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SEMIMAGNETIC SEMICONDUCTORS
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This paper contains a description and explanation of selected basic phe-
nomena characteristic of bulk semimagnetic semiconductors: giant Faraday
rotation and giant Zeeman splitting, mean field approximation and its lim-
itations, ion—ion interaction, its measurements and its influence on mag-
netic properties, etc. The basic part is followed by a discussion of a personal
choice of new perspectives open by the introduction of diluted magnetic semi-
conductors in semiconductor quantum structures. In particular, the role of
magnetic ions in characterization of semiconductor quantum structures and •
low-dimensional excitonic systems is analyzed. Particular attention is paid
to magnetooptical phenomena and magnetooptical experimental methods in
large gap II—VI semimagnetic semiconductors.

PACS numbers: 75.50.Pp, 78.20.Ls, 71.70.Gm, 75.30.Et

1. Basics (in bulk crystals)

1.1. Introduction

Semimagnetic semiconductors, known also as diluted magnetic semiconduc-
tors (DMS), have been present in the landscape of semiconductor physics since
late seventies. Extensive information on this class of materials can be found in
successively published review papers [1], books [2, 3], and book chapters [4, 5].
Limited size of this paper imposed a narrowing of the area covered: a number of
important phenomena, such as magnetic polarons, transport properties, specific
properties of III—V DMS, and many others, are not discussed here.

1.1.1. Idea of J.K. Furdyna

Studies of diluted magnetic semiconductors owe their inspiration to J.K. Fur-
dyna (Purdue University). Being an expert in microwave studies of solids, he
wanted to apply his methods to semiconductors with large concentration of free
carriers (such as zero-gap HgTe) containing magnetic ions (e.g., Mn++). In princi-
ple the presence of the free carrier plasma prevents penetration of microwaves into
such materials. Furdyna planned to use a transmission window below the plasma
frequency, opened by magnetic field for helical microwave modes.

(651)
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1.1.2. Growth of first DMS crystals

Warsaw semiconductor physics community was well suited to undertake de-
velopment of DMS studies. Besides the semiconductor crystal growth facilities
present in Warsaw since early sixties, there was a sustained interest in transition
metal impurities, introduced and maintained at Warsaw University by Jacek Bara-
nowski. A group led by K. Leibler developed a well equipped laboratory of electron
spin resonance at the Institute of Physics of Polish Academy of Sciences. The first
attempt to grow alloys suggested by Jacek Furdyna was done by Witold Giriat at
the Institute of Physics of Polish Academy of Sciences. At the beginning Mn was
incorporated as an impurity [6], then introduced in larger quantities, typical of
mixed crystals [7]. However, the works of that early period did not stimulate any
larger interest, since the unique features of semimagnetic semiconductors were not
revealed. A next attempt to attract a wide attention to this class of semiconductor
compounds was undertaken by Robert Gałązka, also at the Institute of Physics
of Polish Academy of Sciences. This time the attempt was fully successful and
made of Robert Gałązka the acknowledged initiator of DMS studies. Very soon
the works done on the crystals he produced and studied attracted a wide interest
for this new class of semiconducting compounds with magnetic properties.

1.1.3. Definition of diluted magnetic semiconductors. Basic interactions

By a diluted magnetic or semimagnetic semiconductor we shall understand
a well known (e.g., II-VI) semiconductor with a part of cations replaced randomly
by ions (e.g., Mn++) possessing a large magnetic moment.

The host semiconductor (CdTe, HgTe, or GaAs) should be well known. We
introduce then the magnetic ions into a physical system of known characteristics
and, as a consequence, we are able to describe the properties of the obtained al-
loy with a better precision. Looking for a good description we can start from a
relatively simple problem of a single ion in the known host crystal and then grad-
ually complicate the system, introducing interactions between the ions. Typical
magnetic ions may be those of either transition- or rare-earth elements.

