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Ferromagnetic semiconductor structures such as superlattices or trilay-
ers form a new class of magnetic systems composed entirely of semiconduc-
tor materials. The examples are Ga1-xMnx As—AlGaAs with the ferromag-
netic layer of GaMnAs semimagnetic (diluted magnetic) semiconductor or
EuS-PbS with the ferromagnetic member (EuS) of the family of europium
chalcogenides. We discuss the spectrum of perspective ferromagnetic semi-
conductor materials, the effect of size and stress on magnetic properties of
ultrathin semiconductor ferromagnetic layers, and the effect of interlayer ex-
change in all-semiconductor systems.

PACS numbers: 75.50.Pp, 75.70.Cn

1. Introduction — ferromagnetic semiconductors

Recently, the impressive progress has been achieved in the field of low di-
mensional layered magnetic structures composed of ferromagnetic and nonmag-
netic metals such as, e.g., Co–Cu multilayers [1-3]. The discovery of a variety
of new effects such as, e.g., interlayer exchange coupling or giant magnetoresis-
tance, has led to successful applications in magnetoresistive and magnetooptical
sensors [4, 5]. In order to extend this field to other (nonmetallic) systems, a number
of attempts have been undertaken to grow hybrid systems built of ferromagnetic
metals and semiconductors, e.g., Fe–Si superlattices or ZnSe–Fe and GaAs–Fe het-
erostructures [1, 6]. However, these efforts face the severe problem of poor epitaxial
compatibility of ferromagnetic metals and elemental and compound semiconduc-
tors. In this work, we discuss a new approach to this problem based on the use of
ferromagnetic-nonmagnetic structures built of semiconducting materials only.

Ferromagnetic properties are usually observed in metallic materials. The
list of semiconducting or insulating ferromagnets is rather short (see monographs
[7] and [8] on magnetic semiconductors). Ferromagnetic semiconductors can be di-
vided into two groups: magnetic compounds such as EuO or CuCr2Se4, and diluted
magnetic alloys (semimagnetic semiconductors) like Sn 1- xMnxTe or Ga1- ,MnxAs.
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The best known group of magnetic semiconductors is the family of Eu chalco-
genides: EuA (A = O, S, Se, or Te). From a magnetic point of view, EuA repre-
sents the system of localized magnetic moments of Eu 2+ ions (electron configura-
tion 4f 7) coupled by short-range superexchange interactions well described by an
isotropic Heisenberg Hamiltonian. The magnetic order observed in EuA depends
on lattice parameter (varying for different anions): EuTe is an antiferromagnet,
EuSe shows both antiferromagnetic and ferromagnetic order depending on the
temperature range and applied magnetic field, and both EuS and EuO are ferro-
magnets with Curie temperature TC = 16.6 K and TC = 69 K, respectively [7-9].
Stoichiometric EuO and EuS are semi-insulating materials. These materials can
also be doped, e.g., with Gd3+ ions or by controlling the deviations from stoi-
chiometric composition [7-9]. The absorption edge of europium chalcogenides is
located about 2 eV.

In the group of IV—VI semimagnetic semiconductors, ferromagnetic
properties are observed in Sn 1-x MnxTe, Ge1-xMnxTe, Pb 1- x- y Sny Mnx Te
(0.4 ≤ y ≤ 1) and Pb1-x-yGeyMnxTe (0.9 ≤ y < 1) crystals. Due to the lim-
ited solubility of Mn magnetic ions in IV—VI matrices (x < 0.1), the ferromagnetic
transition in these materials is typically below TC ≤ 30 K. The ferromagnetic
exchange interactions in IV—VI semimagnetic semiconductors originate from the
Ruderman—Kittel—Kasuya—Yoshida (RKKY) mechanism [10-13]. In the RKKY
mechanism the interspin coupling is brought about by the spin polarization,of
conducting carriers interacting via the sp—d exchange with the localized magnetic
moments of magnetic ions. The RKKY interaction is particularly important in
systems with high carrier concentration. Although in IV—VI materials Mn is elec-
trically neutral, the required very high concentration of carriers is generated by
native defects (metal vacancies) and can be controlled by changing the deviation
from stoichiometry during the process of isothermal annealing. This method is very
efficient in IV—VI materials and, e.g., in SnMnTe and GeMnTe the conducting hole
concentration can be set in the range p = 1020 -1021 cm -3 independently of Mn
concentration. This unique possibility resulted in the discovery of the effect of car-
rier concentration induced ferromagnetism in PbSnMnTe, which showed that the
ferromagnetic order is observed only for crystals with hole concentration higher
than a threshold value of p 3 x 10 20 cm-3 [10]. Although in II—VI and III—V
semimagnetic semiconductors the details of the RKKY mechanism are somewhat
different, the requirement for carrier concentration of the order of p 1020 cm-3

remains valid. The growth of these semimagnetic crystals with such a high con-
centration of carriers proved to be a challenging technological task.

