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Effective exchange interaction and Curie temperature in magnetic semiconductors

Jun-ichiro Inoue
Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan
and CREST, Japan Science and Technology Corporation (JST), Tokyo, Japan
(Received 26 July 2002; revised manuscript received 5 November 2002; published 5 Margh 2003

Based on a previously reported double-resonance mechanism, we present an analytical expression of the
effective exchange interaction between impurity moments of transition-metal elements introduced in semicon-
ductors. It is shown that the exchange interaction is enhanced by several orders of magnitude as compared with
the ordinary RKKY interaction when the Fermi level and impurity states are close to the top of the valence
band. Although the interaction is found to decay exponentially, the magnitude is large even when the distance
between two impurities is several times as long as the lattice constant. The concentration dependence of the
Curie temperature is calculated by using a percolation theory, and the calculated results are compared with the
experimental findings.
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An important system for spin electronics is likely to be double-exchange Hamiltonidfi.In addition to these theo-
ferromagnetic semiconducto(SMSC's).1~* Thus far, it has ries, a modified spin-wave thedryand a dynamical mean-
been confirmed that Mn-doped Ill-V compound&Ga- field study'® have been reported to improve the conventional
Mn)As Compound& and Ge-Mn Compoundsa” show a mean-field approximation. Furthermore, in order to take into
high Curie temperaturesT¢). However, the Curie tempera- account the diluteness of the magnetic impurities, a percola-
ture of these compounds, remains below 110 K, and therdion theory” has been applied to explain the concentration
fore FMSC’s with higherT. are needed for technological dependence of¢.
applications. In order to achieve this goal, the origin of fer- In this paper, we present an analytical expression of the
romagnetism in this context should be clarified. effective exchange interaction between magnetic impurities

Several mechanisms have been proposed to explain théing the model which we proposed previouSifthe con-
origin of the ferromagnetism of these FMSC’s. Analyzing thecentration dependence @t will be estimated by using the
magnetoresistance and the concentration dependeritg,of percolation theory, and the calculated results will be com-
Matsukuraet al® showed thatGa-Mn)As, with a higher Mn  pared with the experimental findings.
concentration, is a metallic ferromagnet, and they proposed In the previous study, we proposed a simple Hamiltonian
that the RKKY interaction is the origin of such ferromag- by taking into account the essence of the electronic structure
netism. However, Beschotest al® measured the magnetic of semiconductors doped with Mn impurities. An important
circular dichroism spectrum dfGa-Mn)As to show that the feature of the density of states calculated is that the impurity
ferromagnetic state occurs even in the insulating phase, costates have one nonbondirigcalized state and two delo-
sistent with the variable-range hopping observed in the lowcalized(resonantstates, one of which is close to the top of
concentration regimé.Furthermore, the estimated value of the valence band. The localized state, which igptharac-

p-d exchange couplir‘fbwas rather large, when compared ter and exchange splits due to the Coulomb interaction,
with the value obtained in other experimefifsin first-  couples ferromagnetically with the spin of the resonant state.
principles calculations, Ak&i performed Korringa-Kohn- The valence band is simplified as a single band wittym-
Rostoker coherent-potential-approximatidg¢kKR-CPA) cal- metry which hybridizes the impurity level to produce a reso-
culations and showed that the ground stat¢Gd-Mn)As is ~ nant state. The resulting Hamiltonian has been given as
half-metallic. Thereby, a double-exchange mechanism was

proposed for the ferromagnetism of these systems. The en- _ + +

ergy difference between the ferromagnetic ground state and H= _tijzg CiUCiUJr% VoCioCio

