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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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[. INTRODUCTION model, still oversimplifying the band structure, was used. A
different approach to the magnetic interlayer interactions me-
Interlayer exchange couplin¢EC) was discovered in late diated by valence electrons has been chosen by Dugaev
1980s in Fe/Cr/Fe trilayers.Since then, it has been ob- etal’® These authors studied the Blombergen-Rowland
served in a variety of multilayer structures composed of almechanism within the effective-mass approximation and ob-
ternating magnetic and nonmagnetic layers. These studiégined a ferromagnetic coupling between two magnetic im-
concentrated on the coupling between ferromagnetic, metaPurities situated at the opposite interfaces of a narrow-gap
lic layers, although separated by both metallic and insulatin?V'VI semiconductor spacer. As the experimentally observed
spacers. Thus, the ferromagnetic character of the magnetlEC in EuS/PbS SL's is antiferromagnefi¢ this means that
layers and the fact that in these structures the Fermi levdhe Blombergen-Rowland interactions are not dominating
was situated in the region of high density of electronic state$EC in these SL's. In this situation, the total energy calcula-
inhered to the theoretical models, which were designed t§0ns, which do not focus on a particular interaction mecha-
explain the origins of the IEC phenome(see Ref. 2 and the nism but account globally for the spin-dependent structure of
references therejn Surprisingly enough, the IEC was also valence bands, seem to constitute the most appropriate ap-
discovered in all-semiconductor superlatti¢&s.’s). More- ~ Proach. The calculations of this type, reported in Refs. 12
over, the semiconductor SL's in which it was first observedand 13, were clearly oversimplified and performed for a dif-
were the MnTe/CdT& MnTe/ZnTe? and EuTe/PbT&,all  ferent spin structure than that of EuS/Pti®1) SL.
with antiferromagnetic layers. Recently, such coupling was In this paper we present the results of refined 3D total-
also identified in semiconductor multilayer structures with€nergy calculations, which take into account the crystal and
ferromagnetic Eu$; and G&Mn)As layers® While the IEC the band structures of the SL’s component materials. The
in the trilayer GaVIn)As/GaAl)As/GaMn)As with the high tight—biqding modt_el with its assumptions and the results fo_r
concentration of free carriefscan be, at least qualitatively, three different spin structures, corresponding to all experi-
explained in terms of the models tailored for metallic sys-

tems, the other semiconductor structures exhibiting IEC call 1) A

for a different approach. 1} ﬁ ﬁ 1} ﬁ ﬁ 1} 1} 1}
Several attempts to explain IEC in all-semiconductor

structures have already been reported in the literature. Two 2)

models, in which the interlayer coupling is mediated by car- ﬁﬁﬁ @@@ ﬁﬁﬁ

riers localized on shallow impurities in the spacer region,

were proposed for I1-VI SL'S:*° These models do not apply

to IV-VI structures, with the PbTe and PbS spacers, since in 1)

lead chalcogenides, localized shallow impurity states were ﬁ@ﬁ ﬁ@ﬁ ﬁ@ﬁ
never detectedf: The calculations of the difference between

total electronic energies obtained for two differéatg.,B1 2)

andB2 in Fig. 1) spin configurations of the SL, performed ﬁ@ﬁ @ﬁ@ ﬁ@ﬁ B

within a frame of a very simple, one-dimensioriaD) tight-

b|nd|ng mOde|, put firSt in eVidence the Signiﬁcant role Of the FIG. 1. The correlated colinear Spin Structures(m)'ferromag_
valence-band electrons in IEC in all-semiconductormetic and(B) antiferromagnetic layers. For the “in-phase” spin
magnetic/nonmagnetic layer structufésThis role was fur-  structuresAl andB1, the magnetic period is equal to the chemical
ther demonstrated for EuTe/PbTe/EuTe trilayers by Wilc-one, for the “out-of-phase” spin structurés? andB2, the mag-
zynski and Svirkowicz in Ref. 13, where a 3D tight-binding netic period is two times larger.
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mentally  studied IV-VI  semiconductor magnetic/ y

nonmagnetic SL’s, are presented in Sec. lll. In Sec. Il the @ @ @ @ a
magnetic and band structures of the constituent materials are
described and the SL geometry is specified. The comparison @ @

with experimental data and the conclusions are presented in
the last section.