We distinguish two most important interactions in DMS:
— ion-carrier (sp-d for transition metal ions) interaction, usually described

by a Heisenberg Hamiltonian

where J(r - Ri) represents a short-range operator acting on the orbital part of
the carrier wave function while a- and Si denote spin operators of the carrier and
i-th magnetic ion respectively. This form has been first applied to semimagnetic
semiconductors by Kossut [8].

— ion-ion interaction described also by a Heisenberg-type Hamiltonian in a
natural notation

The ion-ion interaction in DMS is indirect and originates mainly from the ion-
carrier interaction.

In what follows we shall consider various consequences of these two interac-
tions for the properties of semimagnetic semiconductors.
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1.1.4. Examples of semimagnetic semiconductors, first experiments

Hg1-xMnx, Te — a narrow gap material, grown in the form of bulk crystals
for Mn mole fraction x ≤ 0.3. Hg1-x MnxTe crystals from Warsaw were studied
in the laboratory of C. Rigaux (Ecole Normale Superieure in Paris) by means
of infrared magnetooptical measurements. Giant spin splittings of band electron
states were revealed and linked to ion-carrier exchange interaction [9]. Among
phenomena characteristic of this material, oscillatory variation with temperature
of Shubnikov-de Haas effect was reported [10].

Cd1-xMnxTe — a wide energy gap from 1.6 eV for x = 0 to 3.5 eV for
x = 1. Characteristic effects include giant Zeeman splitting of excitonic states and
the resulting giant Faraday rotation. Studies of Cd 1-x Mnx Te crystals have been
initiated at Kiev [11] and independently at Warsaw [12]. Giant Faraday rotation
was reported and linked to excitonic Zeeman splittings.

1.2. Ion-ion (d-d) interaction

1.2.1. Basic ideas

As mentioned in 1.1.4, the interaction between two magnetic ions can be
expressed to a good approximation in the Heisenberg form (Eq. (2)).

In most semimagnetic semiconductors this interaction is known to be of
antiferromagnetic (AF) sign (Jai < 0) and of a short range. Various methods have
been used to determine its strength. It is convenient to rewrite the Hamiltonian
of the interaction in terms of squares of operators of the total spin S of the pair
and of individual spins of each ion

If we consider the example of Mn++ spins, we get Si = Si = 5/2 and H =
- 1 Jij S(S -ł- 1) -F const. This means that for a negative (antiferromagnetic) value
of the ion-ion exchange constant, we have a nonmagnetic S = O ground state
and then five excited states separated from each other by uniformly increasing
energetic distances Es- ES_ i = -SJij . An external magnetic field will split each

.state in 2S -F 1 components, as represented in Fig. 1.

Fig. 1. Scheme of the ground state of a Mn++ ion pair and of three of its excited states
in a magnetic field.
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The ion-ion interaction depends on distance, which in case of a substitu-
tional alloy can assume discrete values determined by the crystal structure. In
the following we shall denote the nearest neighbor interaction constant J1, the
next-nearest neighbor one — J2 , and so on. Among many existing methods of
determination of these values, here are some useful ones.

1.2.2. Determination of ion-ion interaction constants

1.2.2.1. The Curie-Weiss law. Reliable but not very detailed information on the
ion-ion interaction is supplied by high-temperature susceptibility. If the temper-
ature is high enough, the susceptibility obeys usually the Curie-Weiss law, which
for the simplest spin-only case can be written as

where the Curie constant

and the Curie-Weiss temperature

are proportional to the magnetic ion mole fraction x and depend on the total spin
S of an ion, interaction constants Ji with i-th neighbors and numbers ni of cations
in respective coordination spheres [13]. From the Curie-Weiss temperature we
know the sum of ion-ion exchange integrals, weighted by the numbers of cations
in respective coordination spheres. However, since the ion-ion interaction is of
a short range, in a first approximation we can neglect the interaction with all
the neighbors but the nearest ones. For example, the Curie-Weiss temperature of
CdMnTe, measured by Spałek et al. [13], equals O = -470Kx. Attributing it to
the nearest neighbor interaction only, we obtain J1/kB = -13.4 K, not too far
from values obtained from more precise methods. If we know precisely J1, we can
use the Curie-Weiss temperature to estimate J2 , but such a method is less reliable.
1.2.2.2. Magnetization steps. A very elegant method of studying ion-ion interac-
tion uses high-field magnetization measurements.

