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A short overview is given of recent advances in the field of carrier-controlled ferromagnetism in Mn-based
III-V and II-VI diluted magnetic semiconductors and their nanostructures. The tailoring of domain structures
and magnetic anisotropy by strain engineering and confinement is described. Experiments demonstrating the
tunability ofTC by light and electric field are presented.

1 Introduction

Today’s research on spin electronics involves virtually all
material families, the most mature being studies on mag-
netic metal multilayers, in which spin-dependent scatter-
ing and tunnelling are being successfully applied in reading
heads of high density hard-discs and in magnetic random ac-
cess memories (MRAM). However, in the context of spin-
tronics [1] particularly interesting are ferromagnetic semi-
conductors, which combine complementary functionalities
of ferromagnetic and semiconductor material systems. One
of the relevant questions is to what extent the powerful
methods developed to control the carrier concentration and
spin polarization in semiconductor quantum structures could
serve to tailor the magnitude and orientation of magnetiza-
tion produced by the spins localized on the magnetic ions.
Another important issue concerns the elaboration of meth-
ods of injecting and transporting spin currents. In addition of
consisting the important ingredient of field sensors and mag-
netic transistors, spin injection can serve as a tool for fast
modulation of light polarization in semiconductors lasers.
Indeed, already the early studies of Cr spinels as well as
of rock-salt Eu- [2] and Mn-based [3] chalcogenides led to
the observation of a number of outstanding phenomena as-
sociated with the interplay between ferromagnetic coopera-
tive phenomena and semiconducting properties. The discov-
ery of ferromagnetism in Mn-based zinc-blende III-V com-
pounds [4], followed by the prediction [5] and observation
of ferromagnetism in p-type II-VI materials [6,7] allows one
to explore the physics of previously not available combina-
tions of quantum structures and magnetism in semiconduc-
tors [8]. This aspect of ferromagnetic semiconductors will
be outlined here together with a description of models trying
to explain the nature of ferromagnetism in these materials.

2 Carrier-controlled ferromagnetism

It is well established that Mn is divalent in II-VI compounds,
and assumes the high spin d5 configuration characterized by
S = 5/2 andg = 2.0. Here, Mn ions neither introduce nor
bind carriers, but give rise to the presence of the localized

spins. For low carrier densities, II-VI DMS are paramag-
netic but neighbor Mn-Mn pairs are antiferromagnetically
blocked owing to short-range superexchange interactions.
However, this antiferromagnetic coupling can be overcom-
pensated by ferromagnetic interactions mediated by band
holes [5-7]. In III-V compounds, in turn, the Mn atom,
when substituting a trivalent metal, may assume either of
two configurations: (i) d4 or (ii) d5 plus a weakly bound
hole, d5+h. It is now commonly accepted that the Mn im-
purities act as effective mass acceptors (d5+h) in the case of
antimonides and arsenides, so that they supply both local-
ized spins and holes, a picture supported by MCD [9] and
EPR [10] measurements. Just like in other doped semicon-
ductors, if the average distance between the Mn acceptors
becomes smaller than 2.5aB , whereaB is the acceptor Bohr
radius, the Anderson-Mott insulator-to-metal transition oc-
curs. However, a strong p-d antiferromagnetic interaction
between the Mn and hole spin enhances strongly the accep-
tor binding energy and reducesaB . It has been postulated
[11] that owing to the large p-d interaction, the effect is par-
ticularly strong in nitrides, and may lead to the formation of
a small polaron state, reminiscent of the Zhang-Rice singlet
in high temperature superconductors.

In the presence of band carriers, the celebrated
Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanism of
the spin-spin exchange interaction operates. In the context
of III-V magnetic semiconductors, this mechanism was first
discussed by Gummich and da Cunha Lima [12], and then
applied to a variety of III-V and II-VI Mn-based layered
structures [13].

It has been shown [5] that on the level of the mean-
field and continuous medium approximations, the RKKY
approach is equivalent to the Zener model. In terms of the
latter, the equilibrium magnetization, and thusTC is de-
termined by minimizing the Ginzburg-Landau free energy
functional F [M(r)] of the system, whereM(r) is the lo-
cal magnetization of the localized spins [14,15]. This is a
rather versatile approach, to which carrier correlation, con-
finement,k·p and spin-orbit couplings as well as weak dis-
order and antiferromagnetic interactions can be introduced
in a controlled way, and within which the quantitative com-
parison of experimental and theoretical results is possible
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(Fig. 1). In the model, the hole contribution toF is com-
puted by diagonalizing the 6×6 Kohn-Luttingerk·p matrix
containing the p-d exchange contribution, and by subsequent
computation of the partition functionZ, Fc = kBT lnZ. The
model is developed for p-type zinc-blende and wurzite semi-
conductors and allows for the presence of both biaxial strain
and quantizing magnetic field. The enhancement of the
tendency towards ferromagnetism by the carrier-carrier ex-
change interactions is described in the spirit of the Fermi liq-
uid theory. Importantly, by evaluatingFc(q), the magnetic
stiffness can be determined, which together with magnetic
anisotropy, yield the dispersion of spin waves [15] and the
structure of magnetic domains [16]. Owing to a relatively
small magnitudes of the s-d exchange coupling and density
of states, the carrier-induced ferromagnetism is expected [5]
and observed only under rather restricted conditions in n-
type DMS [17,18].

Figure 1. Ferromagnetic Curie temperature normalized by the Mn
concentration vs. the Fermi wavector. Points are experimental and
lines are theoretical (after [6,7,14,21]).

Since magnetic properties are controlled by the band
carriers, the appealing possibility is to change the mag-
netic ordering isothermally, by light or by the electric field.
Such tuning capabilities of the materials in question were
put into the evidence in (In,Mn)As/(Al,Ga)Sb [19,20] and
(Cd,Mn)Te/(Cd,Zn,Mg)Te [6,21] heterostructures, as shown
in Figs. 2 and 3. Since the valence band is rather sensitive
to strain, magnetic anisotropy (easy axis direction) can be
manipulated by adjusting the lattice parameter of the sub-
strate. According to theoretical results displayed in Fig.
4, the crystallographic orientation of the easy axis at given
strain, changes with the value of the valence band exchange
splitting and, thus, with the temperature, as indeed observed
[22].

In view of the promising properties of magnetic semi-
conductors, the development of a functional material with
TC comfortably surpassing the room temperature, becomes
an important challenge of today’s materials science. A con-
centrated effort in this direction, stimulated by theoretical
results recalled in Fig. 5, suggests that there is no fundamen-
tal limits precluding the achievement of this goal. However,

solutions of problems associated with solubility of transition
metals and electrical activity of impurities in various hosts
are ahead.

Figure 2. Magnetization hysteresis at various gate voltages evalu-
ated by measurements of the anomalous Hall effect in FET struc-
ture of (In,Mn)As (after [20]).

Figure 3. Effect of temperature (a,c,d), illumination (b) and
bias voltage (c,d) on photoluminescence line in quantum well of
(Cd,Mn)Te. Line splitting and shift witness the appearance of a
ferromagnetic ordering (after [21]).
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Figure 4. Computed anisotropy field for compressive (a) and ten-
sile (b) strains for various value of the hole spin splitting parameter
BG (after [14]).

Figure 5. Computed Curie temperature for various materials con-
taining 5% Mn per unit cell and 3.5× 1020 holes per cm3 (after
[14]).
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