Il. CONSTITUENT MATERIALS AND THE
SUPERLATTICES GEOMETRY

All the components of the EuX/PbX SL’s, wheke=Te @ @

or S, crystallize in the rOCk'Salt_ StrUCt_ure' Bulk Pb_S and FIG. 2. Schematic view of two successive atomic layers of the
PbTe are narrow gap nonmagnetic semiconductors with very,s/pps s grown alongp01] axis. The solid gray circles repre-
similar band structures. They both have a direct energy gagent anions, the white circles cations—small circles are for ions in
between thep-anion valence band and tipecation conduc-  ypper layer, the big ones for ions in the other. The distanggs r
tion band at the point. of the Brillouin zone(BZ).*>*® from a cation to the four in-planBIN anions are shown by solid

Bulk EuS is a classical Heisenberg ferromagnet with theines, by dotted lines the distancegyy to the in-planeNNN cat-
Curie temperature 16.6 K.Bulk EuTe exhibits Type-Il an- ions. a, anda, are the in-plane primitive lattice vectors.
tiferromagnetic(AFM) structure with the Nel temperature

9.6 K" In EuTe, the spins of Eu ions are ferromagneticallyture as the experimentally studied EuTe/PbTe SL's grown
ordered in(111-type planes, which in turn are coupled an- glong the[111] axis. With this growth direction, the subse-
tiferromagnetically to one another. All the Eu chalcogenidesjuent(111) atomic monolayers are built either of anions or
are semi-insulating, large-gap semiconductors. The results @ cations, in alternation. The distance between cation and
the nonrelativistic augmented plane wal&PW) calcula-  anjon monolayers ia\/3/6. A schematic view of three suc-
tions of the EuS spin-polarized band structfirshow the  cessive cation layers is presented in Fig. 3—the analogous

narrow f(T) bands situated in the energy gap between theion suplattice is shifted byy3/2 along thd111] direction
valence band, formed essentially of aniprstates, and the 5,4 is not shown in the figure for clarity reasons.

conduction band, built mostly of cation states. The |, EyTe/PhTe SL's the neutronographic measurements
valence-band maximum is situated at the center of the Brilshow that the AEM Type Il structure is preserved in each
louin zone(BZ) and the conduction-band minimum at the g;Te Jayer and the ferromagnetieM) spin sheets form ex-
point X. The spin splitting of the valence band results pre-cjysjyely on the(111) planes parallel to the layers. For the
dominantly from the spin-dependent mixing pfanion and  nonmagnetic spacers thin enough, the neutronographic spec-
f-cation states, whereas that of the conduction band is mostly, clearly indicate the existence of some long-range order
due tof-d and s-d on-site direct exchange. Much less is prqying that the spins in consecutive magnetic layers are not
known about the EuTe band structure. The optical expefirandomly oriented, but tend to align along the same direction
ments performed aT =300 K indicate’? that in the para- iy 3 correlated wag.Although for the antiferromagnetic lay-
magnetic phase of EuTe, tfied gap is somewhat larger than ers the notions of AFM and FM IEC are not applicable, two

in EuS, in agreement with the general trends visible in thgypes of colinear correlated spin orientations in successive

other europium chalcogenid&These trends seem not to be (out-of-phasg as shown in Fig. 1B1. Both types of IEC
followed in the recerf calculations of EuTe band structure, were observed in the experiment.
focused predominantly on the conduction _bands. _ All the (EuX),,/(PbX), SL’s (wherem andn denote the
Two types of EuS/PbS SL’s were experimentally studied,
one grown on KCI substrate alori@01] and the other on
BaF, along the[111] crystallographic axis. The measure-
ments show that in both cases, the ferromagnetically ordered
Eu spins within each magnetic layer lie in the planes perpen-
dicular to the growth axié' In the (001) structures, each
atomic monolayer consists of both anions and cations, with
the monolayers/2 apart, where is the cubic lattice con-
stant. The schematic view of two such monolayers is pre-
sented in Fig. 2. The distances between the cation and its
four in-plane nearest neighbotanions and four in-plane