As visible in Fig. 2, at certain magnetic field values the slope of the ground
state energy of the pair versus magnetic field changes. Since magnetization corre-
sponds to the derivative of the energy with regard to magnetic field, at sufficiently
low temperature a step-like magnetization will be observed. Experiments have
shown [14] that for mole fraction values around 5%, steps of magnetization due
to nearest neighbor pairs can indeed be observed at temperatures of order of 1 K.
The first step should occur at magnetic field B = 2J/gμB. A more detailed anal-
ysis predicts a shift of the field at which steps occur due to interaction with more
distant neighbors. The height of the steps provides information on the number of
pairs. In case of CdMnTe the data confirm random distribution of Mn++ ions.
1.2.2.3. Inelastic neutron scattering. Neutrons can excite magnetic ion pairs to the
excited states separated in energy by multiples of the interaction constant, which
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Fig. 2. A schematic diagram of three lowest-lying levels of an Mn pair and of their
splitting in magnetic field.

can be therefore determined directly from energy spectra of diffracted neutrons.
Such measurements have been done for a number of semimagnetic semiconduc-
tors [15].

1.2.3. Ion—ion interaction in various materials

Numerical values of ion—ion exchange constants can be found elsewhere [5].
It is risky to conclude on trends from data obtained in different experiments, since
considerable scatter of the data occurs. Nevertheless, de Jonge and Swagten [16]
find that a universal dependence of ion—ion exchange constant on inter-ion spacing .

can describe the properties of several semimagnetic compounds with Mn ions. A
fast decay of the interaction strength with distance is found (a power law with an
exponent of —6.8).

1.24. Low-temperature magnetization

Ion—ion interaction constants and the distribution of magnetic ions over the
cation sublattice determine magnetic properties of the material. Numerous stud-
ies have been performed to determine the phase diagrams of semimagnetic semi-
conductors, containing typically paramagnetic, antiferromagnetic, and spin-glass
phases. From the practical point of view low temperature (pumped He) magnetiza-
tion of semimagnetic semiconductors in magnetic fields up to a few tesla presents
a special interest, since it determines most of magnetooptical properties at typical
experimental conditions. Magnetization data is often described in terms of a mod-
ified Brillouin function. The magnetization per, e.g., Mn ion expressed in terms of
its spin component along the magnetic field reads then

where S = 5/2 is Mn spin value, g = 2 is Mn gyromagnetic factor, μ B, kB, and T
are the Bohr magneton, the Boltzmann constant, and temperature respectively;

is the Brillouin function. The two empirical parameters: effective spin saturation
value S0 and a temperature correction T0 depend on Mn mole fraction of the alloy
and were introduced to fit the experimental data.

The analysis in case of dilute (x up to a few %) alloys can be performed in
terms of two classes of ions: those with no nearest neighbors and those forming
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nearest neighbor pairs. If the magnetic ion distribution is not too far from random,
we can neglect bigger clusters. In a typical (J%3 < 0) semimagnetic semiconduc-
tor, at relatively low magnetic fields the pairs will be in their ground (S = 0)
state and will not contribute to magnetization. The effective saturation value S0
will be smaller than the spin Si of a single ion, expressing the exclusion of pairs
from the magnetization. The S0 value carries therefore information on the spatial
distribution of the ions. If the ions having no nearest neighbors were completely
isolated, the magnetization would follow a standard Brillouin function (T 0 = 0).
The non-zero value of T0 expresses an influence of more distant neighbors. Being
relatively small, this influence can be described in terms of a mean field approx-
imation, producing a T0 proportional to the magnetic ion mole fraction x. The
applicability of such an analysis can be estimated from Table containing data for
CdMnTe. For more concentrated alloy8, the magnetization is strongly suppressed
by ion—ion interaction.

