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Abstract

Recent years have witnessed extensive research aimed at developing functional,
tetrahedrally coordinated ferromagnetic semiconductors that could combine the resources
of semiconductor quantum structures and ferromagnetic materials systems and thus lay
the foundation for semiconductor spintronics. Spin-injection capabilities and tunability of
magnetization by light and electric field in Mn-based IlI-V and 11-VI diluted magnetic
semiconductors are examples of noteworthy accomplishments. This article reviews the
present understanding of carrier-controlled ferromagnetism in these compounds with a
focus on mechanisms determining Curie temperatures and accounting for magnetic
anisotropy and spin stiffness as a function of carrier density, strain, and confinement.
Materials issues encountered in the search for semiconductors with a Curie point above
room temperature are addressed, emphasizing the question of solubility limits and self-
compensation that can lead to precipitates and point defects. Prospects associated with
compounds containing magnetic ions other than Mn are presented.

Keywords: magnetic properties, semiconductor alloys, spin-polarized materials,

spintronics, thin films.

Introduction

Early studies of ferromagnetic 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 ferro-
magnetic phenomena and semiconduct-
ing properties. However, studies of these
ferromagnetic semiconductors were ham-
pered by difficulties in preparation and
their relatively low Curie temperatures
(T¢), typically below 100 K. Somewhat later,
research on diluted magnetic semiconduc-
tors (DMSs) was initiated. This family of
materials encompasses standard semicon-
ductors, in which a sizable portion of atoms
is substituted by elements that produce
localized magnetic moments in the semi-
conductor matrix. Usually, magnetic mo-
ments originate from 3d or 4f open shells
of transition metals or rare-earth elements
(lanthanides), respectively, so that typical
examples of DMSs are Cd;_,Co,Se,
Ga,_Mn,As, Pb,_Eu,Te, and in a sense Si:Er.
A strong spin-dependent coupling between
the band and localized states accounts for
the outstanding properties of DMSs. Ex-
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tensive studies of DMSs started in the late
1970s,'-® when appropriately purified Mn
was employed to grow bulk II-VI Mn-
based alloys by various modifications of
the Bridgman method. Compared with the
magnetic semiconductors investigated
earlier, II-VI DMSs exhibited smaller de-
fect concentrations and were easier to dope
with shallow impurities. Accordingly, it
was possible to examine a variety of novel
spin phenomena by means of powerful
magneto-optical and magnetotransport
techniques developed to study the stan-
dard semiconductors.!** Disappointingly,
however, the dominant interactions be-
tween the localized magnetic moments
turned out to be antiferromagnetic. This,
together with the randomness of magnetic
ion distribution, resulted in disordered
spin orientations in the absence of an ex-
ternal magnetic field, even at the lowest
achievable temperatures.

Recent rapid progress in DMS research
that started in the 1990s has stemmed, to a
large extent, from the development of
crystal growth methods far from thermal

equilibrium, primarily by molecular-
beam epitaxy (MBE) but also by laser ab-
lation. These methods have made it
possible to obtain DMSs with the content
of the magnetic constituent beyond
thermal-equilibrium solubility limits. Sim-
ilarly, doping during the MBE process al-
lows one to substantially increase the
electrical activity of shallow impurities. In
the case of IlI-V compounds, in which di-
valent magnetic atoms supply both spins
and holes, the use of low-temperature
MBE provides thin films of, for example,
Ga;_Mn,As, with x up to 0.07 and the hole
concentration in excess of 10 cm™.