the disordered spin state calculated in the KKR-CPA formal-
ism may account for the observé:. Dietl et all! have
studied the material dependenceTgfin terms of the Zener
model, and they predicted a high&g for GaN- or ZnO-
based FMSC's. On the other hand, Inoeteal? noted the wheret is the hopping integral which characterizes the va-
characteristic features of the electronic state in FMSC andence band and the mixing between the valence band and
proposed a double-resonance mechafigmwhich impurity  impurity level vo, U is the Coulomb repulsion within the
states caused by Mn ions play essential roles. The resonaimpurity state, andK(>0) is the ferromagnetic exchange
character of the electronic states of the magnetic impuritiesoupling between the itinerant spiand the localized spin
has been shown to enhance the RKKY interaction, and thi§. The summations in the latter three terms run only over the
character accounts for the rather lapgel exchange interac- impurity sites. The Hamiltonian is actually the same as that
tion used in the experimental analysit order to describe of the double-exchange model for the manganifesxcept

the impurity states, Inoue and Maekawa and proposed athat the numbers of localized spins and carrier holes are
effective Hamiltonian, which is quite similar to the Zener or much lower than those of manganites.
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As will be discussed below, we treat the impurity state in 4.0x10° — , , ,
such a way that a singular behavior in the expression of the
o : : : K=0.0
effective interaction between impurity moments may be 3.0x10° L O i
avoided. In other words, the impurity states treated in this ' I —O—g =59t
formula are below the Fermi level. This means thgtand > 5 \ —0—5.7t
n;, are close to 1 and that théterm in the Hamiltonian may L 2.0x107F |
be neglected. By applying a mean-field approximation, we sl
obtain a spin-dependent potential,=v,— ocKS/2=v, at 1.0x10" ~ 1
zero temperature. I o O~
The expression of the free energy in the one-electron pic- 0.0} \ D>5<9=Q~o 1
ture is given as s ©—0°
-I.OXIO-S 1 1 1 1 1 1 1 1 )
F——ilmf def(e)TrinG(e) (2 S
m ' Distance d/a
using the Green's functiorG(z)=(s+i0—H)~*, where FIG. 1. Calculated results of the effective interaction for

f(e) is the Fermi distribution function. The Hamiltonian =0 andK=1.2 as functions of the distanakbetween impurities.
may be divided into two terms, an unpertubed té#gand a

site-diagonal random potentid| i.e.,H=H,+ V. Instead of

direct calculation of the excess energyAF For= —2> jijszcoseij , (6)
=713, JE_ Argdef1-Vglde, due to impurities, where {1

g=(e+i0—Hy) ! is the unperturbed Green’s function, we

expand IrG(e) in terms of the off-diagonalin the site-  With

representationGreen’s functiong®:

1 j..:ilmj f(e) Kzgijgji
InG=Ing—In(1—ng)+ElE[g"dT]”, 3 bom (1-v,9i)%(1—v,g;)?
P

de. (7)

whereg is the site-diagonal part of the Green’s function and
T is the site-diagonal matrix '8 By taking into account the
spin indices, th&@ matrix of sitei may be written as follows:

We calculate the effective exchange interactﬁ}p be-
tween localized moments of the impurities as a function of
the distance —|j for given values of the impurity potential
vo, local exchange interactiol, the spin magnitude of the

T = Vio _ (4) impurity S(=3/2), and Fermi leveler. The nonlocal
7 1—Ui”gﬂ Green’s functiong;; may be easily calculated for tH&00
direction of the simple cubic latticE.We calculate up ta
By keeping the terms up to the second ordeg®f and  —j=d=10 in units of the lattice constart for the (100)
adopting the local spin axis for the impurity moments, wedirection. Because we are dealing with an isotropic system
obtain the following equation: with the simple cubic lattice, the qualitative featuresggf

may be independent of the crystal direction. The calculation
1 is performed at zero temperature by neglecting the Fermi
_ d
F=Fot — ; 'mf def(e)in(1-g°V,) distribution functionf(&). This simplification will be justi-
fied as we choose the position of the Fermi level about 0.1

