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Interlayer exchange coupling mediated by valence-band electrons
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The interlayer exchange coupling mediated by valence-band electrons in all-semiconductor IV-VI magnetic/
nonmagnetic superlattices is studied theoretically. A three-dimensional tight-binding model, accounting for the
band and magnetic structure of the constituent superlattice components is used to calculate the spin-dependent
part of the total electronic energy. The antiferromagnetic coupling between ferromagnetic layers in EuS/PbS
superlattices is obtained, in agreement with the experimental evidences. The results obtained for the coupling
between antiferromagnetic layers in EuTe/PbTe superlattices are also presented.
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I. INTRODUCTION

Interlayer exchange coupling~IEC! was discovered in late
1980’s in Fe/Cr/Fe trilayers.1 Since then, it has been ob
served in a variety of multilayer structures composed of
ternating magnetic and nonmagnetic layers. These stu
concentrated on the coupling between ferromagnetic, me
lic layers, although separated by both metallic and insula
spacers. Thus, the ferromagnetic character of the magn
layers and the fact that in these structures the Fermi le
was situated in the region of high density of electronic sta
inhered to the theoretical models, which were designed
explain the origins of the IEC phenomena~see Ref. 2 and the
references therein!. Surprisingly enough, the IEC was als
discovered in all-semiconductor superlattices~SL’s!. More-
over, the semiconductor SL’s in which it was first observ
were the MnTe/CdTe,3 MnTe/ZnTe,4 and EuTe/PbTe,5 all
with antiferromagnetic layers. Recently, such coupling w
also identified in semiconductor multilayer structures w
ferromagnetic EuS,6,7 and Ga~Mn!As layers.8 While the IEC
in the trilayer Ga~Mn!As/Ga~Al !As/Ga~Mn!As with the high
concentration of free carriers,8 can be, at least qualitatively
explained in terms of the models tailored for metallic sy
tems, the other semiconductor structures exhibiting IEC
for a different approach.

Several attempts to explain IEC in all-semiconduc
structures have already been reported in the literature. T
models, in which the interlayer coupling is mediated by c
riers localized on shallow impurities in the spacer regio
were proposed for II-VI SL’s.9,10 These models do not appl
to IV-VI structures, with the PbTe and PbS spacers, sinc
lead chalcogenides, localized shallow impurity states w
never detected.11 The calculations of the difference betwee
total electronic energies obtained for two different~e.g.,B1
and B2 in Fig. 1! spin configurations of the SL, performe
within a frame of a very simple, one-dimensional~1D! tight-
binding model, put first in evidence the significant role of t
valence-band electrons in IEC in all-semiconduc
magnetic/nonmagnetic layer structures.12 This role was fur-
ther demonstrated for EuTe/PbTe/EuTe trilayers by W
zyński and Świrkowicz in Ref. 13, where a 3D tight-binding
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model, still oversimplifying the band structure, was used.
different approach to the magnetic interlayer interactions m
diated by valence electrons has been chosen by Dug
et al.14 These authors studied the Blombergen-Rowla
mechanism within the effective-mass approximation and
tained a ferromagnetic coupling between two magnetic
purities situated at the opposite interfaces of a narrow-
IV-VI semiconductor spacer. As the experimentally observ
IEC in EuS/PbS SL’s is antiferromagnetic,6,7 this means that
the Blombergen-Rowland interactions are not dominat
IEC in these SL’s. In this situation, the total energy calcu
tions, which do not focus on a particular interaction mech
nism but account globally for the spin-dependent structure
valence bands, seem to constitute the most appropriate
proach. The calculations of this type, reported in Refs.
and 13, were clearly oversimplified and performed for a d
ferent spin structure than that of EuS/PbS~001! SL.