© & 9 o o o

o
O @ O
next-nearest neighbofsations are also shown in the figure. £, 3. Schematic view of the crystallographic structure of the
The spin structure of the magneti001) SL, which corre-  Eux/Pbx(111) SL’s. The ions in three successive cation planes are
sponds to the observed antiferromagnetic interlayer couplingspresented by gray, black, and white circles, respectively. Only
is shown schematically in Fig. B2. threeNN anions, lying in the layen/3/6 above the black cation

In the case of111) EuS/PbS SL's IEC has not been yet plane, are shown by open squares. The distances to &INIg are
observed. These SL’s have the same crystallographic struearked by dotted lines.
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number of EuX and PbX layers, respectiveiyave relatively  tion of the Hamiltonian matrix dimensions and of the number
small lattice mismatch. This mismatch, as well as the strainef parameters used. In the following, we assume that the
resulting from it, will be ignored in the following, though the proper description of SL band structure is reached when the
strains were shown to affect the magnetic properties of th@jamiltonian reproduces in the=0 andm=0 limits, the
EuX layers, and their transition temperatures to the paramagmown band structures of the bulk constituent magnetic and
netic St?tez-l’zz _ _ _ nonmagnetic materials, respectively. This criterion deter-
To discuss the spin coupling between the magnetic layerspines, in principle, the selection of the ionic orbitals and
one has to consider a SL magnetic elementary cell containingjyes the values of the parameters, all but those characteriz-

at least two such layers. In SL's grown along {B01] crys- 4 the interaction between magnetic and nonmagnetic cat-
tallographic direction, the situation is simple, as the stackin

sequence iA\BAB type. Such stacking does not enlarge the
size of the magnetic elementary cell, whatever the n
value. In contrast, the stacking sequensBCABC type
(compare Fig. Bfor both anions and cations, in SL’s grown
along the[111] axis does enlarge the elementary cell when
m-+n is not a multiple of 3. Thus, to limit the size of elemen- "™¢ i ) )
tary cells, we consider only thel11) SL’s with (n+m)/3 c_at|0n—cat|on p—p next-nearest-neighbotNNN) interac-
=integer For both types of SL, our magnetic elementaryt'ons- It turned out that _the band structure can be reproduced
cells contain 21+n) anions, 2n magnetic cations andr2 ~ Much better when we include also, by second-order pertur-
nonmagnetic cations. bation, the interactions op orbitals with the three NNd

In order to determine IEC in the above structures we comorbitals belonging to thé&, representation. The values of the
pare the total valence-electron energies in two magnetifarameters describing all these interactions and the values of
SL’s: with the in-phase and out-of-phase spin ordering. Fothe on-site orbital energies were determined byyamini-
the n and m values typ|ca| for the experimenta”y studied mization procedure, in which the band structure was fitted to
SL’s, the elementary cells contain several tens of atoms. Ithe energies in the high symmetry points of the BZ, taken
view of this complexity, we decide to use the simplest cal-ffom Refs. 16 and 15. The obtained energy bands for PbS
culation scheme still leading to a fairly realistic band struc-and PbTe along the symmetry axes of the BZ, are presented
ture, namely, an empirical tight-binding method. Evenin Fig. 4.
though the one-electron methods are not designed for the In the other limit, for europium chalcogenidéguS and
total-energy calculations, the small spin-dependent changdsuTé), to describe the cations we take explicitly osend

in the total energy should be described adequately within thi§ve d orbitals, whereas the anions are described as before by
approach. s and p orbitals. The NN interaction involving the anign

orbitals and cations and d orbitals as well as the NNN
cation-cationd—d and anion-aniomp—p interaction were in-
cluded in the 1& 10 Hamiltonian. Thes-anion-s-cation,