The discovery of carrier-induced ferro-
magnetism in zinc-blende III-V com-
pounds containing a few percent Mn>*—
in which T¢ can exceed” 100 K—followed
by the prediction® and the observation’!
of ferromagnetism in p-type (II, Mn)-VI
materials opened up new areas for explo-
ration. We can now consider physical phe-
nomena and device concepts for previously
unavailable combinations of quantum
structures and magnetism in semiconduc-
tors."! In particular, since in these systems
magnetic properties are controlled by the
holes in the valence band, the powerful
methods developed to change the carrier
concentration by electric field and light in
semiconductor structures can be em-
ployed to alter the magnetic ordering.
Such tuning capabilities were demon-
strated in (In, Mn)As/(Al, Ga)Sb*?** and
(Cd, Mn)Te/(Cd, Zn, Mg)Te:N*™* hetero-
structures. Notably, the magnetization
switching is isothermal, reversible, and
fast. Simultaneously, the injection of spin-
polarized holes from (Ga, Mn)As to (In,
Ga)As quantum wells in p-i-n light-
emitting diodes was demonstrated.!>'
The injection of spin-polarized electrons,
using Zener or Esaki tunneling from p-type
(Ga, Mn)As electrodes into n-type GaAs,
was also realized."!® At the same time,
outstanding phenomena known from the
earlier studies of metallic multilayer struc-
tures were observed in ferromagnetic
DMSs, including interlayer coupling,'®®
exchange-bias behavior? giant magneto-
resistance,”” and tunneling magnetoresis-
tance.”* It is an important challenge in
materials science to understand ferro-
magnetism in these compounds. Another
challenge is to develop functional semi-
conductor systems in which Curie tem-
peratures comfortably exceed room
temperature and semiconductor and mag-
netic properties are equally controllable.

This article presents selected materials
issues of ferromagnetic III-V and II-VI
DMSs. A brief description of models,
aimed at a quantitative explanation of the
ferromagnetic properties of systems such
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as (Ga, Mn)As and (Zn, Cr)Te, is then
given, updating previous review papers
on the topic.?>%*

Transition Metals in lI-VIand llI-V
Semiconductors
Energies of d-Like Levels

A good starting point for the descrip-
tion of DMSs is the Vonsovskii model” of
the electronic structure in materials with
localized magnetic moments. According
to this model, there are two kinds of rele-
vant electron states: (1) ordinary conduc-
tion and valence bands built primarily of
outer s and p orbitals of constituting
atoms, and (2) highly localized states de-
rived from open d shells of transition met-
als. The two graphs in Figure 1 depict
donor and acceptor d-like levels intro-
duced by transition metals to II-VI and
II-V compounds, respectively. For either
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Figure 1. Approximate positions of d-like
levels of transition-metal impurities
relative to the valence-band edges
(shaded bars) and conduction-band
edges (white bars) in (a) II-VI and

(b) llI-V compounds. Triangles represent
the dV/d"-* donor (D) states (donating
the electron, N —N — 1 becomes
positively charged), and squares
represent the dV/d"*! acceptor (A) states
(accepting the electron, N —N + 1
becomes negatively charged). (Adapted
from References 28 and 29.)
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of these material families, the energies of
transition-metal levels are universal, in a
sense that they can be presented in one
plot if the relative positions of the band
edges in particular compounds are shifted
according to band offsets known from
heterostructure studies®? This diagram
makes it possible to assess the electrical
activity of a given transition-metal impu-
rity in a given host and the variation of its
charge state with the extrinsic doping. In
particular, transition-metal impurities will
introduce electrons if the corresponding
donor state is above the bottom of the con-
duction band (e.g., Sc in CdSe) or holes if
the acceptor state is below the top of the
valence band (e.g.,, Mn in GaAs). For a
resulting charge state (number of d-like
electrons), the spin localized on the
transition-metal ion assumes the highest
possible value, according to Hund’s rule.

Exchange Interactions between
Band and d-Like Electrons

The outstanding properties of DMSs
stem from the presence of a strong spin-
dependent interaction between the
electrons in the sp bands and those resid-
ing on the d shells of the transition-metal
impurities. This interaction assumes a form
of the Heisenberg exchange coupling,
H =-IsS***where ] describes the strength
of the interaction between the carrier spin
(s) and the transition-metal spin (S). In
particular, the s-type conduction-band
electrons experience an exchange poten-
tial I; = 0.2 eV for the s—d exchange. The
potential exchange is much weaker for the
valence-band holes residing mainly on an-
ions. However, there is a symmetry-
allowed hybridization of p holes and
transition-metal d states that results in a
spin-dependent interaction, the so-called
kinetic exchange, characterized by a rather
large exchange energy, |1,,1 =~ 1 eV 33!
These sp—d exchange couplings give rise
to spin-splitting of bands proportional to
the magnetization M of the localized mag-
netic moments.

