

following. The present model is described'b}’ calized spin is taken as
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S hS, S hs, Gal_xl\/h‘lXAS
M _ M
(M (S))a= SZ_EStW(Sz)exr( kBT) / 2 o kBT>, 005
() (a) ISIA=-04 E /A=-03
whereh denotes the effective field felt by the localized spins. ] /-—V‘“"""'
Off diagonalt-matrix elementg?, andt!} vanish after the [ <5225 = / .
thermal average operation because the magnetization is as- a | 10 /—-—-J y»-"‘"' ]
sumed to be along theaxis. Since there is one-to-one cor- = £ J/ i
respondence betwed(s,),, and the parametex=h/kgT, o 0.8 //"" ]
we can express the carrier states in term&éSf,, instead of — s 4 A ~
\. In this work, we treat the localized spins classically, © 06 i P
though the extension to the caseSs# 5/2 is straightforward. z 04 /—J 7]
We took a semicircular density of statg309) with the half- a o oo
bandwidthA for the host valence band. Note that the present 8 02 /“\/ //
theory takes the spin flipping processes into account and J
therefore a singlé-matrix eIementl"fM(SZ) depends simulta- 00 C—
neously on boti®,; andX | .?* Thus we solved Eq&a) and EHARRAY. YN D D
(2b) and obtained(») andD (), the DOS per site, for a2 L A e e
an up- and down-spin carrier, respectively. (b) T .
We setE, as the origin of the energy, and adopted the 08 F
parametersA=2 eV,'?'3 |S/A=—-0.4 andE\,/A=-0.3 3 o6k
for Ga,_,Mn,As. These parameters lead to an impurity level EZ 04 F [ \
at the energy oE,=—1.057A in the dilute limit (x—0), o2k f \M
which is consistent with an acceptor energy of 0.113 eV Yy — i PRI e e
(=0.057).%2 With increase inx, an impurity band forms, L4 -2 -0 08 06 04
and forx=0.02 it merges into the host valence band. The ®/A

results consistently explain the experimental observation of ) _
impurity-band-like staté§ and the insulator-metal transiton ~ FIG- 1. (8) The carrier(hole) density of states for=0.05 are
at x~0.0323 We may determine the magnetization and thGerlcted for various values of magnetlzgtlon. Thelsolld .and dotted
carrier states self-consistently for a given carrier density andnes represend (w) andD(w), respectively. The impurity level
a temperature by minimizing the free energy with respect td-a~ ~ 1-057A is indicated by a dot on the line ¢5,)a,=0. The
. - arrow indicates the Fermi level for=x(=0.05), which is about
N (or (S,),). However, first we examine the effect of the 095\ and is almost indenend .

Jeraw ; . pendent (8,),. (b) The ratioR(w) of
magnetization on the carrer state; treat{@)l.?“, as a free the local DOS at Mn site to the total DOS 08,),,/S= 1.0 (thick
paramete_r and clarify the mechanism of carrier-induced ferfull line), 0.5 (thin full line), and 0.0(dotted line.
romagnetism.

The result of the carrier DOS for=0.05 is shown in Fig.
1(a) for various values ofS,),,/S. The band tail arising
from the magnetic impurity band is strongly affected by the
magnetization; the lower edge of the DOS is slightly shifted
to lower energy with an increase dfS,),, and simulta-
neously,D,(w) is strongly suppressed in the band tail. We
show the relative local DOS at Mn sites defined Rfw)
=[DY(w)+D)(w)1/[D{(w)+D ()] in Fig. 1(b), which
shows thatR(w) hardly depends oKS,),,. The result for
R(w) shows that the majority of carriers in the band tail
remain at Mn site§ R(w)~0.6] in spite of smallx; this is
consistent with the nearly bound-hole picture suggested by .
the results of experimentS:"* . . E(<Sz>av):f w[D(0)+D (w)]do. (4)

In order to examine how strongly the carrier spin couples —o
to the localized spins, we calculated the carrier spin polariza-
tion P(n)=(n,—n,)/(n,+n,) as a function of the total car- Note thatE((S,),)) is the sum of the kinetic and exchange
rier densityn. We assume that the carriers are degeneraténergies. We show in Fig(8 the energy difference between
throughout this study. We show the results Rfn) for x  the ferromagnetic and paramagnetic states as a function of
=0.01 andx=0.05 in Figs. 2a) and 2b), respectively. Inthe The free energy of the present model per site is given as
case ofx=0.01, the impurity band is separated from the host
band and carriers stay mainly at Mn sites as longh&s. FUS)a)=E({(S)a)—TS, (5
Figure 2a) shows thatP(n)~(S,),,/S for n=<x, which we
can deduce assuming that the carrier spin is always antipawhere the entropy due to the localized spins is given by

allel to the localized spin. This result suggests that a carrier
spin at a Mn site faithfully follows the fluctuations of the
localized spin at the site. Whet=0.05, the magnetic impu-
rity band merges into the host band and the Fermi lewg) (
reaches the bottom of the host bandhatn, ~0.035. Ac-
cordingly, P(n)=~(S,),,/S for n=<n,, as shown in Fig. @).
Whenn=n;,, carriers with the energy higher thanA seep
out of the Mn sites and wander among nonmagnetic sites.
Next we calculate the Curie temperature. The total energy
is given by
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FIG. 2. The carrier spin polarizatio®(n) for various values of i .
magnetization fox=0.01(a) andx=0.05(b). The arrows indicate FIG. 3. (3 [E((Spa) —E(0))/A is deplcteg forx=0.05 as a
n=x andn=n,; n, is the carrier density where the Fermi level function of n, for various values of (S, /S)". (b) The Curie