1.3. Influence of magnetic ions on charge carriers
1.3.1. Giant Faraday effect and its origin
1.3.1.1. Basic ideas. By the Faraday effect we understand rotation of polarization
plane of light propagating along a magnetic field (the Faraday configuration). The
rotation angle is twice smaller than the phase shift between the two circular
components of the light transmitted by the sample

Usually we introduce the Verdet constant, i.e., rotation angle per unit thickness of
the sample

1.3.1.2. Description of experimental Faraday rotation spectra. From the very be-
ginning of studies of semimagnetic semiconductors, giant values of the Faraday



Semimagnetic Semiconductors 657

rotation were reported in large gap DMS. The authors searched for an adequate
description of the Faraday rotation spectra. The first efforts were centered on a
search for the type of singularity at the transition energy [12]. An improved model
based on calculations of spectral moments was shown to describe the Faraday
rotation of CdMnTe with a better accuracy [17]. The best currently available de-
scription of the refractive index due to interband transitions is due to Tanguy [18].
His models can certainly provide a precise description of interband Faraday rota-
tion.

1.3.2. Mean field approximation

While describing the influence of the carrier—ion interaction on the properties
of a large-gap semimagnetic semiconductor it is important to realize the relative
numbers: we have usually to do with a number of magnetic ions comparable to the
total number of atoms in the crystal, while the number of carriers is smaller by
orders of magnitude; the material is often semi-insulating and the only carriers are
those created by light. Therefore a carrier interacts usually with a great number
of magnetic ions. This inequality justifies the most commonly used approach: an
external magnetic field aligns the magnetic ions, which in turn act on carriers via
ion—carrier interaction. This action has been described successfully in the mean
field approximation, where the spin operators of magnetic ions have been replaced
by their thermal average. Furthermore, the mean field approximation is usually
completed by the virtual crystal approximation, restoring crystal periodicity: the
random distribution of magnetic ions and host cations over the cation sublattice
is replaced by a periodical structure with artificial cations possessing properties
of the host cation and the magnetic ion, averaged using occupation probabilities
as weights. Within these approximations the carrier—ion Hamiltonian (Eq. (1))
becomes H = —N0αxσz(Sz) ) for the conduction electrons and H = —N0βxσz(Si )

for the valence-band ones. This form of the Hamiltonian applied to the states
at T-point of the Brillouin zone produces a splitting of the conduction band
in two components of opposite spins by DE, = IN0α x(Sz)I and a splitting of
the valence band in four equidistant components with the external ones split by
DE„ = │N0βx(Sz)│. In order to obtain a non-vanishing (Sz ) value one has to ap-
ply a magnetic field. Acting on the conduction- and valence-band states, this field
will modify the wave functions of the carriers, produce the Landau quantization,
usual spin splittings, etc. These effects are of primary importance in narrow gap
materials, but in large-gap semiconductors they may often be neglected compared
to the giant spin splitting due to ion—carrier interaction. In such an approximation
we can still apply the notion of the wave vector and consider unperturbed bands
except of the exchange splittings.

In case of Mn++ ions possessing no orbital magnetic moment, the thermal av-
erage (Sz ) represents the magnetization per magnetic ion and x(Sz,) magnetization
per cation. Considering non-vanishing wave vectors within the above approxima-
tions, Gaj et al. [19] obtained a fairly complicated band structure as a result of
combined carrier—ion exchange- and k • p interactions.
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1.3.3. Excitonic Zeeman effect, determination of ion—carrier (sp—d) exchange
integrals in CdMnTe

Magnetoreflectivity measurements on CdMnTe at low temperatures revealed
that the 1S excitonic ground state transition splits into six components: two of
them visible in each circular polarization in the Faraday configuration (light prop-
agating along magnetic field) and additional two visible in r polarization (E II B)
in the Voigt configuration (light propagation perpendicular to the magnetic field).
The scheme of the splittings and selection rules are shown in Fig. 3.