Currently, the most actively studied group of ferromagnetic semiconducting
materials are III-V semiconductors with Mn, namely Ga1-x Mnx As and
In1-xMnxAs. Since the equilibrium solubility limit of Mn in III—V semiconduc-

tors is very low (at doping level) the ferromagnetic properties are observed only in
thin layers grown by nonequilibrium method of low temperature molecular beam
epitaxy (LT MBE) [14, 15]. Although the record reported Curie temperature in
GaMnAs is 110 K, the well documented value is about 70 K for Ga1-xMnx As
with x 0.05 and conducting hole concentration p 2 x 10 20 cm-3 . In contrast
to IV—VI and II—VI semiconductors, Mn forms in GaMnAs and InMnAs an elec-
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trically active acceptor center and is responsible for the high p-type conductivity
observed in these layers. This center can be viewed as Mn 2+ ion plus a weakly
coupled hole. Electron paramagnetic resonance studies indicate that the simplest
possible candidate, i.e. Mn 3+ center observed in bulk crystals of some III—V ma-
terials, is not encountered in LT MBE epitaxial layers [16]. For the description of
ferromagnetism in III—V semiconductors with Mn the models based on the RKKY
interaction are usually invoked [14]. Recently, a new quantitative mean field ap-
proach based on the Zener model was proposed to explain ferromagnetism of III—V
and II—VI compound semiconductors and group IV elemental semiconductors [17].
It indicates the importance of wide-gap semiconductor materials such as, e.g.,
Ga1-x MnxN as a possible candidate for semiconductor materials ferromagnetic at
room temperature.

In II—VI semimagnetic semiconductors the interspin exchange interactions
are dominated by antiferromagnetic superexchange mechanism. However, the theo-
retical analysis indicates that these materials might show ferromagnetic properties
for high enough p-type doping. The basic mechanism is the compensation of an-
tiferromagnetic superexchange interaction by ferromagnetic RKKY contribution
[18]. Although Mn forms in II—VI materials a regular electrically neutral Mn 2+
center, it tends to interfere with the p-type doping, e.g., by strongly compensating
P acceptors in ZnMnTe with x > 0.03. The conditions necessary for the formation
of the ferromagnetic phase in II—VI semiconductors with Mn (hole concentration
of 10 20 cm -3 and Mn content of about (3-5)%) were recently realized in MBE
epitaxial layers of ZnMnTe doped with N [19] and bulk ZnMnTe crystals doped
with P [20]. The dominance of ferromagnetic interactions were indeed experimen-
tally observed in both materials. It was also shown that the band structure effects
related to the lower dimensionality of the system might be beneficial for the forma-
tion of a ferromagnetic state as observed in CdMnTe—CdMgZnTe:N modulation
doped quantum wells [21].

2. Ferromagnetic ultrathin semiconductor layers
Semiconductor ferromagnetic structures are usually composed of very thin

(1-10 nm) ferromagnetic and nonmagnetic layers organized in the form of super-
lattice, trilayer, heterostructure or other planar multilayers (see Fig. 1). For such
a thin ferromagnetic layer the new important effects must be considered, among
others, the effect of stress induced by the lattice- or thermal-mismatch between
the magnetic and nonmagnetic layers and the substrate, and the effect of strongly
reduced thickness of magnetic layer on its basic magnetic properties such as the
Curie temperature and magnetic anisotropy constant. Both these factors may dra-
matically change the magnetic properties of an ultrathin layer of a ferromagnet
as compared to its bulk crystal form. For example, in the case of ultrathin fer-
romagnetic layer the magnetic system becomes effectively two-dimensional and
the very existence of a ferromagnetic state may be questioned in view of the
Mermin—Wagner theorem [22]. This theorem states that the ferromagnetic order .
cannot be sustained in the 2D system with ferromagnetic isotropic short-range
exchange interactions. We will discuss these problems for the case of EuS—PbS
semiconductor ferromagnetic multilayers.
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Fig. 1. The scheme of semiconductor ferromagnetic superlattice (a) and asymmetric
trilayer (b) for the case of EuS-PbS system. The indicated thicknesses of layers corre-
spond to the structures studied in Sec. 2 and Sec. 3.