(¢¢) reaches the bottom of the host band. temperaturel ;. for x=0.05 as a function of.
S show in Fig. 4 the result fotS/A=-1.0 andE,,;/A=0
S=xkgln X, exp\S,) —XKkg\(S,) av- (6)  where the impurity band is separated from the host band. The
S,=-S

total number of states in the impurity band per site is equal to
The parametek is determined so as to minimiZ&((S,),,) X irrespective of the value ofS,),,. When(S,),,=S, all
through the condition d/d\)F({S,),)=0. If we can ex- statesin the impurity band are down-spin states, while when
pandF ((S,)a) in terms of (S,)a)? T. is determined as the (S;a=0, the impurity band is composed of the same num-
temperature where the coefficient ofS{),)? vanishes.

However, the calculations for small magnetizations that are down-spin DOS

accurate enough to estimate the coefficient (&,Y,)? are
rather difficult. SinceE((S,),,) — E(0) is approximately pro-
portional to (S,),,)? up to full polarization at a fixed, as is
shown in Fig. 3a), we fitted the data of[E({S,)a)
—E(0)]/A with ({(S,)a/S)?=0.4 and 1.0 to the expansion
E(<Sz>av) —E(0)]/A=~ a(<Sz>av/S)2+ b(<sz>avls)4 and
estimateda and b. Then we obtained; as kgT.=2a/3x.
Figure 3b) displaysT. as a function ofn for x=0.05. The
obtainedT, is in good agreement with the value of 110 K
observed in Ga_,Mn,As for x=0.053 andn=0.3x.’

In order to obtain further insight into the mechanism of  F|G. 4. The DOS of the impurity band in the case I&/A
the ferromagnetism in DMS’s, we examine a case where the- —1.0 andE,,=0. The thick, thin, and dotted lines represent the
exchange interaction is so strong that the carrier spins remaitases of(S,),,/S=1.0, 0.5 and 0.0, respectively. The dot A indi-
almost antiparallel to the fluctuating localized spins. Wecates the impurity level fok—0.

up-spin DOS
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ber of up- and down-spin states. The impurity band has &oupling. This result explains why Mn-doped IlI-V-based
larger bandwidth in the ferromagnetic state than in the parabMS’s exhibit appreciable ferromagnetism while those
magnetic state. Hence the ferromagnetic state has lower ebased on II-VI semiconductors exhibit negligible ferromag-
ergy than the paramagnetic one wheis small. The energy netism. If we assume a more attractive potential than that
gain increases initially with the increase ofand reaches a ysed in the present work, i.eE, /A= —0.6 together with
maximum atn~x/2. Then it gradually decreases and finally |s/A = — 0.4, the magnetic impurity band separates from the
vanishes ah~x. The gain of kinetic energy causes the fer- ngst pand, and’, increases to 140 K fok=0.05. In this
romagnetism under a certain temperature. This implies thalase the carrier is strongly bound to magnetic impurity sites

the F"OUF"e'eXChange, mechanférfor ferromagnetism is op- so that the double-exchange mechanism works more effi-
erative in the impurity band. The result for GgMn,As ciently.

shown in Fig. 8 has a similam dependence to the case |, s mmary, we have shown that the carriers in the band

d!scussed abc;ve. Therefo_re we expect ijat ﬂl‘i sanr]]e rr]ned}g“ of Ga, _yMn,As have such a high local carrier density at
nism causes ferromagnetism in GagMn,As, although the sites that the carrier spins couple strongly to the fluctu-

impurity bang_is not SEparatccajdlin tf(}je casexef0.05. 4 in ting localized spins. The double-exchange mechanism in the
Here we discuss the model and parameters used in the,, ity band causes the ferromagnetism. The attractive lo-

present work. We have taken the value af 2ccording 10 5 hotentials at impurity sites strongly assist the occurrence
the valence bandwidth estimated by band calculationd. ¢ ferromagnetism in I1i-V-based DMS's. Experimental ob-

We have assumed the/A = —0.4, which is a conventional - g1y ation off, as a function of the carrier density for a fixed
value for II-VI-based DMS'YRef. 17 and is consistent with -\, concentration will be useful in clarifying the validity of
the recently obtaineg-d exchange coupling constant of lll- o present theory.
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