Substitutional Mn

The thermal-equilibrium solubility of
transition-metal impurities is rather low
in the materials in question, and low-
temperature epitaxy®® or ion implanta-
tion* have to be employed to introduce a
sizable amount of the magnetic con-
stituent. An exception here is the high solu-
bility of Mn in II-VI compounds.® This
can be attributed to the fact that the Mn d
states do not significantly perturb sp?
bonds because, according to Figure 1, both
the lower d° (donor) and upper d° (accep-
tor) Hubbard levels are well below and
above the band edges, respectively. Thus,

Mn ions neither introduce nor bind carri-
ers, but give rise to the presence of the
localized spins (S = 5/2). In -V com-
pounds, in turn, where the transition met-
als substitute trivalent cations, the Mn
acceptor d state (4) is degenerate with the
valence band, at least in the case of anti-
monides and arsenides. If this is the case,
the Mn impurities act as effective mass ac-
ceptors, which supply both holes and lo-
calized spins, as the Mn ground state
corresponds to a d® + h configuration. Just
like in other doped semiconductors, if the
Mott criterion is fulfilled, that is, if an
average distance between the holes be-
comes smaller than 2.5a;, where a5 is the
acceptor Bohr radius, the Anderson-Mott
insulator-to-metal transition occurs. The
fact that the holes cease to be bound to the
Mn ions is seen in charge transport,” mag-
netic circular dichroism,®® and electron
paramagnetic resonance* measurements
on (Ga, Mn)As. Similarly to hole-doped
cuprate oxides such as (La, Sr)CuO,, hy-
bridization between transition-metal d
shells and anion p states may enhance the
hole binding energy. The effect is expected
to be particularly strong in nitrides and
oxides, where a small bond length leads to
the strong p—d interaction.?

Interstitial Mn

Another important materials issue in
ferromagnetic DMSs is the existence of an
upper limit for the achievable carrier den-
sity under thermal-equilibrium conditions.
Such a limit can be caused by the finite
solubility of a given dopant in a given
host. In most cases, however, the effect of
self-compensation is involved, which con-
sists of the appearance of compensating
point defects once the Fermi level reaches
an appropriately high position in the con-
duction band (donor doping) or low
energy in the valence band (acceptor
doping). According to particle-induced
x-ray emission,* an increase in the Mn
concentration in (Ga, Mn)As not only re-
sults in the formation of MnAs precipi-
tates,” but also in the occupation by Mn of
interstitial positions, Mn;. Since the latter
has two unbound 4s electrons, it acts as a
double donor in GaAs.*® Its formation is
triggered by a lowering of the system en-
ergy due to removal of the holes from the
Fermi level. Moreover, a symmetry analy-
sis demonstrates that the hybridization
between the hole p bands and Mn; d states
is weak and that the exchange interaction
between Mn; and Mng, is antiferromag-
netic¥ The presence of interstitials ap-
pears to explain, therefore, the reentrance
of the insulator phase for large Mn con-
centrations” as well as a substantial in-
crease in magnitudes of both T¢ (currently
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up to 160 K) and spontaneous magnetiza-
tion on annealing®*~* at temperatures
much lower than those affecting other
known donor defects in GaAs, such as As
antisites Asg,. However, since at high hole
concentrations the formation energies and
diffusion barriers of all defects tend to de-
crease, further work is necessary to prove
that the interstitials are the only relevant
compensators in ferromagnetic DMSs.