1 2 below the top of the valence band. This value oft0.1
- ﬂlm i F(£)ij 9t (Tiy + Ti )(Tj + ;) =1000 K, whent=1 eV, may be sufficiently higher than
the observed .
te-g(Ti—Ti)(T — Tl ) Figure 1 shows the calculated resultsJgfas a function

wheree is the directional unit vector parallel to the impurity ©f distance forv,=0. We have seK=1.2, taking into
moment on sité and gingiojd- In Eq. (5), the first term is consideration the expennlental resiflts this case, there is
the free energy of the host material, the second term is th@lmost no enhancement faj A clear oscillation can be seen
contribution from the local part of the impurities, and the When the Fermi level is far below the top of the band, i.e.,
third term is related to the contribution from the coupling of €= 5.7t (band top=6.0t). This is a tight-binding version of
impurities. The first part, in the parentheses of the third termthe RKKY oscillation. When the Fermi level approaches to
is independent of the direction of the local moments of thethe top of the band, e.ger=5.9, the oscillatory behavior
impurities and therefore is irrelevant to the exchange coueiminishes as expected. The magnitudd;pfat a distance of
pling. The second part in the parentheses denotes thé=4a is on the order of 10°t, which corresponds to about
exchange-type coupling between the moments of two impu@.2 K when we assume that1 eV. Thus, we may con-
rities. Therefore, we may write down the free energy for theclude that this kind of RKKY interaction is completely inef-
exchange interaction as fective for long-range ferromagnetism.
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FIG. 2. Calculated results of the effective interaction with
=1.2 for various values of the impurity potential, as a function
of the impurity distancel.

FIG. 3. Concentration dependence of the Curie temperature for
various values ob .

ture, it remains constructive to compare the theoretical re-

Figure 2 shows the calculated resultsqu for various Sults (_)fTC v_vith the expe_rimental findings. In_order to ac-
values ofv, with K=1.2% ander="5.9 We first notice that complish this, we take into account the antiferromagnetic

~ exchange interactiod,r between the nearest-neighbor im-
the d dependence ol;; below d<5a changes to that of an purity moments. This interaction may be a superexchange-
exponential type, which is consistent with the well-known

result of the disorder-mediated RKKY interactiBhA rapid ~ YPe Interaction, given alae=4ty/K, wherety is the direct
~ hopping integral between impuritg states. Becausg; is
decay ofJ;; for d=6a whenv,=2.0t and 2.5 (not shown

. . . ) ; roportional tod~°, we assumel -=J%.d 1% by lettin
is due to the oscillatory behavior of the RKKY interaction. ?0 pbe an adjustable parameterAlF:igu/:; 4 shov)\:s the ?:alcu-
More importantly, the values ONT” are enhanced by several o '

lated results together with the experimental findftigee-

orders_ of magnitude when the impurity Ieyel increases. Thi%arding the Curie temperature as a function of the concen-
effect is due to the enhancement factors in &j. Now the  {040n The agreement in this case is satisfactory.

value of J;; at d=3 for vo=2.5 is several 10 K whert Now several points are ready to discuss. The impurity
=1 eV.J;; is still large atd=5 as compared witlij; in the  state in the semiconductors may be quite different from those
RKKY interaction. in simple metals. In the latter case, the interaction may not be

Next, the Curie temperatufE; is estimated. Because the long range because the Fermi level occurs near the middle of
quantity K of the largest energy scale has been transformethe band and the Fermi wavelength is quite short. When the

into a smaller energy scale interactidp, a mean-field ap- F€rmi level is located near the bottom of the band of a
proximation might be applied. However, additional care musgimple metal, the Fermi wavelength might be sufficiently
be taken as regards the effects of disorder due to the low

concentration of magnetic impurities. Therefore, we adopt 200 . . . T
percolation theory/ to estimate Tc. In the percolation I
theory, T¢ is given askgTc=S(S+1)3(dperd, With dpere I NG