In this paper we present the results of refined 3D to
energy calculations, which take into account the crystal a
the band structures of the SL’s component materials. T
tight-binding model with its assumptions and the results
three different spin structures, corresponding to all exp

FIG. 1. The correlated colinear spin structures for~A! ferromag-
netic and~B! antiferromagnetic layers. For the ‘‘in-phase’’ spi
structuresA1 andB1, the magnetic period is equal to the chemic
one, for the ‘‘out-of-phase’’ spin structuresA2 andB2, the mag-
netic period is two times larger.
©2001 The American Physical Society02-1
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mentally studied IV-VI semiconductor magneti
nonmagnetic SL’s, are presented in Sec. III. In Sec. II
magnetic and band structures of the constituent materials
described and the SL geometry is specified. The compar
with experimental data and the conclusions are presente
the last section.

II. CONSTITUENT MATERIALS AND THE
SUPERLATTICES GEOMETRY

All the components of the EuX/PbX SL’s, whereX5Te
or S, crystallize in the rock-salt structure. Bulk PbS a
PbTe are narrow gap nonmagnetic semiconductors with v
similar band structures. They both have a direct energy
between thep-anion valence band and thep-cation conduc-
tion band at the pointL of the Brillouin zone~BZ!.15,16

Bulk EuS is a classical Heisenberg ferromagnet with
Curie temperature 16.6 K.17 Bulk EuTe exhibits Type-II an-
tiferromagnetic~AFM! structure with the Ne´el temperature
9.6 K.17 In EuTe, the spins of Eu ions are ferromagnetica
ordered in~111!-type planes, which in turn are coupled a
tiferromagnetically to one another. All the Eu chalcogenid
are semi-insulating, large-gap semiconductors. The resul
the nonrelativistic augmented plane wave~APW! calcula-
tions of the EuS spin-polarized band structure18 show the
narrow f (↑) bands situated in the energy gap between
valence band, formed essentially of anionp states, and the
conduction band, built mostly of cationd states. The
valence-band maximum is situated at the center of the B
louin zone~BZ! and the conduction-band minimum at th
point X. The spin splitting of the valence band results p
dominantly from the spin-dependent mixing ofp-anion and
f-cation states, whereas that of the conduction band is mo
due to f -d and s-d on-site direct exchange. Much less
known about the EuTe band structure. The optical exp
ments performed atT5300 K indicate,19 that in the para-
magnetic phase of EuTe, thef -d gap is somewhat larger tha
in EuS, in agreement with the general trends visible in
experimental data17 and the results of APW calculations fo
other europium chalcogenides.18 These trends seem not to b
followed in the recent20 calculations of EuTe band structur
focused predominantly on the conduction bands.

Two types of EuS/PbS SL’s were experimentally studi
one grown on KCl substrate along@001# and the other on
BaF2 along the@111# crystallographic axis. The measur
ments show that in both cases, the ferromagnetically orde
Eu spins within each magnetic layer lie in the planes perp
dicular to the growth axis.21 In the ~001! structures, each
atomic monolayer consists of both anions and cations, w
the monolayersa/2 apart, wherea is the cubic lattice con-
stant. The schematic view of two such monolayers is p
sented in Fig. 2. The distances between the cation and
four in-plane nearest neighbors~anions! and four in-plane
next-nearest neighbors~cations! are also shown in the figure
The spin structure of the magnetic~001! SL, which corre-
sponds to the observed antiferromagnetic interlayer coup
is shown schematically in Fig. 1,A2.

In the case of~111! EuS/PbS SL’s IEC has not been y
observed. These SL’s have the same crystallographic s
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ture as the experimentally studied EuTe/PbTe SL’s gro
along the@111# axis. With this growth direction, the subse
quent~111! atomic monolayers are built either of anions
of cations, in alternation. The distance between cation
anion monolayers isaA3/6. A schematic view of three suc
cessive cation layers is presented in Fig. 3—the analog
anion sublattice is shifted byaA3/2 along the@111# direction
and is not shown in the figure for clarity reasons.

In EuTe/PbTe SL’s the neutronographic measureme
show that the AFM Type II structure is preserved in ea
EuTe layer and the ferromagnetic~FM! spin sheets form ex-
clusively on the~111! planes parallel to the layers. For th
nonmagnetic spacers thin enough, the neutronographic s
tra clearly indicate the existence of some long-range or
proving that the spins in consecutive magnetic layers are
randomly oriented, but tend to align along the same direct
in a correlated way.5 Although for the antiferromagnetic lay
ers the notions of AFM and FM IEC are not applicable, tw
types of colinear correlated spin orientations in success
layers are still possible: identical~in-phase! and reversed
~out-of-phase!, as shown in Fig. 1,B1. Both types of IEC
were observed in the experiment.

