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Free carrier-induced ferromagnetism in structures of diluted magnetic semiconductors
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Ruderman-Kittel-Kasuya-Yosida interaction between localized spins is considered for various dimensional-
ity structures of doped diluted magnetic semiconductors. The influence of this interaction on the temperature
and magnetic-field dependencies of magnetization and spin splitting of the bands are evaluated in the mean-
field approximation. The results show that the hole densities that can presently be achieved are sufficiently high
to drive a paramagnetic-ferromagnetic phase transition in bulk and modulation-doped structures of II-VI
diluted magnetic semiconductof$0163-1827)51106-4

It has been known for a long time that the compensatiorof 10*° cm~2 have been reported for ZnSe:l and ZnTé&:N,
of antiferromagnetic interactions between the localized spinsespectively. At the same time, modulation doping of II-VI
by a ferromagnetic coupling would result in a dramatic en-quantum wells by either electroisor holed? as well as
hancement of the sensitivity of diluted magnetic semicon{atterning of conducting quantum wifésave successfully
ductors(DMS)? to the temperature and the magnetic field.Peen performed. In view of this progress it becomes interest-
Three different approaches have been considered to achield to analyze the nature and strength of the carrier-mediated
this goal. spin-spin interactions in bulk, layered, and nanostructured

One is to choose a material, in which deviations fromll-VI compounds. Results of this paper suggest that even for
stoichiometry would result in the carrier density sufficiently the highest availablelectron density no transition to the
high to produce strong ferromagnetic interactions betweefferromagnetic phase is expected above 1 K. By contrast,
the localized spins. This method has successfully beeRuch a transition is predicted f@-type materials, either in
employed by Story etal,’? who showed that in the bulk or modulation-doped form. Our evaluations indi-
Pb,_,_,SnMn,Te with y=0.6 the holes concentration is cate, therefore, that the-type doping may constitute an ef-
not only very large but can be varied in the rangeficient tool to enlarge the magnetic effects in wide gap II-VI
1020_1021 Cm_3 by isothermal annea”ng_ It has been dem-DMS We also point out peculiar features of the carrier-
onstrated that the ferromagnetic phase is observed once tReediated exchange interaction in one-dimensi¢ia) sys-
holes start to occupy side bands with a large effective masstems.

The second approach, initiated by Munekataal.” is to Throughout this paper we consider the influence of delo-
use l1l-V matrices, in which divalent magnetic ions act them-calized or weakly localized carriers on the interaction be-
selves as acceptors, so that a ferromagnetic coupling medween magnetic ions. The dimensionalityf the subsystem
ated by the holes may dominate. In order to surpass lowf the carriers is determined by the shape of the potential
solubility of transition metals in I11-V compounds, growth by V(¢) that leads to their confinement. Accordingly, the case
molecular beam epitax¢MBE) has been employed. Transi- d=2 ord=3 corresponds to a one- or two-dimensional po-
tions to a ferromagnetic phase at temperatures as high &ntial well, respectively. Because of a short magnetic corre-
~35 K in a heterostructure Jn,Mn,As/(Al,Ga)Sb with  lation length}* the localized magnetic momentgupS are
x~0.07-0.18 and~60 K in an epilayer of Ga_,Mn,As,  assumed, to form a macroscopic 3D system. Thus, according
x~0.035, have recently been observéd. to experimental studi€'s® their magnetization in the ab-

Another method to obtain ferromagnetic compounds is tgence of the carriers can be described by a modified Brillouin
choose such magnetic ions, for which the net superexchandenction, M(T,H)=gugXN,SBs(T+T,,H), where effec-
coupling is ferromagnetic. Indeed, a tight binding model oftive  spin  concentration XN,<xN, and temperature
Blinowski, Kacman, and Majewsksuggests that this might T+ T,>T account for the influence of antiferromagnetic su-
be the case of Cr in II-VI semiconductors. Accordingly, anperexchange interactions:*®
attempt has been undertaRew overcome the well-known ~ We begin by considering the Ruderman-Kittel-Kasuya-
small solubility of Cr in 11-VI compounds by means of MBE Yosida (RKKY) model, which provides the energy;;
growth of Cd,_,Cr,Te. of the exchange couplingd;j=—-1J;;S-S;, between two