Hybrid Structures and Precipitates

There is a large variety of ferromagnetic
and ferrimagnetic compounds of transi-
tion metals with Group II, ITI, V, or VI ele-
ments that can be grown in the same
reactors as the DMSs under discussion.
Such compounds are being used as elec-
trodes in spin-injecting and tunneling
magnetoresistance devices, in which non-
magnetic semiconductors serve as high-
quality tunneling barriers.* Furthermore,
these magnetic compounds can precipi-
tate during DMS growth or annealing.¥
The resulting inclusions, often too small to
be detected by standard x-ray diffraction,
may contribute to the magnetic properties
and sometimes also to the transport and
optical properties of the DMS films. Con-
trol over the precipitates and elucidation
of their influence on material properties
are two of the most challenging issues in
current DMS studies.

Mechanisms of Interactions
between Localized Spins
Superexchange

As a result of the aforementioned sp—d
exchange interaction, the electrons resid-
ing in the sp bands are either attracted to
or repulsed by a given magnetic ion, de-
pending on their spin orientation. This re-
sults in a spatial separation of spin-down
and spin-up electrons if the bands are en-
tirely occupied, as in insulators or intrinsic
semiconductors. Such a separation clearly
leads to an antiferromagnetic interaction
between neighboring localized spins, a
mechanism known as superexchange. In-
deed, in the absence of holes, localized
spins are antiferromagnetically coupled in
Mn-based II-VP#* and II-V*# DMSs.
However, the case of europium chalco-
genides (e.g., EuS) and chromium spinels
(e.g., ZnCr,Se,) implies that ferromagnet-
ism is not always related to the presence of
free carriers. In fact, a theoretical suggestion
has been put forward that superexchange
in Cr-based and V-based II-VI compounds
can lead to a ferromagnetic order.”

Zener/RKKY Models

This reasoning implies the appearance
of spin-polarized carrier clouds around
each localized spin in extrinsic DMSs. Since
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the spins of all carriers can assume the
same direction if the band is unfilled, a
ferromagnetic ordering can emerge, as
noted by Zener*® in the context of mag-
netic metals. This ordering can be viewed
as driven by lowering of the carriers” en-
ergy associated with their redistribution
between spin subbands split apart in en-
ergy by the exchange interaction. A more
detailed quantum treatment indicates,
however, that the sign of the interaction
between localized spin oscillates with dis-
tance, according to the celebrated RKKY
(Ruderman-Kittel-Kasuya-Yosida)
model.” Nevertheless, as long as the car-
rier concentration is smaller than that of
the localized spins, the RKKY and Zener
models lead to the same values of T¢ in the
mean-field approximation.®

Double Exchange

This mechanism operates if the width V
of the carrier band is smaller than the ex-
change energy I, a situation expected for
bands formed from d states. As noted in
another work by Zener,” spin ordering fa-
cilitates carrier hopping over the d states,
so that the ferromagnetic transition is
driven by the lowering of the carrier en-
ergy due to an increase in V. Accordingly,
in such systems spin ordering is always
accompanied by a strong increase in the
conductivity, an effect leading to so-called
colossal magnetoresistance, typically or-
ders of magnitude greater than the giant
magnetoresistance occurring in multi-
layers of magnetic metals. This is the case
of manganites such as (La, Sr)MnOs,,
where Sr doping introduces holes in the
Mn d band. So far, there is no evidence for
d-band transport or for the associated
colossal magnetoresistance in II-V and
II-VI DMSs.

Mn-Based Ferromagnetic
Semiconductors
Zener Model of Carrier-Mediated
Ferromagnetism