A model ferromagnetic-nonmagnetic multilayer system discussed in here is
EuS intercalated with PbS. EuS and PbS crystallize in the same cubic (rock salt)
crystal structure and the lattice mismatch between these two crystals is only
0.5%. Since PbS is a typical diamagnet, magnetically the EuS—PbS multilayers
are all-semiconducting ferromagnet—diamagnet nanostructures [23]. EuS—PbS mul-
tilayers form PbS multiple quantum wells with fundamental electronic transitions
in the infrared [24, 25]. We studied two series of EuS—PbS multilayer samples with
a similar spectrum of layer thickness but with different layer orientation and dif-
ferent substrates. The EuS layer thickness ranged from 2 to 24 monolayers (ML),
while the PbS layers were kept relatively thick (dPbS 50 ML) to assure the lack
of any magnetic coupling between the ferromagnetic layers. A few thick EuS—PbS
bilayers (dEUS 200 ML) were grown on KCl (100) and BaF2 (111) as a reference
to bulk EuS crystals.

In Fig. 2a we present the dependence of the Curie temperature of EuS—PbS
multilayers on the thickness of EuS layer. The ferromagnetic transition tempera-
tures of the EuS—PbS structures on BaF2 (111) are shifted to lower temperatures
by about 4 K with respect to the structures grown on KCl (100). This effect is at-
tributed to the thermal stress in the EuS—PbS system as will be discussed below.
For structures with EuS layers thinner than roughly 10 ML, the ferromagnetic
Curie temperature TC decreases substantially with decreasing thickness of EuS. In
a simple physical picture this effect originates from the reduction of the number of
magnetic neighbors of magnetic ions located close to the interfaces (see Fig. 2b).
In the mean field model TC is determined by the energy of the ground state of a
ferromagnet: kBTC = 2/3S(S + 1)(z 1 J1 + 22J2), and scales by the average number
of magnetic neighbors (is). For EuS, the magnetic interactions are important only
for nearest (z 1 ) and next nearest (z 2 ) magnetic neighbors. Since the number of
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magnetic neighbors varies for ions located in different layers, the average number
of neighbors depends on the number n of EuS monolayers in the layer, as well as on
the growth direction, and on the intermixing profile at the interface [23]. The final
expression for the Curie temperature is TC(n) = TC(b)"(1 —c/n),wherecis a numer-
ical parameter [23]. The application of other concepts (finite size scaling or exact
calculations for the Ising systems) to the analysis of the thickness dependence of
the Curie temperature in EuS—PbS multilayers is discussed in [23].

Fig. 2. (a) The thickness dependence of the Curie temperature Tc for two series of
EuS-PbS multilayers grown on KCl (100) substrate (open squares), and on BaF2 (111)
substrate (full circles). Solid lines correspond to the mean field calculations for the case of
sharp EuS-PbS interface, whereas the dashed lines correspond to the case of intermixed
interface of 2 ML width. Part (b) illustrates the role of the, so-called, missing magnetic
bonds of magnetic ions located close to the interfaces. Full dots represent magnetic
ions (Eu).