All the (EuX)m /(PbX)n SL’s ~wherem andn denote the

FIG. 2. Schematic view of two successive atomic layers of
EuS/PbS SL grown along@001# axis. The solid gray circles repre
sent anions, the white circles cations—small circles are for ion
upper layer, the big ones for ions in the other. The distancesNN

from a cation to the four in-planeNN anions are shown by solid
lines, by dotted lines the distancesr NNN to the in-planeNNN cat-
ions.a1 anda2 are the in-plane primitive lattice vectors.

FIG. 3. Schematic view of the crystallographic structure of t
EuX/PbX ~111! SL’s. The ions in three successive cation planes
represented by gray, black, and white circles, respectively. O
threeNN anions, lying in the layeraA3/6 above the black cation
plane, are shown by open squares. The distances to all 12NNN are
marked by dotted lines.
2-2
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FIG. 4. Model band structures
of PbS and PbTe.
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number of EuX and PbX layers, respectively! have relatively
small lattice mismatch. This mismatch, as well as the stra
resulting from it, will be ignored in the following, though th
strains were shown to affect the magnetic properties of
EuX layers, and their transition temperatures to the param
netic state.21,22

To discuss the spin coupling between the magnetic lay
one has to consider a SL magnetic elementary cell contai
at least two such layers. In SL’s grown along the@001# crys-
tallographic direction, the situation is simple, as the stack
sequence isABAB type. Such stacking does not enlarge t
size of the magnetic elementary cell, whatever them1n
value. In contrast, the stacking sequenceABCABC type
~compare Fig. 3! for both anions and cations, in SL’s grow
along the@111# axis does enlarge the elementary cell wh
m1n is not a multiple of 3. Thus, to limit the size of eleme
tary cells, we consider only the~111! SL’s with (n1m)/3
5 integer. For both types of SL, our magnetic elementa
cells contain 2(m1n) anions, 2m magnetic cations and 2n
nonmagnetic cations.

In order to determine IEC in the above structures we co
pare the total valence-electron energies in two magn
SL’s: with the in-phase and out-of-phase spin ordering.
the n and m values typical for the experimentally studie
SL’s, the elementary cells contain several tens of atoms
view of this complexity, we decide to use the simplest c
culation scheme still leading to a fairly realistic band stru
ture, namely, an empirical tight-binding method. Ev
though the one-electron methods are not designed for
total-energy calculations, the small spin-dependent chan
in the total energy should be described adequately within
approach.

III. TIGHT-BINDING MODEL

To construct the empirical tight-binding Hamiltonian m
trix, one has to select the set of atomic orbitals for every ty
of involved ions and to specify the range of the ion-ion
teractions. This selection is always a compromise betw
the best description of the band structure and the minim
04530
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tion of the Hamiltonian matrix dimensions and of the numb
of parameters used. In the following, we assume that
proper description of SL band structure is reached when
Hamiltonian reproduces in then50 and m50 limits, the
known band structures of the bulk constituent magnetic
nonmagnetic materials, respectively. This criterion det
mines, in principle, the selection of the ionic orbitals a
gives the values of the parameters, all but those charact
ing the interaction between magnetic and nonmagnetic
ions.

To calculate the band structure of the lead chalcogen
~PbS and PbTe! we took into accounts and p orbitals for
both anions and cations, which lead to an 838 Hamiltonian
matrix. We allowed for thes–s, s–p, andp–p anion-cation
nearest-neighbor~NN! interactions and the anion–anion an
cation–cation p–p next-nearest-neighbor~NNN! interac-
tions. It turned out that the band structure can be reprodu
much better when we include also, by second-order per
bation, the interactions ofp orbitals with the three NNd
orbitals belonging to theF2 representation. The values of th
parameters describing all these interactions and the value
the on-site orbital energies were determined by anx2 mini-
mization procedure, in which the band structure was fitted
the energies in the high symmetry points of the BZ, tak
from Refs. 16 and 15. The obtained energy bands for P
and PbTe along the symmetry axes of the BZ, are prese
in Fig. 4.