In the mean-field Zener model,? the
spin magnetization as a function of tem-
perature and magnetic field is determined
by minimizing the free energy, consisting
of a magnetization term and an electronic
term. This is a rather versatile approach,
as carrier correlation, confinement, spin-
orbit couplings, and quantizing magnetic
fields, as well as weak disorder and anti-
ferromagnetic interactions, can be intro-
duced in a controlled way, allowing a
quantitative comparison of experimental
and theoretical results.'%*"*? This formal-
ism directly provides the magnitude of
spontaneous magnetization and thus Tc.
Furthermore, it makes it possible to deter-
mine other important characteristics of

ferromagnetic materials.”® These include
magnetic anisotropy,” which determines
the crystallographic orientation of the
easy axis, and magnetic stiffness,* which
describes the robustness of the subsystem
against local spin twisting. In the case of
strained epitaxial films, the magnitude of
magnetic anisotropy is given by the en-
ergy difference K, between the longitudi-
nal and perpendicular orientations of
magnetization with respect to the film
plane. The magnetic stiffness A describes,
in turn, the energy penalty associated with
the local twisting of the spins from the
global direction of magnetization. The de-
termined parameters K, and A for (Ga,
Mn)As allows one to assess the domain
structure® and magnon dispersion, > that
is, to determine how vibration frequencies
of spins around the equilibrium orienta-
tion depend on the spatial profile of dis-
torted magnetization.

We discuss next some selected properties
of ferromagnetic DMSs and compare them
with the results of this Zener/RKKY model.

Curie Temperatures

According to Figure 2, theoretical calcu-
lations, %% carried out with no adjustable
parameters, satisfactorily explain the
magnitude of T¢ in both (Ga, Mn)As and
p-type (Zn, Mn)Te. As shown, RKKY cor-

Fermi Wavelength  1/k_ (A)
100 50 25 10 5
T v T ——T -

= 30
g Ga,_,Mn,As
< layer
=T 10L 4
£
< p-Cd,_,Mn,Te
B quantum wells
o
£
s r 4T e
- _'_I_
E 1} ,° -
g p-Zn,_Mn.Te |
2 layers 1

0.01 0.1

Fermi Wave Vector k_(A™)

Figure 2. Experimental results (symbols)
and calculated values (curves) for the
normalized ferromagnetic temperature,
Te/102 X4, Where X is the Mn content
(excluding the antiferromagnetically
coupled nearest-neighbor Mn pairs)
versus the wave vector at the Fermi
level for Ga,_,Mn,As (solid triangle),”
Zn,_ Mn,Te:N (solid squares),*® quantum
wells of p-Cd,_,Mn,Te (circles),*%¢ and
Zn,_,Mn,Te:N:P (solid star).5” Solid
curves are the multiband Zener models®?
for the three-dimensional and two-
dimensional cases; dotted curves include
the RKKY (Ruderman—Kittel-Kasuya—
Yosida) oscillations.'® (Adapted from
Reference 56.)
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rections to the Zener model have to be
taken into account in the case of (Zn, Mn)Te.
This difference between (Ga, Mn)As and
p-(Zn, Mn)Te is associated with the fact
that electrically charged Mn pairs are fer-
romagnetically aligned by the holes in
(Ga, Mn)As, while spins of electrically
neutral nearest-neighbor Mn pairs remain
in antiparallel configurations in (Zn,
Mn)Te. Within the Zener model, T is pro-
portional to both Mn ion concentration
and the density of states for spin excita-
tions. The latter increases with the hole
concentration in three-dimensional (3D)
systems, but stays constant in 2D systems.
Hence, in the 2D case, T is expected to not
vary with the carrier density and to be
enhanced over the 3D value at low carrier
densities. Experimental results for
modulation-doped p-type (Cd, Mn)Te
quantum wells, presented in Figure 2,
confirm these expectations, although a
careful analysis indicates that disorder-
induced band tailing lowers Tc when the
Fermi energy approaches the band edge.™*
In 1D systems, in turn, one anticipates a
formation of spin-density waves with a
wavelength two times shorter than the
de Broglie wavelength of the electrons at
the Fermi level, a prediction awaiting an
experimental confirmation. Owing to the
relatively small magnitude of the s—d ex-
change coupling and density of states,
carrier-induced ferromagnetism is ex-
pected* and indeed observed only under
rather restricted conditions in n-type Mn-
based DMSs.5