=§B§/3. Ris an average distance between magnetic impu- 150 n—n

rities at concentration and is given af/a= (3/4mx)*? for —~
a simple cubic lattice with a lattice constantafThe value % 100

o -~ \ |
of B; is 2.4. The distance dependencéﬁ@fhas been fitted to &O /A i
an exponential type, such thﬁtszoexp(—ad). We can A / A
safely neglect the oscillatory part afj , except for the ex- S0F Y/ A/A u
tremely low concentrations of the magnetic impurities, be- e

cause?]ii decays exponentially up t=5a. 0 N
Figure 3 shows the calculated resultskafT - as a func- 0.00 0.02 0.04 0.06 0.08 0.10
tion of concentratiorx of the magnetic impurities. The Curie .
temperature increases nearly linearly with increasiagd is Concentration x
enhanced as the impurity levels increases. Whed eV, FIG. 4. Calculated resulisolid squares)%-= — 1.5, and solid
the results ofkgT¢ for vo=2.8 (v;=1.4p =3.4) agree circles, J%-=—0.8) of Curie temperature with a near-neighbor
qualitatively with the experimental observation of the Curieanti ferromagnetic interaction between localized moments and
temperatures. experimental results for Ge-Mifjopen circles and (Ga-MnAs
In spite of a simple model to calculate the Curie tempera{open triangles
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long, but on the other hand, there may not be a sufficiensideration a self-consistent treatment should be carried out.
number of electrons on the impurities to sustain the localThe enhancement of the effective interaction treated in the
moments. present work may survive even in the self-consistent treat-
The approximation to expand the free energy up to thénent. One should note, however, that the spin-orbit interac-
second order of th& matrix in Eq.(5) breaks down as the tion may result in an anisotropic exchange interaction be-
resonant states are formed. Although the range of parameti¥een impurity moments as proposed recefitlyThey”®
values which guarantee the expansion has not been checkéftowed that the ground state is still ferromagnetic even
the values ofv, used in our numerical calculations are re- though the interaction is frustrated. _ _
stricted in order to avoid the singular behavior in Eg.and In conclusion, we have shown that as the impurity states
therefore do not violate the expansion. When the resona pproach the Fermi level located near the top of the valence

states are formed, we must directly calculate the energy dif?@nd, the effective RKKY-type exchange interaction is en-

ferenceAF caused by impurities, as has already been rehanced, showing exponential dependence on the distance be-

ported in our previous work. The magnetic partAf, cal- tween impurities. The enhancement of the effective interac-

culated previously, is-0.02 to — 0.0 for the second- and tion may sufficiently explain the high Curie temperature
third-nearest-neigﬁboring pairs of magnetic impurited observed in ferromagnetic semiconductors. We believe that

Theref he effecti h . ~ the existence of an energy band gap near the Fermi level in
herefore, the efiective exchange mterqct@qrmay saturate  gomiconductors and the appearance of impurity states near
within a reasonable value even thoughis increased more

than those used in this work. the band gap are both essential to elucidate the origin of the

h . bit i ) | dinth d Iferromagnetism of(Ga-Mn)As-type magnetic semiconduc-
The spin-orbit interaction, neglected in the present modely, s |+ should be noted that the electronic structures calcu-

makes the valence band split into heavy-hole and light-holg,e in the first-principles method also show impurity states
bands. Because the number of carriers is segllmay re-  oar the energy band g&h?° The states of double resonance
side at on near the heavy-hole band in real systems. As thgqqyced by the magnetic impurities may thus be a possible

§pin states 08,= + 1/2 are mixed in the band, the sp'in.-orbit origin of the ferromagnetism of these magnetic semiconduc-
interaction may hinder the valence holes from mediating the, o

interaction between magnetic impurities. In the ferromag-

netic state, however, the asymmetry in the spin stateS, of | thank Dr. V. Ivanov for useful discussions. This work
==*+1/2 may be realized in the heavy-hole band due to amas supported by CREST, the NEDO joint research program
effective field caused by the magnetic impurities. Thereforé’'Nano-Scale Magnetoelectronics,” and a Grant-in Aid from
the heavy-hole band could mediate the interaction betweethe Ministry of Education, Science, Culture, and Sports of
impurity spins®? In order to take the effective field into con- Japan.
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