Fig. 3. Splitting scheme (a) and selection rules (b) in magnetic field for 1S excitonic
transition in CdMnTe.

All the splittings have been shown to be proportional to magnetization [20].
This fact confirms the applicability of the mean field approximation not only to
free carrier states but also to the excitonic ones. This means that we can associate
an exciton with each pair of exchange-split components of energy bands. Such a
result is obtained by neglecting electron—hole exchange interaction which would
couple excitonic states associated with various pairs of the subbands. In fact,
electron—hole exchange interaction energy is below 1 meV, very small compared
to giant Zeeman splittings, which at liquid He temperatures and a few tesla are
typically of order of 100 meV. Assuming that the excitonic effects are identical
for all the subbands, relative transition intensities can be calculated for simple
interband transitions, assuming conduction wave functions in the form

and the valence ones as

and

for light- and heavy-hole bands, respectively. Six non-vanishing transition prob- •
abilities are then obtained as squares of absolute values of electric dipole matrix
elements between the corresponding states. In particular, in the Faraday configu-
ration the heavy-hole transitions are three times stronger than the light-hole ones.
Experimental spectra confirm qualitatively the calculated selection rules.
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By plotting excitonic Zeeman splitting versus magnetization one obtains
straight lines with slope determined by exchange integrals, e.g., for the "strong"
components observed in the Faraday configuration the Zeeman splitting in the
mean field approximation (Sec. 1.3.2) is

where indices — and d- denote circular polarizations (please note that (Sz ) is neg-
ative). For the "weak" components the splitting is

Such plots have been shown to be common for various Mn mole fraction values
and supply reliable values of exchange integrals. In CdMnTe commonly accepted
values are N0 α = 0.22 eV and NO = —0.88 eV for the conduction- and valence
band respectively.

The procedure described above has been applied to many other semimagnetic
semiconductors resulting in determination of the sp—d exchange constants. It is
interesting to note that the values of valence band p—d constant in Cr containing
alloys are positive [21], as opposed to most DMS materials. A very interesting case
occurs for Mn-containing III—V compounds [1], where a strong influence of the free
carriers complicates the analysis.

1.3.4. Zeeman effect for excitons above the fundamental energy gap

Twardowski et al. [22] reported such studies for excitons in CdMnTe in-
volving holes from the spin—orbit split-off valence band at energies about 2.5 eV
(E0+∆ 0 in Fig. 4). The measured Zeeman splittings were described in terms of the
same sp—d interaction constants as for the transitions at the fundamental energy
gap. These measurements allowed the authors to determine also a precise value of
the spin—orbit splitting of the CdTe valence band, equal to 0.948 eV.

Fig. 4. A scheme of optical transitions in the Brillouin zone of CdMnTe.

Zeeman effect was also studied for transitions at the L-point of the Brillouin
zone. These studies were initiated by E. Dudziak et al. in 1982. The first quan-
titative results have been obtained on CdMnTe by Ginter et al. [23]; Coquillat
et al. [24] have performed measurements for ZnMnTe and HgMnTe. In all cases
the measured splitting was much smaller than the width of the reflectivity struc-
tures. Therefore only some kind of averaged splitting values was possible to obtain
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by polarization modulation techniques. The splitting values of the E1 transition
were considerably smaller than those measured at the center of the Brillouin zone.
An attempt by Ginter et al. [23] to compute the Zeeman splittings at the L-point
in terms of a tight binding model predicted two reasons for the observed reduc-
tion: reduction of splittings of the energy bands and relaxation of selection rules,
both due to mixing between the conduction- and valence-band wave functions.
However, they calculated a reduction smaller than that measured experimentally.
To explain the difference, a k-dependence of the p-d exchange integral was pos-
tulated. Besides, the calculations predicted for E1 and E 1 +.61 transitions (in-
volving two valence-band components split by spin-orbit interaction) splittings
identical in absolute value and opposite in sign. This result has been confirmed
by experimental data of Coquillat et al. [24] and later by a more realistic calcu-
lation performed by Bhattachargee [25]. Dependence of sp-d interaction on wave
vector in quantum wells has been also reported by Mackh et al. [26] based on
the Zeeman effect results in short-period CdMnTe/CdMgMnTe superlattices. The
confinement-induced reduction of giant Zeeman splittings was analyzed theoret-
ically by Bhattachargee [27], who explained qualitatively the results of Mackh
et al. [26] and predicted much stronger effects to be expected in quantum dots.