Recent years have witnessed a rapid progress in doping 6pins located aR; and R; as a function of the density
[1-VI wide gap semiconductors bgubstitutionalimpurities. ~ of states of the carriers at the Fermi levely(eg)

For instance, electron and hole concentrations in the excesszt~94(2/a)(@~2@=3)2m*kd~2/32 and the exchange inte-
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gral | of their interaction with the spins, (1), which after averaging over the disorder, leads to the
Hi=—1s-S8(R—R;). Following the well-known pro- dumping exp{r//) of the first moment in the distribution of
ceduré® and adopting the one-band effective-mass approxid;; ,*>* where/ is the mean free path for elastic collisions.
mation we obtain to the second orderlin The corresponding reduction factor ©f to the lowest order
in 1ke/ is given by 1-1/12ke/)?, 1—w/8ke/, and
pa(er)kil? 1—7wl4ke/ for d=1, 2, and 3, respectively. Hence

- " . -\ |2 '\ |2
1= oy Takelri=riDleo Dl eo(GI% (D) the effect of disorder becomes important on approaching

. . . . . the strongly localized regimekr/—1. In this range,
Herer is the vector in thel dimensional spacep,({) isthe powever, the magnetic susceptibility of the carriers be-

ground-state envelope function of the carriers in the confingymeg substantially enlarged by the disorder-modified
ing potentialV(), and electron-electron interactiod$.The resulting enhancement
factor of @ read$® 1+FLg//, 1+ 2FIn(Ls//)/7ks/, and

Fly)==msiy)i2, (23 1+3F(1—//L)/(2ke/)?, respectively. Herd is the ef-
" fective Coulomb amplitude, which becomes greater than 1
Ji(yt) s . S S
Fo(y)= dtTll/—’ (2b)  for ke/'—1; Lg=(Dtg)>/ is the spin-diffusion length,
1oyt ) where D=kg//dm* andt is the spin-disorder scattering
_ . time *1° considerably shortened at the ferromagnetic transi-
Fa(y)=[sin(y)—ycogy)]ly", (29 tion. We conclude that the disorder enhances the ferromag-

where sif) is the sine-integral and,(y) is the Bessel func- netic interaction in low-dimensional semiconductor struc-
tion. The asymptotic behavior offy(y) for large y is  tUres. This enhancement may also be important in pure 1D
wcos§)l2y, sing)ly? and —cos)ly®, while for y 0, F,  Systems, where the interaction-driven separation of the

tends tomr/4, [1/2— y+In(4/y)]/2, and 3y for d=1, 2, and charge and spin degrees of freedom modiﬂes).23 In the
3, respectively, where=0.57721. .. is the Euler constant. zero-dimensional case, such as quantum dots, both correla-

The formula ford=3 reproduces the result first obtained by tion effects and the fluctuations of magnetization associated

Ruderman and Kittel” and ford= 1 that of Yafet8whereas  With the finite volume visited by the carriers are of para-
in the case ofi=2 only the asymptotic form foy—= has mount importance. A variant of the theory developed for
so far been considered in the literatdfe. bound magnetic polaroffsshould be applied for those sys-

Knowing the dependencg; on the distance between the ©MS: L , .
spins r we can calculate the mean-field value of the !N addition t0®, it is interesting to determine the tem-
Curie-Weiss temperature of spins located af, perature and m.agnetlc.-fleld dependencies qf the.magnenza-
®(£)=S(S+1)2,J;/3ks . Since in semiconductors, in con- tion of the localized spindy1(T,H) and the spin spﬂttlng of
trast to metals, the value gfthat corresponds to the distance 1€ relevant* band, A(T,H) =IM(T,H)/gugs+g” ugH,
r between the nearest-neighbor spins is much smaller tha‘f’{hereg andg are th_e Landéacto_rs of the localized spins
the period of the oscillatory functions in Eq(2), and the c_arr5|er SpIns, respectively. In- the mear_1—f|eld
yon=2Ker <1, we replace the summation over the ion po_approxmatloﬁ M is .|nduced by the externall field
sitions by an integration extending frop=0 to . Under 1 and the molecular field produced by thf: carriefs,
the assumption that the distribution of the magnetic ions i that M(T,H)=gueXN,SBY(T +T,,H +H"), where
random but their effective concentratiahl, is macroscopi- H :I(nl_nT)/z.g'“B' Here.nu is the dgnsﬂy of Spin-
cally uniform over the volume in which the carriers reside,dOWn and spin-up carriers, respectively, which, —at