In the other limit, for europium chalcogenides~EuS and
EuTe!, to describe the cations we take explicitly ones and
five d orbitals, whereas the anions are described as befor
s and p orbitals. The NN interaction involving the anionp
orbitals and cations and d orbitals as well as the NNN
cation-cationd–d and anion-anionp–p interaction were in-
cluded in the 10310 Hamiltonian. Thes-anion–s-cation,
s-anion–d-cation interactions, turned out to be less importa
and were neglected. Instead, we included, again by sec
order perturbation, the hybridization of anionp(↑) orbitals
with the cationf (↑) orbitals—this was necessary for repr
ducing the spin splittings of the valence bands in the fer
2-3
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FIG. 5. Model band structures
of ferromagnetic EuS~solid lines
represent the spin-down band
dotted lines—spin-up bands! and
paramagnetic EuTe.
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magnetic EuS@we neglected the hybridization with the ene
getically distantf (↓) band#. To reproduce the spin splitting
in the EuS conduction bands, the on-site exchange cons
Js andJd had to be introduced. The band structure of Eu
presented in Fig. 5, was obtained with the parameters fi
to the results of the APW spin-polarized calculations
ported in Ref. 18. The band structure of EuTe, presente
Fig. 5, was obtained with the parameter values extrapola
from the values for EuS and EuSe by exploiting the chem
trends in europium chalcogenides. The elementary cell of
antiferromagnetic EuTe has a twice larger volume and co
pletely different shape than the one of the ferromagn
EuS—to facilitate the comparison with EuS, we present
band structure of EuTe in the paramagnetic phase.

In the above, the number of independent fitting para
eters was partially reduced according to the Harris
relations,23 e.g., instead of two NNN interatomic matrix ele
ments pps and ppp, we usedpps524ppp. The con-
stants describing the nonmagnetic cation-magnetic cation
teractions were estimated from Harrison’s formula
interatomic matrix elements. It has to be also noted, tha
all calculations, we neglected the spin-orbit terms, known
be important in lead chalcogenides. These terms would
crease the number of model parameters and double the
trix dimensions and would, therefore, pose a problem in
case of the SL’s. Fortunately, we are mainly interested
valence bands, for which the spin-orbit is much less imp
tant than for the conduction bands. In the magnetic elem
tary cell of the (EuX)m /(PbX)n SL there are 4(m1n) non-
equivalent ions. In principle, seven orbitals (s,p,d) should
be taken into account for each anion and each nonmagn
cation and 13 (s,d, and f ) for each magnetic cation. Usin
the second-order perturbation theory, we reduced the
tight-binding Hamiltonian to the (20m116n)3(20m
116n) matrix. To determine the small difference betwe
the large total energies of the valence electrons in the t
in-phase, and out-of-phase spin configurations, we did
calculate these energies separately. Instead, the differ
between the two energies of the valence electrons was
culated at a givenk point, after the numerical diagonalizatio
04530
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of the two corresponding Hamiltonian matrices and summ
tion of the occupied states’ energies. The results, obtai
for a mesh ofk points ~16 000 points in the case of th
tetragonal BZ of the~001! (EuS)m /(PbS)n SL’s, and 17 280
in the case of the hexagonal BZ of the~111! (EuS)m /(PbS)n
and (EuTe)m /(PbTe)nSL’s), were then used in the triple
Simpson procedure for integrating over the entire BZ.

We denote byDE the absolute value of the energy diffe
ence between the in-phase and out-of-phase spin config
tion per unit surface of the layer.DE can be regarded as
measure of the strength of the interlayer spin coupling in
SL’s–for ferromagnetic structures it can be expressed
terms of the constantJ1,24 commonly used to characteriz
the IEC in metallic magnetic/nonmagnetic trilayers by t
relation:DE54uJ1u ~here, the factor 4, instead of 2, accoun
for the fact that in SL each magnetic layer is coupled to t
neighboring layers!.