The Curie temperatures TC of EuS—PbS multilayers are shifted with re-
spect to the Curie temperature of bulk EuS crystal TC (b), with the shift ΔTC =
Tc — TC(b) depending on the substrate. For thick EuS—PbS bilayers grown on
KCl (100) substrate, TC is about 1 K higher, whereas for EuS—PbS bilayers
grown on BaF2 (111), TC is about 3 K lower compared to bulk crystals for which
TC = 16.6 K (Fig. 2a). We attribute this shift of ferromagnetic critical temper-
ature to the in-plane biaxial stress present in EuS—PbS structures. This stress
changes the interspin distances and the exchange integrals Ji, eventually changing
the ferromagnetic transition temperature [23]. An analysis shows that the most
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important source of stress in EuS—PbS multilayers is the thermal stress due to the
difference between the thermal expansion coefficients (TEC) of the substrate and
the multilayer. The effect of TEC-stress was calculated for the temperature inter-
val from the growth temperature Tg = 520 K down to TC = 10 K for EuS—PbS
bilayers grown on KCl and on BaF 2 using a model assuming that: (1) at the
growth temperature Tg the stress due to the lattice mismatch between substrate
and PbS-buffer is fully relaxed, and (2) all the TEC-stress builds in the struc-
ture when the sample is cooled down. Using the recent neutron scattering data
for the lattice parameter dependence of the Curie temperature of EuS [26], and
the calculated changes of the in-plane and normal to the plane lattice parameters
induced by TEC-stress, we estimated the shift ΔTC of the critical temperature of
stressed EuS—PbS structure. Our calculations indicate that TC of TEC-strained
EuS—PbS/KCl could be shifted by 4.5 K higher with respect to the TC of the
free standing EuS—PbS structure. We have observed this effect experimentally by
studying the temperature dependence of the ac magnetic susceptibility X(T) of
EuS—PbS structure on the KCl substrate and then the X(T) dependence for the
same structure without the substrate (i.e. free standing EuS—PbS structure with
KCl substrate removed by dissolving in water) [23]. For the measurements, the
free-standing multilayer is located on glass to which it is attached by weak van
der Waals forces with negligible transmission of stress form the supporting glass.
In Fig. 3a one can see that the X(T) curves are shifted by about 3 K in a way
expected for the action of the TEC-stress. In the case of EuS—PbS on the BaF 2

(111) substrate the effect of thermal stress is one order of magnitude smaller due
to much smaller difference between TEC of BaF 2 and the multilayer. Recently, the
same effect of stress on the Curie temperature was observed in related EuS—PbSe

multilayers [271.

Fig. 3. (a) The temperature dependence of ac magnetic susceptibility for
[EuS(18 ML)—PbS(59 ML)] multilayer on KCl (100) substrate, and for the same layer
without the substrate. Part (b) illustrates the effect of thermal stress responsible for the
shift of the x(T) dependence presented in (a).
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3. Interlayer exchange in ferromagnetic semiconductor superlattices

The phenomenon of interlayer exchange coupling i.e. the interaction between
two metallic ferromagnetic layers separated by a nonmagnetic metal layer was dis-
covered in the late 1980's. Since then, it proved to be a rich field of fundamental
research in modern magnetism and played key roles in many technological appli-
cations. So far, the vast scientific activity in this field has been focused on metallic
systems in which the interlayer coupling can be explained in terms of quantum
interference of electron waves of quasi-free conducting carriers in spin dependent
potential of magnetic multilayer or, equivalently, via the spin polarization of con-
ducting carriers (an analog of the RKKY interaction [2, 3]). The necessary condi-
tion for the RKKY mechanism to play a significant role is the presence of a high
concentration of carriers in the multilayer. The extension of this field to entirely
nonmetallic systems based on semiconductors and insulators is motivated by two
important factors: (1) the basic question as to whether interlayer coupling can
exist in systems with negligibly small concentration of conducting carriers, and
(2) the applicational idea of ferromagnetic elements epitaxially incorporated into
the semiconductor electronic circuits.

Theoretical models developed for semiconductor ferromagnetic multilayers
suggest that the interlayer coupling is due to the sp—d exchange via carriers local-
ized on shallow donor centers in the nonmagnetic spacer [28, 29], or by spin polar-
ization of valence band electrons brought about by virtual electronic transitions
over the energy gap of a semiconductor (an analog of the Bloembergen—Rowland
mechanism) [30]. Another theoretical approach, based on the tight-binding method,
has also been proposed to find the interlayer coupling strength by calculating the
energy difference between the parallel and antiparallel spin configurations in suc-
cessive magnetic layers [31]. Finally, the dipolar interactions can also be important
in the case of ferromagnetic systems with significant interface roughness or in-plane
domain structure [32]. For the ideal ferromagnetic planar system this mechanism
is negligibly small.

The main experimental methods which can be employed to study the inter-
layer exchange in ferromagnetic multilayers are based on magnetization, ferromag-
netic resonance, Brillouin light scattering, and neutron diffraction measurements.

The measurements of magnetic field dependence of magnetization (M(H)
loop) are usually performed by superconducting quantum interference device
(SQUID) or magnetooptically by the Kerr effect measurements. This method pro-
vides a direct way to detect antiferromagnetically coupled layers (see Fig. 4) but is
not conclusive for the case of ferromagnetic coupling. In the latter case one should
use asymmetric trilayer structures (see Fig. 1b) to allow for the clear distinction
between the non-coupled layers due to their different coercive fields (the method
used, e.g., in the studies of GaMnAs—AlGaAs trilayers [33]).