we obtain® in the form, ep>kgT, is given byn; | =3¢o(§)[*fF, ,depq(e), where
_ the dependence ofg on A is to be determined from the
0(8)=S(S+1)XNopa(er)|@o(8)|?1%12kg, (3  conditionn,+n,=n, with n being the total carrier density.

The effects of disorder and electron-electron interactions can
also be incorporated into this formalism by taking into ac-
count collision broadening of the density of states as well as
)By determiningH* from gugH* =19Q/JA with the Gibbs
free energy of the carrier€) containing effects of the
disorder-modified electron-electron interactidfs.
The above approach neglects intervalley or intersubbang The .abo've set of coupled equations makes. it possible to
etermine in a self-consistent way the mean-field values of

;/ritr)t;alsJginfrgr?gizbr?;niinttg?se rtoe(;rl?csjtsﬂgf’ ovrvtuic():ho;ilslu;tnve!vl andA as functions of temperature and magnetic field. In

. * ' Pr L 9 particular, the total low-field magnetic susceptibility of the
lope functions,e;, (&) ¢,/(£)), their contribution 100 van- ., 5164 system of the carriers and the localized spins as-
ishes, provided that the concentration of magnetic ions iSumes the form

uniform. Moreover, in such a case each of the occupied val-

which shows that the net RKKY interaction is ferromagnetic,
©®>0. SinceO® is proportional to the effective mass, to the
degree of confinement as well as to the square of the e
change integral we expect much greater magnitudes@f
in the presence of the holes than for the electrons in 1I-VI
DMS.

leys or subbands gives an independent contributio®fo (1+g* 1 pelag)? 1 5
described by the relevant,(¢) andk’ Xtol 1) =xo(T) 7= (T)12pe/a +t29" 2 wBPE

So far we have disregarded the influence of the potential Xo prifOte (4)
scattering and the Coulomb interactions among the carriers
upon the magnitude of. The former is knowff to intro-  where Xo=S(S+1)g2uaXNo/3Ke(T+T,) and

duce a random-phase shift in the oscillatory functions of Eqpg=pq(er)| ¢(&)|>.
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FIG. 1. Mean-field value of the Curie-Weiss temperatBref
Eq. (3) for p- andn-type Cd,_,Mn,Te, compared to antiferromag-
netic temperaturd ,(x). Ferromagnetic phase transition may occur
at T=0—T,. Material parameters as determined at 1.7 K were
adopted for the calculation.

FIG. 2. Temperature dependence of the heavy-hole spin splitting
in the 50 A quantum well of CgdMn, Te for two values of the
hole areal densitiep and the magnetic fieldd. Provided that the
holes are delocalized, the mean-field value of ferromagnetic critical
temperaturel ;~3 K does not depend op. By contrast, the satu-

_ ) ration value of the spin splitting is seen to increase with
We see thaly,, diverges afT=0 —T,, where® coin-

