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Introduction: diluted magnetic semiconductors

s discussed in accompanying papers, today’s research on spin
Aelectronics involves virtually all material families, the most
mature being studies on magnetic metal multilayers, in which
spin-dependent scattering and tunnelling are being successfully
applied in reading heads of high density hard-discs and in mag-
netic random access memories (MRAM). However, in the context
of spintronics [1] particularly promising are ferromagnetic
semiconductors [2] since they combine complementary resources
of ferromagnetic and semiconductor material systems. One of the
relevant questions is to what extend the powerful methods devel-
oped to manipulate the carrier concentration and spin
polarisation in semiconductor quantum structures could serve
to tailor the magnitude and orientation of magnetisation pro-
duced by spins localized on magnetic ions. Another important
issue concerns the elaboration of methods of injecting and trans-
porting spin currents, which may ultimately lead to control over
single spins in solid state environment.
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Already early studies of Cr spinels as well as of rock-salt Eu-
and Mn-based chalcogenides led to the observation of a number
of outstanding phenomena associated with the interplay between
ferromagnetic cooperative phenomena and scmiconducting
properties [2]. A strong spin-dependent (exchange) coupling
between the band carriers and spins localized on the magnetic
atoms accounts for outstanding properties of these materials. This
coupling gives rise to strong indirect exchange interactions
between the localized moments as well as to giant spin-splittings
of the electronic states, which is proportional to magnetisation of
the spins. The discovery of ferromagnetism in Mn-based zinc-
blende ITI-V compounds {3], such as (Ga,Mn)As, followed by the
prediction [4] and observation of ferromagnetism in p-type II-VI
materials [5,6], such ds (Zn,Mn)Te:N, allows one to explore the
physics of previously not available combinations of quantum
structures and ferromagnetism in semiconductors. This aspect
of ferromagnetic I11-V and II diluted magnetic semiconductors
(DMS) will be outlined here together with indications of models

aiming at explaining the nature of ferromagnetism in these
materials.

Carrier-controlled ferromagnetism

It is well established that Mn is divalent in II-VI compounds and
assumes the high spin d° configuration characterized by S = 5/2.
Here, Mn ions neither introduce nor bind carriers, but give rise
to the presence of localized spins. For low carrier densities, II-VI
DMS are paramagnetic but neighbour Mn-Mn pairs are antifer-
romagnetically blocked owing to short-range super-exchange
interactions. However, this antiferromagnetic coupling can be
overcompensated by ferromagnetic interactions mediated by
band holes [4-6]. In III-V compounds, Mn atoms when substi-
tuting trivalent metals supply both localized spins and holes, so
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A Fig. 1: Magnetisation hysteresis loops determined by
measurements of anomalous Hall effect at constant temperature
of 22.5 K for various gate voltages in field-effect transistor
structure with (In,Mn)As channel. (after Ohno et al. [9]).

that extrinsic co-doping is not necessary to generate the carrier-
mediated spin-spin interaction [1,3,7].

The role of band carriers in promoting ferromagnetic ordering
between localized spins was already noted by Zener in the50s in the
context of magnetic metals. This ordering can be viewed as driven
by the lowering of the carriers energy associated with their redistri-
bution between spin subbands, split by the exchange coupling to the
localised spins. A more detail quantum treatment indicates, howev-
er, that the sign of the interaction between localised spin oscillates
with their distance according to the celebrated Ruderman-Kittel-
Kasuya-Yosida (RKKY) model. Because of the large density of states
and spin-dependent hybridisation between anion p and magneticd
states, the carrier-mediated spin-spin interaction is particularly
strong in the presence of the holes in tetrahedrally coordinated
DMS. Interestingly, this carrier-mediated Zener/RKKY ferromag-
netism is enhanced by exchange interactions within the carrier
liquid, so that the Stoner mechanism contributes to the magnitude
of the Curie temperature in these systems.