The sign of the calculated energy difference determi
the spin configuration in consecutive magnetic layers. In
ferromagnetic EuS-based SL’s, the out-of-phase spin c
figuration in consecutive magnetic layers is energetica
preferred, so that IEC in these structures has an antife
magnetic character, in agreement with the experiment.
the antiferromagnetic, EuTe-based SL’s, the situation
more complicated: for odd numberm of spin planes in the
magnetic layer, the out-of-phase configuration has the lo
energy, whereas for evenm it is the in-phase configuration
which is energetically favored. Thus, one can notice tha
all studied SL’s the valence electron mediated IEC pref
the spin configuration with the opposite directions of spins
the two interfaces bordering the spacer.

Many variousm andn values were selected to study th
range of the interlayer coupling and the IEC dependence
the thickness of the magnetic layer. It turned out, that in
SL’s for fixed spacer thicknessn the strength of IEC is al-
most independent on the magnetic layer thicknessm. This
seems to prove that in the SL’s considered here, which
composed of two semiconductors with very different ene
gaps, the valence electron mediated IEC is essentially
interface effect.
2-4
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FIG. 6. The interlayer exchange constantJ1

~left Y axis! as a function of the spacer thicknes
for ferromagnetic EuS/PbS~001! ~squares! and
~111! ~triangles! SL’s. For the antiferromagnetic
EuTe/PbTe SL’s~circles! the absolute value of
the energy differenceDE was divided by four~at
the right Y axis! for comparison with the FM
case.
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The dependence of the strength of the interlayer coup
on the spacer thicknessn for all three studied types of SL’s i
presented in Fig. 6. We recall that for the@111# growth di-
rection, we calculated IEC only for (n1m)/35 integer, so
that for these SL’s in the figure, the points for differentn
values do not correspond to the samem. As can be seen in
Fig. 6, the strength of the coupling in all three cases
creases with the spacer thickness approximately expo
tially. The strongest and the least rapidly decreasing IEC
obtained in the case of the FM EuS/PbS~001! SL’s. The
comparison of the results obtained with the same se
model parameters for the two different types of EuS/P
SL’s ~i.e., the SL’s grown along@001# and @111# axis! indi-
cates that the valence electron mediated IEC depe
strongly on the lattice geometry. For example, for the P
spacern52 the obtained coupling between EuS~111! mag-
netic layers is about five times weaker than that between
~001! layers. Moreover, in the~111! SL’s, the strength of the
coupling decreases more quickly withn. The small regular
deviations from the smooth dependence ofJ1 vs n, which
can be best seen for every secondn in the ~001! case, but
also for every thirdn in the ~111! results, reflect the periodic
effects of stacking.

Finally, we note that the IEC calculated for the AF
EuTe/PbTe~111! SL is stronger than that for FM EuS/Pb
~111! SL ~see Fig. 6!. The difference in the band paramete
by itself does not explain this result–the calculations p
formed for AFM and FM~111! SL’s with identical sets of
band parameters have shown that the coupling between
AFM layers is approximately two times stronger. This ind
cates that the interface region, important for the valence e
tron mediated IEC, is not limited to one layer of magne
ions, but extends over two such monolayers.

IV. COMPARISON WITH THE EXPERIMENTAL DATA

A. Ferromagnetic EuSÕPbS superlattices

The IEC was observed in ferromagnetic EuS/PbS~001!
SL’s by magnetic7 and neutron diffraction and reflectivity6

methods. For the samples with the thin enough spacers,
4.5 Å ~1.5 monolayers, probably a mixture ofn52 andn
04530
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S
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e.,