To construct the empirical tight-binding Hamiltonian ma- s-anion-d-cation interactions, turned out to be less important
trix, one has to select the set of atomic orbitals for every typeand were neglected. Instead, we included, again by second-
of involved ions and to specify the range of the ion-ion in- order perturbation, the hybridization of anig{) orbitals
teractions. This selection is always a compromise betweewith the cationf(7) orbitals—this was necessary for repro-
the best description of the band structure and the minimizaducing the spin splittings of the valence bands in the ferro-

To calculate the band structure of the lead chalcogenides
(PbS and PbTjewe took into accouns and p orbitals for
both anions and cations, which lead to ax 8 Hamiltonian
matrix. We allowed for thes—s, s—p, andp—p anion-cation
nearest-neighbaiNN) interactions and the anion—anion and

IIl. TIGHT-BINDING MODEL
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FIG. 5. Model band structures
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magnetic Eu$we neglected the hybridization with the ener- of the two corresponding Hamiltonian matrices and summa-
getically distantf(]) band. To reproduce the spin splittings tion of the occupied states’ energies. The results, obtained
in the EuS conduction bands, the on-site exchange constarftsr a mesh ofk points (16 000 points in the case of the
Js andJ4 had to be introduced. The band structure of EuStetragonal BZ of th€001) (EuS),,/(PbS), SL's, and 17 280
presented in Fig. 5, was obtained with the parameters fitteth the case of the hexagonal BZ of ttiell) (EuS),/(PbS),
to the results of the APW spin-polarized calculations re-and (EuTe),/(PbTe),SL’s), were then used in the triple
ported in Ref. 18. The band structure of EuTe, presented iSimpson procedure for integrating over the entire BZ.
Fig. 5, was obtained with the parameter values extrapolated We denote byA E the absolute value of the energy differ-
from the values for EuS and EuSe by exploiting the chemicaénce between the in-phase and out-of-phase spin configura-
trends in europium chalcogenides. The elementary cell of théon per unit surface of the layeAE can be regarded as a
antiferromagnetic EuTe has a twice larger volume and commeasure of the strength of the interlayer spin coupling in the
pletely different shape than the one of the ferromagnetiSL's—for ferromagnetic structures it can be expressed in
EuS—to facilitate the comparison with EuS, we present thaerms of the constani;,?* commonly used to characterize
band structure of EuTe in the paramagnetic phase. the IEC in metallic magnetic/nonmagnetic trilayers by the
In the above, the number of independent fitting paramyelation:AE=4|J,| (here, the factor 4, instead of 2, accounts
eters was partially reduced according to the Harrisorfor the fact that in SL each magnetic layer is coupled to two
relations?® e.g., instead of two NNN interatomic matrix ele- neighboring layers
mentsppo and ppw, we usedppo=—4ppw. The con- The sign of the calculated energy difference determines
stants describing the nonmagnetic cation-magnetic cation irthe spin configuration in consecutive magnetic layers. In the
teractions were estimated from Harrison's formula forferromagnetic EuS-based SL's, the out-of-phase spin con-
interatomic matrix elements. It has to be also noted, that iffiguration in consecutive magnetic layers is energetically
all calculations, we neglected the spin-orbit terms, known tqoreferred, so that IEC in these structures has an antiferro-
be important in lead chalcogenides. These terms would inmagnetic character, in agreement with the experiment. For
crease the number of model parameters and double the mtihe antiferromagnetic, EuTe-based SL’s, the situation is
trix dimensions and would, therefore, pose a problem in thenore complicated: for odd numben of spin planes in the
case of the SL’s. Fortunately, we are mainly interested immagnetic layer, the out-of-phase configuration has the lower
valence bands, for which the spin-orbit is much less imporenergy, whereas for evem it is the in-phase configuration,
tant than for the conduction bands. In the magnetic elemenwhich is energetically favored. Thus, one can notice that in
tary cell of the (EuX),/(PbX), SL there are 4fi+n) non-  all studied SL's the valence electron mediated IEC prefers
equivalent ions. In principle, seven orbitals,|§,d) should the spin configuration with the opposite directions of spins at
be taken into account for each anion and each nonmagnetihe two interfaces bordering the spacer.
cation and 13 §,d, andf) for each magnetic cation. Using Many variousm andn values were selected to study the
the second-order perturbation theory, we reduced the Stange of the interlayer coupling and the IEC dependence on
tight-binding Hamiltonian to the (20+16n)x(20m  the thickness of the magnetic layer. It turned out, that in all
+16n) matrix. To determine the small difference betweenSL'’s for fixed spacer thickness the strength of IEC is al-
the large total energies of the valence electrons in the twanost independent on the magnetic layer thickn@ssThis
in-phase, and out-of-phase spin configurations, we did nateems to prove that in the SL’s considered here, which are
calculate these energies separately. Instead, the differencemposed of two semiconductors with very different energy
between the two energies of the valence electrons was cadfaps, the valence electron mediated IEC is essentially an
culated at a giveR point, after the numerical diagonalization interface effect.