Manipulations of magnetisation

Since magnetic properties are controlled by band holes, an
appealing possibility is to influence the magnetic ordering
isothermally, by light or by the electric field, which affect the car-
rier concentration in semiconductor structures. Such tuning
capabilities of the materials systems in question were put into the
evidence in (In,Mn)As/(Al,Ga)Sb [8,9] and modulation doped p-
(Cd,Mn)Te/(Cd,Mg,Zn)Te [5,10] heterostructures, as depicted
in Figs. 1 and 2. Actually, these findings can be quantitatively inter-
preted by considering the effect of the electric field or illumination
on the hole density under stationary conditions and, therefore, on
the Curie temperature in the relevant magnetic layers. Interest-
ingly, according to experimental findings and theoretical
modelling, photocarriers generated by above barrier illumination
destroy ferromagnetic order in the magnetic quantum well resid-
ing in an undoped (intrinsic) region of a p-i-p structure [5,10] but
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they enhance the magnitude of spontaneous magnetisation in the
case of a p-i-n diode [10], as shown in Fig. 2.

For the valence band states, whose periodic part of the Bloch
functions contain spin components mixed up by the spin-orbit
interaction, the exchange splitting does not depend only on the
product of the p-d exchange integral and the Mn magnetisation
but also on the magnitude and direction of the hole wave-vector,
confinement, and strain. In particular, both experimental and the-
oretical results demonstrate that the orientation of the easy axis in
respect to the film plane depends on whether the epitaxial strain
is compressive or tensile [7). Hence, magnetic anisotropy and thus
easy axis direction and domain structure [11], can be manipulat-
ed by appropriate layout of the layer sequence, as epitaxial growth
of DMS films in question is usually pseudomorphic. Further-
more, magnetic anisotropy at given strain is predicted to vary
with the degree of the occupation of particular hole subbands.
This, in turn, is determined by the ratio of the valence band
exchange splitting to the Fermi energy, and thus, by the magni-
tude of spontaneous magnetisation, which depends on
temperature. Such a temperature-induced switching of the easy
axis direction has recently been detected in samples with appro-
priately low hole densities [12]. A related sensitivity of the easy
axis direction to the carrier concentration constitutes a novel
method enabling control of the magnetisation direction locally by
a system of electrostatic gates.

Spin injection

A number of groups is involved in the development of devices
capable of injecting spins into a non-magnetic semiconductor.
Obviously, owing to a high degree of spin polarisation and resis-
tance matching, ferromagnetic semiconductors constitute a
natural material of choice here. Typically, a p-i-n light emitting
diode structure is employed , in which the p-type spin injecting
electrode is made of a ferromagnetic semiconductor. Experi-
mental results obtained for the (Ga,Mn)As/GaAs/(In,Ga)
As/n-GaAs diode are shown in Fig. 4. In this particular experi-
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A Fig. 2: Effect of temperature (a), bias voltage (b), and
illumination (c) on photoluminescence of structure consisting of
modulation doped p~(Cd,Mn)Te quantum well and n-type barrier.
Zero-field line splitting (marked by red arrows) and shift on
lowering temperature witness the appearance of a ferromagnetic
ordering at low temperatures (a), which does not show up if the
quantum well is depleted from the holes by reverse bias of the p-
i-n diode (b).The low-temperature splitting is enhanced by
additional illumination by white light which increases the hole
concentration in the quantum well (after Boukari et al. [10]).
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A Fig. 3: Degree of circular polarisation of light emitted by a
(In,Ga)As quantum well focated in a p-i-n diode biased in the
forward direction and containing (Ga,Mn)As as the p-type
electrode. An external magnetic field is applied along the hard
axis, that is perpendicularly to the interface plane.The degree of
circular polarisation and the (Ga,Mn)As magnetisation depend
similarly on the magnetic field and temperature, which together
with the lack of photoluminescence polarisation for excitation by
linearly polarised light, point to the existence of the hole spin
injection from ferromagnetic (Ga,Mn)As to non-magnetic
(In,Ga)As via a non-magnetic GaAs (afterYoung et al. [13]).

ment [13], the degree of circular polarisation is examined for light
emitted in the growth direction. In this Faraday configuration,
simple selection rules are obeyed for radiative recombination
between the electron and heavy hole ground state subbands. Since
the easy axis is in plane, a field of a few kOe is necessary to align
the magnetisation and thus to produce a sizable degree of light
polarisation. Importantly, the injection of spin polarised elec-
trons, using Zener or Esaki tunnelling from p-type (Ga,Mn)As
electrode into n-type GaAs, was also realized.