1.3.5. Influence of magnetic fluctuations on band electron states

Magnetic fluctuations can mix effective mass states of different k vector
values [28]. This phenomenon cannot be described within the mean field approx-
imation. In a second-order perturbation calculation, the influence of fluctuations
summed over all the k states from a band will lower the conduction band minimum
(shift up the valence band top) by a value

where Jk q = f d3ru*k+q(r)uk(r)J(r) and Γq = N-l x E, (S0 • Sj )T exp (iq • Rj).
The coefficient Γq describing magnetic fluctuations was approximated by its

long-wavelength limit Γ0 and through dissipation-fluctuation theorem related to
the product of magnetic susceptibility and temperature. A good description of
energy gap variation with temperature was obtained for several DMS compounds.
The only free parameter of the model — an integral of the square of the exchange
constant Jk q over the Brillouin zone was determined from fits of experimental
temperature dependence of the energy gap. The same approach allowed Bylsma
et al. [29] to explain the dependence of the energy gap of ZnMnSe not only on
temperature but also on composition (strongly nonlinear).

2. Quantum structures of semimagnetic semiconductors

2.1. Mean field approximation for quantum structures

Introduction of magnetic ions in semiconductor heterostructures opens a
wealth of new possibilities related to giant energy shifts in magnetic field caused
by the exchange interaction. To name a few examples, spin superlattices [30],
observation of above-barrier states [31], type 1 to type 2 transition [32], easily
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tunable resonant tunneling [33], and many other effects can be created or facilitated
by using semimagnetic semiconductors.

2.1.1. Band offsets

Unlike bulk crystals, for heterostructures we are interested not only in vari-
ation of energy gap as a function of alloy composition, but also in the distribution
of this variation between the conduction- and the valence band. A commonly used
parameter, the relative valence band offset

determines what fraction of the band gap variation occurs in the valence band.
With the above choice of the sign we obtain positive (and smaller than 1) vbo for
type 1 heterostructures, where both carriers are confined in the same layer.

Similarly as in the case of classical III—V GaAs/GaAlAs quantum wells,
commonly accepted values of relative band offsets have not been determined im-
mediately. In early stages of studies of semimagnetic heterostructures the band
offsets were determined primarily from the Zeeman effect measurements. For
CdMnTe/CdTe system the published values of vbo ranged from almost zero [34]
to 46% [35] depending on the Mn mole fraction of CdMnTe crystals and on
the method of determination. Only when a method unrelated to Zeeman effect
has been used by Kuhn-Heinrich et al. [36], a composition-independent value of
vbo = 0.30 has been obtained. At present the most commonly used values are
between 0.30 and 0.40.

2.1.2. Interface characterization

The problem with using the Zeeman effect as a tool to determine the band
offsets originates in interface effects. If the interface between, say, a CdTe quantum
well and a CdMnTe barrier is not perfectly abrupt but contains an intermixed
diluted region, the Zeeman effect of an excitors confined in the quantum well may
be primarily influenced by the ions in that region because the dilution allows them
to align easier in an external magnetic field (see Sec. 1.2.4). The enhancement of
the Zeeman splitting due to intermixing may be as high as an order of magnitude.
To compensate for the dilution effect at interfaces, authors of early publications
modified the band offsets. In case of excitonic Zeeman effect a decrease in the vbo
was helpful since it made the hole penetrate deeper in the barriers, and the hole
splitting, being in the bulk four times stronger than that of the electron, made the
total excitonic Zeeman splitting bigger. In case of electron spin-flip energy data,
it was necessary to decrease the vbo to imitate the enhancement of conduction
electron splitting due to dilution at interfaces.