A good agreement between the experi-
mental and theoretical values of T¢ in (Ga,
Mn)As, p-(Cd, Mn)Te, and p-(Zn, Mn)Te
has triggered the extension of the calcula-
tions to other Mn-based III-V, II-VI, and
IV systems.®% The high-temperature
ferromagnetism predicted for nitrides,
oxides, and diamond has stimulated a
considerable effort aimed at mastering the
fabrication of these systems, as has been
reviewed recently®>® (see also the article
by Chambers and Farrow in this issue). A
consensus seems to emerge that (Ga,
Mn)N can exhibit ferromagnetic proper-
ties persisting above room temperature
and involving up to 20% of the Mn spins.
Whether this magnetic response comes
from Mn substituting for Ga in GaN or
from precipitates of another compound is
under active debate. In particular, a sug-
gestion has been put forward® that the
strong carrier-induced ferromagnetic cou-
pling, together with the enhanced atom
diffusion by the high doping level, may
drive a phase separation into ferromagnetic
p-type and paramagnetic n-type regions.

Incidentally, the newly developed ferro-
magnets (Ge, Mn)* and (In, Mn)Sb®' show
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the expected®® trend in the magnitudes
of Te.

Properties of the Ferromagnetic
Phase

In view of spintronic applications, a cru-
cial parameter that characterizes ferro-
magnetic materials is the degree of spin
polarization P of band carriers. Not sur-
prisingly, the magnitude of P increases
with the ratio of band splitting for satu-
rated magnetization of localized spins to
the Fermi energy. A theoretically expected
value of P reaches 80% at low tempera-
tures for typical magnitudes of Mn and
hole concentrations in (Ga, Mn)As,* and
attains 100% immediately below T in
modulation-doped (Cd, Mn)Te, where the
hole concentration is relatively small.**

According to the standard mean-field
theory, the growth of the ratio of sponta-
neous to saturation magnetization M/Mj,,
when the temperature decreases is de-
scribed by the Brillouin function, which
leads to M/Mg,~ (Tc—T)"?at T close to Tc
and to 1 — M/M, ~ T ** in the opposite
limit T << T¢. This would be the case for
both M and P in DMSs if P were much
smaller than 1. As mentioned earlier, this
does not usually occur because no addi-
tional carriers are available to further en-
large M at low temperatures. As a result,
the relation between M and P ceases to be
linear, and neither of them follows the
Brillouin function form on cooling below
T.” even if other effects, such as a de-
crease in M by magnons (spin wave exci-
tations), disorder, and T gradient in the
film, are unimportant.

It is well known that the orbital mo-
mentum of the majority hole subbands de-
pends on strain and confinement. Hence,
magnetic anisotropy (easy-axis direction),
which exists due to the spin—orbit interac-
tion in the valence band, can be manipu-
lated by adjusting the lattice parameter of
the substrate. This is because the growth
of the DMS films in question is usually
pseudomorphic despite lattice mismatch,
that is, no misfit dislocations are formed,
but the in-plane lattice parameter of the
film assumes the substrate value. Theoret-
ical results show that the orientation of the
easy axis with respect to the film plane de-
pends on whether the epitaxial strain is
compressive or tensile, in agreement with
the early experimental studies of (In, Mn)
As®? and (Ga, Mn)As.® However, mag-
netic anisotropy at a given strain is pre-
dicted 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 magnitude
of spontaneous magnetization, which

depends on temperature. As shown in
Figure 3, such a temperature-induced
switching of the easy-axis direction has re-
cently been detected in samples with ap-
propriately low hole densities.®*

Finally, we note that a large magnitude
of spin stiffness in (Ga, Mn)As,* which can
be traced back to the multiband character
and p symmetry of the valence-band states,
results in large energies of both domain
walls and spin wave excitations. This ac-
counts for excellent micromagnetic proper-
ties of this system®®¢ and a posteriori
explains the quantitative accuracy of the
mean-field approximation. Similarly, it be-
comes possible to describe quantitatively
the magnitude of the anomalous Hall effect
and anisotropic magnetoresistance in this
material.*®®

Beyond Mn-Based Compounds
Ferromagnetism in Cr-Based II-VI
DMSs

As already noted, ferromagnetic super-
exchange was predicted for Cr-based I1I-VI
DMSs.* A ferromagnetic ground state in
these systems is also expected from more
recent ab initio computations®” that sug-
gest, however, that double exchange
rather than superexchange is involved.