045302-4



INTERLAYER EXCHANGE COUPLING MEDIATED BY ... PHYSICAL REVIEW B64 045302

10" - 10°
[ |

—~ [ ]
g 107 0 10"
2 A o " - FIG. 6. The interlayer exchange constant
= A - (left Y axis) as a function of the spacer thickness
g 10% o - 10% for ferromagnetic EuS/Pb®01) (squares and
2 A - = (11D (triangles SL's. For the antiferromagnetic
3 o u EuTe/PbTe SL's(circles the absolute value of
_:i;” 10° A o 10° the energy differencA E was divided by fourat
=3 A O the right Y axig) for comparison with the FM
$ A O case.
= 0 A © o 10*

0 1 2 3 4 5 6 7 8 9 10 1
n - spacer thickness (monolayers)

The dependence of the strength of the interlayer coupling=1) and 10 A n=3), the antiferromagnetic interlayer
on the spacer thicknesdor all three studied types of SL's is coupling was observed in the magnetic moment measure-
presented in Fig. 6. We recall that for thel1] growth di-  ments; the magnetic methods did not reveal any IEC in the
rection, we calculated IEC only fom{+m)/3=integer so  samples with larger spacer thicknesses. In the neutrono-
that for these SL’s in the figure, the points for differemt graphic experiments, the AFM |IEC was confirmed in the
values do not correspond to the sameAs can be seen in  aphove two samples, but it was also observed in the sample
Fig. 6, the strength of the coupling in all three cases deyjith 23 A PbS layers. Further measurements in the external
creases with the spacer thickness approximately exponemsagnetic fields, parallel to the layers, allowed us to estimate
tially. The strongest and the least rapidly decreasing IEC wag o experimental strength of the coupling constantfrom

obtainegl in thfe t;:]ase of l:he EtM E%S/Rg]mtﬁ SL's. Thet e magnetic fieldB erasing the AFM neutron reflectivity
comparison of the results obtained wi € Same S€ Ofoak?5 This was possible for the two samples with the thin-

model parameters for the two different types of EuS/Pb ner spacers, but not for the sample with the thicker spacer.

SL’s (i.e., the SL’s grown alon§001] and[111] axis) indi- L .

cates( that the va?ence elec?ron]medgatec]i IEé dependéor the latter, the f|e!d-|nduged changes in the neut_rono_—

strongly on the lattice geometry. For example, for the Pbsgraphm spectra were irreversible, what suggests that in this
case the IEC was weaker than the magnetic anisotropies. The

spacem=2 the obtained coupling between E(BL1) mag- , ; :
netic layers is about five times weaker than that between EugStimated experimental values &f are: 0.063, 0.031, and