cides with the Curie-Weiss temperature determined by theeported for any DM$ that is y,=4.8x 103 emulg for
RKKY interactions, displayed in Eq3). This quantitative CdyodMng o Se at 15 mK, a ferromagnetic phase transition is
agreement between the two approaches in question consfiredicted from Eq. (4) for material parameters of
tutes the interesting result. It shows, in particular, that for an-Cd,_,Mn,Se?* provided thatn=1.5x 10*° cm~2. Since
random distribution of the magnetic ions the effect of thel >0, there is no Kondo effect for the electrons in DMS.
Friedel oscillations upo® averages to zero. However, the  Turning to the case of holes in DMS quantum wells we
spin-glass phase observed in metals points to the importane®te that the confinement and possibly the biaxial strain lead
of the fluctuations in the sign af;; , which are disregarded to a splitting of the heavy and light hole baftas well as to
in our models. These fluctuations, described by higher moa strong anisotropy of the spin-splittifg.Actually, the
ments in the distribution of;; ,** begin to be significant coupled system of the 2D holes and the Mn spins is Ising-
when the concentration of the carriers becomes greater thdike as the spin-splitting of the ground-state subband under-
that of the magnetic ions. In semiconductors, howevergoes a maximum for the magnetization parallel to the growth
where the mean distance between magnetic ions is muchxis. The temperature dependenceloffor the uppermost
smaller than the electron wavelength, {dN,/3)" Y%  heavy-hole subband in a quantum well of GMng Te,
<2mlkg, the spin-spin interaction mediated by the carrierscomputed from the coupled mean-field equations for
is merely ferromagnetic, so that the models discussed hem* =0.4m, and |¢,(¢)|?=1/L\y, WhereL=50 A, is de-
should be qualitatively correct. picted in Fig. 2 for the cases of zero and small external
Figure 1 shows the magnitude 6f(x) for p-type and magnetic fields. The ferromagnetic transition occurs at about
n-type bulk Cd,_,Mn,Te, calculated by Eq(3), with the 3 K, independently of the hole areal concentrairsince in
values ofX(x) and T,(x), as determined by Gajt all®> at  our model the 2D density of states does not vary with At
T=1.7 K as well as by takingh* =0.8 and 0.in, as well as  the same time, the saturation valuesdofindM do depend
IN,=—0.88 and 0.22 eV for the holes and the electronsdirectly onp according toA4(T)=IM (T,H%)/gug, where
respectively:>?° It has been noted that the spin-orbit inter- H¥ =1p/2guglLy -
action reduces the spin-splitting of tlig heavy holes at the Finally, we note that in the case of 1D structug@sin-
Fermi level according 8 A(k)=1|M-k|/gugk, which re-  creases withdecreasingthe carrier concentration. This, to-
sults in an effective spin density of stafgs=3pr. We see gether with the correlation effects discussed above demon-
in Fig. 1 that for sufficiently high hole concentrations so thatstrate the outstanding properties of such systems.
the holes remain delocalizé8® > T, in a wide range of Mn In summary, we have considered effects of the coupling
concentrations. Furthermore, since for the above parameteigtween a macroscopic ensemble of localized spins and elec-
the Kondo temperaturéc~erexd —1/(3|I|pg)]=1.1 K, a  tronic systems of various dimensionality Our results indi-
crossover to the Kondo regim&,>0, T, will take place at cate that ferromagnetic DMS can be fabricated by means of
relatively low Mn concentrationsx<1%. These consider- p-type doping as well as suggest peculiar features of the
ations suggest, therefore, that a ferromagnetic phase trang#KKY interaction in low-dimensionality structures. Addi-
tion can occur abav 1 K in p™* 1I-VI compounds. This is in  tional enhancement of the tendency towards the ferromag-
contrast to the case oftype doping, for which no ferromag- netic ordering is possible by engineering such a microscopic
netic phase transition is expected above 1 K, as shown by thdistribution of the magnetic ions, which would redutg
two bottom curves in Fig. 1. It is worth noting, however, that and/or increas®. Thermodynamic fluctuations of the mag-
on lowering temperatur€, decreases, especially for low Mn netization as well as quenched magnetic disorder while im-
concentrationd’ Indeed, for the highest value of, ever  portant quantitatively are not expected to affect our conclu-
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sions because of the long range of the spin-spin interaction, We are indebted to G. Fishman for discussions and calcu-

Ising symmetry of the coupling in thp-type structures as

lations of the hole band structure in DMS quantum wells.

well as the macroscopic size of the Mn spin subsystem inThe work in Poland was supported by KBN Grant No.
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