Recent work”™ on (Zn, Cr)Te has led to
the observation of ferromagnetism by
both direct magnetization measurements
and magnetic circular dichroism (MCD).
According to the MCD results presented
in Figure 4, ferromagnetism persists up to
room temperature in a sample containing
20% of Zn replaced by Cr. Since no electri-
cal conductance is detected, the ferromag-
netic double exchange does not appear to
operate. At the same time, for the cur-
rently accepted values of the parameters,
the observed magnitude of T¢ is too high
to be explained within the superexchange
scenario, but by adjusting parameters
within the physically acceptable range,
such a scenario becomes plausible. Indica-
tions of ferromagnetism below 100 K have
also been found in (Zn, Cr)Se.”* The en-
hanced magnetic response has been as-
signed to precipitates, as the apparent T
does not scale with the Cr concentration
and is close to the T¢ of the spinel semi-
conductor ZnCr,Se,. Nonetheless, inde-
pendent of the microscopic nature of
ferromagnetic ordering, the large magni-
tude of the MCD of Figure 4 suggests pos-
sible applications of this system in
photonic devices such as Faraday optical
insulators.

Other Systems

With no doubt, independent control of
electronic and magnetic properties and, in
particular, the availability of n-type tetra-
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Figure 4. Magnetic-field dependence of
magnetic circular dichroism (MCD) in a
Zn,_,Cr,Te (x = 0.20) film at photon
energy E = 2.2 eV and temperatures of
20 K and 293 K, indicating the presence
of ferromagnetic ordering persisting up
to room temperature. The minus sign
shows that the MCD signal at E = 2.2 eV
is negative and the unit is in rotation
angle of polarization vector per
centimeter. (After Reference 71.)

hedrally coordinated ferromagnetic com-
pounds would considerably enlarge the
impact of semiconductor spintronics. Un-
fortunately, in the case of the (Zn, Cr)-VI
DMSs discussed earlier, according to the
level diagram presented in Figure 1, carri-
ers introduced by shallow impurities will
be trapped by the d states. However, for a
sufficiently high density of the trapped
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carriers, the Mott criterion will be fulfilled,
so that the double exchange interaction
and charge transport through d band will
appear in such systems. Desired material
properties, such as divergent magnetic
susceptibility and spontaneous magneti-
zation, can be produced by a strong anti-
ferromagnetic superexchange interaction.
The idea here is to synthesize a ferrimag-
netic system that would consist of antiferro-
magnetically coupled alternating layers
containing different magnetic cations, for
example, Mn and Co in a II-VI matrix.*
Finally, since in general III-V compounds
can be doped more easily with impurities
that are electrically active, whereas II-VI
materials support a greater concentration
of transition metals, the suggestion has
been put forward to grow magnetic
III-V /II-VI short-period superlattices’ in
which a charge transfer to the magnetic
layers will increase Tc.

Conclusions

Recent years have witnessed remark-
able progress in the development of new
materials systems that show novel capa-
bilities such as the manipulation of ferro-
magnetism by electric field and light.
Thus, these materials can already be used
to develop quantum information devices.
On the other hand, further work is needed
to demonstrate functional ferromagnetic
compounds for room-temperature semi-
conductor spintronics. This will require
researchers to overcome the limitations
imposed by solubility limits and self-

compensation. On the theoretical side,
carrier-controlled ferromagnetic semicon-
ductors combine the intricate properties of
charge-transfer insulators and strongly
correlated disordered metals with the
physics of defect and band states in heavily
doped semiconductors. Accordingly, de-
spite important advances in the theoretical
understanding of these systems, their de-
scription from first principles may take
some time.
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