(001) layers. Moreover, in thé111) SL’s, the strength of the 0-019 (in m_J/mZ)v for n=1, 2, and 3, respectweﬁ? The
Coup"ng decreases more qu|Ck|y with The small regu'ar Correspondlng theore“cal ValueS Obta|ned from our mOdel
deviations from the smooth dependencedefvs n, which ~ are: 0.77, 0.33, and 0.18 mJniThus, one can conclude,
can be best seen for every secaméh the (001) case, but that the model of valence electron mediated IEC describes
also for every thirch in the (111) results, reflect the periodic properly the sign and the rate of the decrease of the coupling
effects of stacking. with the spacer thickness, but overestimates the strength of
Finally, we note that the IEC calculated for the AFM the coupling. The fact that the theoretical results obtained for
EuTe/PbTe(111) SL is stronger than that for FM EuS/PbS crystallographically perfect SL's lead to exchange constants
(111) SL (see Fig. 6. The difference in the band parameters order of magnitude larger than those observed for the real
by itself does not explain this result—the calculations permultilayer structures, is probably due to the interface diffu-
formed for AFM and FM(111) SL'’s with identical sets of sjon, which in the case of metallic structures, was shown to
band parameters have shown that the coupling between theduce significantly the strength of the IEC.
AFM layers is approximately two times stronger. This indi-
cates that the interface region, important for the valence elec-
tron mediated IEC, is not limited to one layer of magnetic B. Antiferromagnetic EuTe/PbTe superlattices

ions, but extends over two such monolayers. Unfortunately, for the AFM type of SL's there are no

experiments, which provide direct information about the

IV. COMPARISON WITH THE EXPERIMENTAL DATA strength of the coupling. The evidences of the existence of
the coupling between the AFM EuTe layers come from the
satellite structure of the neutron diffraction spectra, seen in a
The IEC was observed in ferromagnetic EuS/RB81) variety of EuTe/PbTe SL'’s consisting of several hundreds of
SL’s by magneti¢ and neutron diffraction and reflectivly periods>?® The detailed analysis of the shapes of the satellite
methods. For the samples with the thin enough spacers, i.dines in the neutronographic spectra indicates that in these
4.5 A (1.5 monolayers, probably a mixture o=2 andn SL’s, the EuTe layers are not entirely coupled, but only par-

A. Ferromagnetic EuSPbS superlattices
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tially correlated; the thicker the PbTe spacer layers, the In conclusion, we have shown, within a 3D tight-binding
weaker the correlatioff Under the strong assumption that model, that the valence electron mediated interlayer ex-
the structures are morphologically perfect, with the same change coupling explains the AFM coupling between the FM
andn values throughout the entire SL, this degree of corre{ayers observed in EuS/Pb®01) SL’s with narrow PbS
lation can be quantitatively determined. Under the same aspacers. The strength of the calculated coupling depends
sumption, the analysis of the satellites positions allows us t@trongly on the lattice geometry and decreases approximately
distinguish which spin configuration, the in phase or out ofgxponentially with the spacer thicknessFor a given type of
phase, is dominating. _ _ SL, it is almost independent on the numbarof the spin

The observed spectra for the SL's with nominally even nes within each magnetic layer. These features distinguish

?nd e':_/em re\éeal thetrf)refe][en;:rtla fgrL,the ﬁtrlr;phasedspin CON%he considered mechanism from another mechanism of AFM
lgurations, whereas those for the SL.s wi nad even coupling between the FM layers, namely, the dipolar cou-

n exhibit the preference for the out-of-phase Conflgur":lt'onpling possible in multilayer structures with tiny magnetic
both in agreement with the predictions of the present mOdedomain528

For the case of evem and oddn there are no available data. . . N
Finally, for the samples witlm andn both odd, the neutron The valence electrqn medlated_ interlayer coupling IS, up
diffraction spectra suggest that the in-phase configuration igo_npw, the qnly effective mechanlsm capable.to explalr? the
preferred, contrary to the theoretical predictions. HoweverPMgin of the interlayer correlations observed in the antifer-
the in-phase spin configuration for SL’s with odd number offomagnetic EuTe/PbTe SL’'s with no localized impurity
spin planes in each antiferromagnetic layer should exhibitates. The current, not corpplete understanding of the ex-
ferrimagnetic properties, i.e., lead to a significant net magPerimental data for AFM SL's, does not allow us, however,
netic moment of ferrimagnetic domains. No such magnetid® draw definite conclusions about the comparison between
moments were detected in these sampiéEhese somewhat the details of the experimental and theoretical results.
confusing results seem to indicate that both chemical and

magnetic structures of the studied SL’'s are not perfect
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serve the IEC in EuTe/PbTe SL’s with smaller number of SL
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