In ferromagnetic resonance (FMR) measurements the interlayer exchange
coupling is detected as the two-mode behavior of the system. Apart from the reg-
ular, so called, acoustic FMR mode (corresponding to the in-phase precession of
magnetic moments of ferromagnetic layers), the optical mode is also observed (re-
lated to the out-of-phase precession of magnetic moments of the coupled layers).
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Fig. 4. The scheme illustrating the influence of the interlayer exchange interaction on
the M(H) dependence in magnetic trilayers: upper panel — ferromagnetically coupled
layers; lower panel — antiferromagnetically coupled layers.

In principle, the position of FMR lines carries the information on both the sign
and the strength of the interlayer coupling. However, the important drawback of
this method is related to the zero intensity of the optical FMR mode for symmet-
ric ferromagnetic trilayers [1]. It requires the use of asymmetric trilayer structures
(Fig. 1b) with different FMR resonant fields due to different magnetic anisotropies.
For the quantitative determination of the strength of the interlayer exchange inter-
action one has to compare FMR spectra for a series of identical trilayers differing
only with respect to the thickness of the nonmagnetic spacer. This method was
applied to EuS–PbS trilayers [34].

The third method used for the study of interlayer exchange in semiconductor
ferromagnetic multilayers is neutron diffraction technique. This powerful technique
proved to be very efficient in the analysis of both ferromagnetically and

antiferromagnetically coupled EuS–PbS superlattices. In this method the interlayer cou-
pling is detected by the observation of the correlations between the direction of the
magnetization vectors of consecutive ferromagnetic layers in the multilayer. The
evidence is particularly strong for the antiferromagnetically coupled multilayers
when the new magnetic periodicity (twice bigger than the chemical superlattice
periodicity) leads to the new set of diffraction peaks.

In all-semiconductor systems the interlayer exchange interaction was exper-
imentally observed only in semiconductor antiferromagnetic-diamagnetic EuTe-
PbTe, MnTe–ZnTe and MnTe–CdTe superlattices [35-37]. The experimental con-
clusion was based entirely on neutron diffraction studies. For ferromagnetic-non-
magnetic semiconductor systems, till recently, the only report concerned ferro-
magnetic interlayer exchange detected in magnetic hysteresis measurements in

Ga1-xMnxAs–AlGaAs asymmetric trilayers with two GaMnAs layers with
x = 0.02 and x = 0.04 and different coercive fields [35]. The coupling is believed
to be mediated by holes in the nonmagnetic AlGaAs layer i.e. by the RKKY
mechanism known in metallic systems.
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For ferromagnetic semiconductor multilayers both recent theoretical papers
(discussed above) and a very limited experimental data indicated only ferromag-
netic interlayer coupling. Since it is an antiferromagnetic interlayer coupling which
is vital for the operation of most of important magnetic thin layer structures such
as, e.g., spin valves, it is important to find ferromagnetic semiconductor structures
with antiferromagnetic interlayer exchange.

Recently, the antiferromagnetic interlayer exchange was discovered in
EuS—PbS/KCl(001) multilayers with PbS thickness of about 1 nm. The coupling is
observed both in neutron diffraction and magnetization measurements performed
for superlattices, symmetric trilayers and asymmetric trilayers [38]. It was also pro-
posed that the coupling may be driven by a new mechanism related to the band
structure effects sensitive to the magnetic structure of the multilayer [31, 38].

4. Summary

We have briefly discussed recent progress in the field of semiconductor ferro-
magnetic structures. These new magnetic low dimensional materials offer a qual-
itatively new extension to the well known field of magnetic metallic multilayers.
The discussion of the properties related to dimensionality effects and stress ef-
fects was presented for the case of model Heisenberg ferromagnetic-nonmagnetic
multilayer EuS—PbS. We have also analyzed recent theoretical and experimental
efforts aimed at the understanding of the phenomenon of interlayer exchange cou-
pling in semiconducting systems with negligible carrier concentration. The discov-
ery of antiferromagnetic interlayer exchange in EuS—PbS (100) multilayers opens
unique possibilities for growing new structures such as, e.g., EuS—PbS—EuS—EuTe
all-semiconductor spin valves.
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