Quantum Hall ferromagnet

The above results demonstrate rather convincingly the decisive role
of the valence band holes in setting on the ferromagnetic ordering
in these systems, a conclusion corroborated by studying the Curie
temperature Tc as a function of compensation in epitaxial films of
(Ga,Mn)As and as a function of the acceptor concentration in p-
(Zn,Mn)Te. At the same time, in agreement with theoretical
predictions, no ferromagnetic ordering was detected above 1 K in
heavily doped n-type (Zn,Mn)O [14]. However, according to exper-
imental results presented in Fig. 3, for an appropriate combination
of an external magnetic field and gate voltage that controls electron
concentration, an Ising ferromagnetic ground state with Tc up to 2
K can be observed in high-quality modulation-doped n-
(Cd,Mn)Te/(Cd,Mg)Te heterostructures [15]. The quantum Hall
ferromagnetism shows up when two partly filled Landau levels with
opposite spin directions are brought into a coincidence. This Ston-
er-like instability of the carrier liquid appears due to the
enhancement of the density of states in two-dimensional systems in
quantising magnetic fields. Incidentally, Landau level crossings
occur in such structures due to the enlargement of electron spin-
splitting by the s-d exchange interaction with the Mn spins.

Summary and outlook

Extensive studies of ferromagnetic semiconductor heterostructures
have lead to the observation of a number of spin phenomena. Some
of them, such as spin injection as well as giant and tunnelling mag-
netoresistance, are familiar from parallel studies of magnetic
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Magnetic field (T)

4 Fig. 4: Quantum Hall resistances in modulation doped
p-(Cd.Mn)Te quantum well containing a metal gate for changing
electron concentration. Resistance spike at 5.8 T occurs at the
crossing of ground and excited Landau levels with opposite spin
orientations (0T and 1{).The presence of the spike and its
hysteretic behaviour signalises ferromagnetic ordering of the
electrons residing in partly filled overlapping Landau levels (after
. Jaroszynski et al. [15]).

multilayers. Other effects, like isothermal driving of the system
between ferromagnetic and paramagnetic phases by the electric
field or by the photon flux in the direction that can be selected byan
appropriate design of the structure, appear unique to ferromag-
netic semiconductors. These striking effects offer new tools for
patterning magnetic nanostructures as well as for information writ-
ing and processing, beyond the heating effects of light exploited in
the existing magneto-optical memories. Obviously, however, while
the potential of ferromagnetic semiconductors can already be
exploited for the development of quantum information hardware,
their practical applications in classical information systems have to
be preceded by progress in the synthesis of a functional material
with T surpassing comfortably the room temperature. Following
the theoretical suggestion [7], a number of oxide and nitride-
based DMS, containing Mn or other magnetic elements, has been
obtained, which indeed show indications of ferromagnetism at
room temperature [16]. However, a further progress in this field
requires development of growth and characterization methods that
enable a better control over solubility limits, self-compensations,
phase segregations, and precipitations of other compounds.

On the theoretical side, it appears that double- and super-
exchange, rather than the Zener/RKKY mechanism, may account
for ferromagnetism is systems containing magnetic elements
other than M. Since ferromagnetic DMS combine intricate prop-
erties of charge-transfer insulators and strongly correlated
disordered metals with the physics of defect and band states in
heavily doped semiconductors, despite important advances in
theoretical understanding of these systems, their description from
first principles may take some time. Without any doubt, the search
for functional ferromagnetic semiconductor nanostructures and
their theoretical modelling has evolved into an important branch
of today’s materials science and condensed matter physics.
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