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The results of calculation of the indirect exchange interaction between
magnetic layers are presented for the case of a structure with narrow-gap
semiconducting IV—VI quantum well. The main mechanism is a magnetic
polarization of the size-quantized electrons and holes inside the well. This
type of interaction is suggested for the explanation of recent experiments on
EuS/PbS structures.
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The problem of interaction between magnetic layers separated by a non-
-magnetic material (metal or semiconductor) is becoming important in connection
with the recent advances of microtechnology and a search of new device applica-
tions. There is a large number of theoretical papers on the coupling between mag-
netically ordered layers separated by a non-magnetic metal. Several models have
been proposed. Despite of different approaches to the problem, the main idea is a
transfer of the magnetic polarization from one magnetic layer to another via free
carriers of the non-magnetic metal. In other words, the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) mechanism has been always presented in some form. A review
of theoretical works has been given in articles [1-3] (see also a discussion in [4]).

Here we consider a system consisting of a IV-VI based narrow-gap semicon-
ducting quantum well (QW) between two magnetic layers. An example of such
system is a EuS/PbS/EuS sandwich structure. The main peculiarity of this struc-
ture is that the electron energy spectrum of the material inside the well is of
narrow-gap-semiconducting type with interband coupling which includes strong
spin-orbit interaction. The quantization of the energy spectrum in a IV-VI based
quantum well has been considered in [5].

It was shown in a recent experimental work [6] that in superlattices consist-
ing Of EuS/PbS/EuS layers, a ferrOmagnetic phase transition takes place with the
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Curie temperature depending on the number of layers. The proposed explanation
of this dependence was a variation of the critical temperature with the effective
number of nearest neighbors (from one neighbor in z-direction for two magnetic
layers, to two neighbors for infinity number). The energy scale of the magnetic
phase transition in the whole volume is, most likely, the interaction between mag-
netic layers (EuS) mediated by electrons and holes inside the quantum well (PbS).

Here we present the results of our calculation of the interaction between
magnetic layers using a method developed in [7, 8] for the coupling between sep-
arated magnetic impurities in a quantum well of narrow-gap IV—VI semiconduc-
tors. The main assumption is that the interaction is due to magnetic polarization
of electron—hole system without real carriers (an analogue of the Bloembergen-
Rowland mechanism [9]). Such an assumption is in good accordance with the con-
ditions of the experiment [6]. We assume the energy model of this system to be of
rectangular form, as presented in Fig. 1. It means that we neglect possible asym-
metry of the energy spectrum with respect to the electron—hole reflection (as it
was suggested in [10]).

Fig. 1. The model of the quantum well.

The interaction energy of two magnetic impurities can be calculated as a cou-
pling of one of them with a magnetic density created by another magnetic center.
It was shown [8] that any magnetic impurity inside the symmetrical quantum well
(see Fig. 1) can be characterized by its position x along the well, and two coupling
constants, Js (z) and Ja(z), which are associated with the coupling to symmetric
and antisymmetric parts of magnetic density, and z is the impurity coordinate in
direction perpendicular to the plane.

Using the formulae describing the coupling of two separated magnetic im-
purities in the quantum well of IV—VI narrow-gap semiconductor [7, 8], we can
calculate the interaction between a magnetic moment situated at one side of the
quantum well (z = L) and all magnetic moments situated at the other side of the
well (z = — L). This quantity gives us the interaction energy per spin at the outer
side of the magnetic layer. It determines the temperature of magnetic ordering of
neighboring layers.

In the case of magnetic moments directed perpendicular to the well, making
use of [7, 8] and after integrating over x, we get (some details of calculations can
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be found in j111)

where

n i is the surface density of magnetic moments, Nv is the number of valleys (four
in PbS), J is the "bare" coupling constant of a bulk material, d is the range of
magnetic-impurity—electron coupling (of the order of lattice constant α 0 ), Em, is
the high-energy cut-off for the linear spectra in IV—VI semiconductor (about 0.5 eV
for PbS [12]), and v is the interband coupling. In the case of moments directed
along the QW plane, the calculation gives us Εlint = 4 Q1/4.

In both cases the coupling is ferromagnetic. For numerical estimations we
have used the results of our calculations of energy levels [5], taking into account
the closest pair of them. The other parameters are: ná = 1/αó (α 0 = 5 x 10 -8 cm),
d = α0, J = 1 • αó eV • cm3 . For the halfwidth of energy gap outside the well we
take the value Δ1 = 0.8 eV which corresponds to the case of EuS semiconductor.
The dependence of interaction Εint on the well width L is presented in Fig. 2 for
different values of Δ0 (halfwidth of the energy gap inside the quantum well).

Fig. 2. Interaction energy vs. QW width for different values of the energy gap.

When there are magnetic impurities within a quantum well separating mag-
netic layers, an additional contribution to the layer coupling can appear. We as-
sume that the magnetic impurities are distributed homogeneously inside the quan-
tum well with a volume density Ν . Then after calculating the contribution of all
homogenously distributed magnetic impurities, we get
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The results of numerical calculations show that the contribution of magnetic im-
purities is rather small if their density is smaller than 10 18 cm-3 (in other words,
unless PbS layer is purposely doped with magnetic impurities).

We presented here the results of calculations based on a simple energy model
of the narrow-gap semiconducting heterostructure. In reality, several complications
may arise which may modify the numerical values for magnetic coupling.

First, a usual uncertainty exists about the band offset between constituents
of the heterostructure. It was the main reason for us to adopt the simplest energy
model with symmetrical bands (type I QW). We believe that any other compli-
cations related with the initial model of the IV—VI narrow-gap energy spectrum,
including the possible role of stresses at the interface, or deviation of the well
shape from rectangular, are at the same footing. It is known, however, that for
EuS/PbS structure, there exists nearly perfect lattice8 matching [13], whereas the
X-ray measurements suggest the sharp EuS/PbS interface [6]. Secondly, there may
exist a contribution to the coupling from real carriers (electrons and/or holes). In
case of strongly degenerate electron (hole) gas inside the well, the corresponding
contribution is the same as for the usual metal [1, 2]. The presented here results
correspond to the case of undoped material inside the well. In the experiments
with EuS/PbS structure [6] it has been reported that the carrier density in PbS
is rather low.
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