51) and 10 Å (;n53), the antiferromagnetic interlaye
coupling was observed in the magnetic moment meas
ments; the magnetic methods did not reveal any IEC in
samples with larger spacer thicknesses. In the neutro
graphic experiments, the AFM IEC was confirmed in t
above two samples, but it was also observed in the sam
with 23 Å PbS layers. Further measurements in the exte
magnetic fields, parallel to the layers, allowed us to estim
the experimental strength of the coupling constantJ1, from
the magnetic fieldB erasing the AFM neutron reflectivity
peak.25 This was possible for the two samples with the th
ner spacers, but not for the sample with the thicker spa
For the latter, the field-induced changes in the neutro
graphic spectra were irreversible, what suggests that in
case the IEC was weaker than the magnetic anisotropies.
estimated experimental values ofJ1 are: 0.063, 0.031, and
0.019 ~in mJ/m2), for n51, 2, and 3, respectively.25 The
corresponding theoretical values obtained from our mo
are: 0.77, 0.33, and 0.18 mJ/m2. Thus, one can conclude
that the model of valence electron mediated IEC descri
properly the sign and the rate of the decrease of the coup
with the spacer thickness, but overestimates the strengt
the coupling. The fact that the theoretical results obtained
crystallographically perfect SL’s lead to exchange consta
order of magnitude larger than those observed for the
multilayer structures, is probably due to the interface dif
sion, which in the case of metallic structures, was shown
reduce significantly the strength of the IEC.2

B. Antiferromagnetic EuTeÕPbTe superlattices

Unfortunately, for the AFM type of SL’s there are n
experiments, which provide direct information about t
strength of the coupling. The evidences of the existence
the coupling between the AFM EuTe layers come from
satellite structure of the neutron diffraction spectra, seen
variety of EuTe/PbTe SL’s consisting of several hundreds
periods.5,26 The detailed analysis of the shapes of the sate
lines in the neutronographic spectra indicates that in th
SL’s, the EuTe layers are not entirely coupled, but only p
2-5



th
at

re
a

s
o

on

on
de
.

n
e
o
ib
ag
t

t
an
ec
ob
SL

g
ex-
M

nds
tely

uish
FM
u-

ic

up
the
er-
ty
ex-

er,
een

fic

J. BLINOWSKI AND P. KACMAN PHYSICAL REVIEW B 64 045302
tially correlated; the thicker the PbTe spacer layers,
weaker the correlation.26 Under the strong assumption th
the structures are morphologically perfect, with the samem
andn values throughout the entire SL, this degree of cor
lation can be quantitatively determined. Under the same
sumption, the analysis of the satellites positions allows u
distinguish which spin configuration, the in phase or out
phase, is dominating.

The observed spectra for the SL’s with nominally evenm
and evenn reveal the preference for the in-phase spin c
figurations, whereas those for the SL’s with oddm and even
n exhibit the preference for the out-of-phase configurati
both in agreement with the predictions of the present mo
For the case of evenm and oddn there are no available data
Finally, for the samples withm andn both odd, the neutron
diffraction spectra suggest that the in-phase configuratio
preferred, contrary to the theoretical predictions. Howev
the in-phase spin configuration for SL’s with odd number
spin planes in each antiferromagnetic layer should exh
ferrimagnetic properties, i.e., lead to a significant net m
netic moment of ferrimagnetic domains. No such magne
moments were detected in these samples.27 These somewha
confusing results seem to indicate that both chemical
magnetic structures of the studied SL’s are not perf
enough. New technological and experimental efforts to
serve the IEC in EuTe/PbTe SL’s with smaller number of
periods, i.e., in SL’s with better controlledm and n values,
are undertaken.
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In conclusion, we have shown, within a 3D tight-bindin
model, that the valence electron mediated interlayer
change coupling explains the AFM coupling between the F
layers observed in EuS/PbS~001! SL’s with narrow PbS
spacers. The strength of the calculated coupling depe
strongly on the lattice geometry and decreases approxima
exponentially with the spacer thicknessn. For a given type of
SL, it is almost independent on the numberm of the spin
planes within each magnetic layer. These features disting
the considered mechanism from another mechanism of A
coupling between the FM layers, namely, the dipolar co
pling possible in multilayer structures with tiny magnet
domains.28

The valence electron mediated interlayer coupling is,
to now, the only effective mechanism capable to explain
origin of the interlayer correlations observed in the antif
romagnetic EuTe/PbTe SL’s with no localized impuri
states. The current, not complete understanding of the
perimental data for AFM SL’s, does not allow us, howev
to draw definite conclusions about the comparison betw
the details of the experimental and theoretical results.
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