This sensitivity, annoying from the point of view of band offsets deter-
mination, allowed to create an interface characterization method [37] known as
spin tracing. By fitting the experimental Zeeman splitting of excitons confined in
CdTe/CdMnTe quantum wells, the width of the interface profile can be deter-
mined. Spin tracing can be used to study, e.g., interdiffusion due to annealing [38]
or the influence of growth temperature on interface width.
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2.2. Fluctuations in quantum structures

2.2.1. Influence of magnetic fluctuations on band offsets in heterostructures

The influence of fluctuations discussed in Sec. 1.3.5 is much stronger for the
valence- than for the conduction band due to the difference in effective masses
and sp—d exchange integrals. Therefore a variation of temperature can lead to a
change of the valence band offset in CdTe/CdMnTe heterostructures. Such an effect
has been verified experimentally by Kossacki et al. [39], who found a significant
variation of vbo with temperature in agreement with the fluctuation model.

2.2.2. Dependence of effective values of ion—carrier exchange integrals
on temperature

Magnetic fluctuations can also lead to a localization of excitonic states. The
localization can in turn modify the wave functions and cause relaxation of polariza-
tion selection rules, leading to a decrease in effectively observed Zeeman splittings.
This decrease can be expressed in the form of effective ion—carrier exchange in-
tegral value decreasing with temperature. Such an effect has been reported by
Kossacki et al. [40] in CdTe/CdMnTe quantum wells and superlattices.

2.3. Charged excitons in semimagnetic semiconductors

A charged exciton or trion consists of three carriers, i.e., two electrons and a
hole or two holes and an electron. In bulk crystals these complexes are too weakly
bound to be observed. A confining potential of a quantum well brings the carriers
closer together, increasing the binding energy and thus making trions observable.
The first experimental observation of negatively charged excitons X — was done
by Kheng et al. [41] in modulation-doped CdTe/CdZnTe multiple quantum wells.
This observation was rapidly followed by experimental evidence for both kinds of
excitons in III—V and II—VI 2D systems.

In a magnetic field the trion absorption line, unlike that of an exciton in an
isolating crystal, exhibits a net circular polarization resulting from the selection
rules and the Pauli exclusion principle in presence of spin-polarised free carrier gas.
Introduction of semimagnetic semiconductors in such experiments added a new
possibility of tuning the polarization of carrier gas by a small external magnetic
field. The giant band splittings in magnetic field give us a tool for investigation
of trions in the low-field range, where the exciton wave function is perturbed
negligibly. Thus we obtain pure information about population effects [42, 43].

2.4. Ferromagnetism in quantum structures

Alignment of magnetic ions by carriers on the scale of a bulk crystal was
studied in IV—VI compounds by Story et al. [44], who was able to explain quan-
titatively the observed ferromagnetism by the influence of free holes, possessing a
large density of states. In classical II—VI semimagnetic compounds the necessary
large density of carriers was more difficult to obtain*. Only in the late nineties the

*An important perspective related to ferromagnetism in DMS crystals has been opened by
introduction of magnetic ions in III-V compounds — see H. Ohno, in Ref. [1].
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first ferromagnetic transition in a modulation p-doped CdMnTe quantum well was
reported [45]. The latter system has several interesting features. As predicted by
Diet' et al. [46], the Curie temperature is almost independent of hole density, since
in a 2D system the density of states is concentration-independent. Spontaneous
magnetization, unlike in most ferromagnetics, is oriented perpendicularly to the
2D layer due to the anisotropy of confined holes.
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