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The interlayer coupling between ferromagnetic EuS layers separated by
spacer layers of diamagnetic insulators, YbSe and SrS, is studied within a
3D tight-binding model. The dependencies of the coupling strength on the
energy structure of the spacer, on strains resulting from the lattice mismatch
between the superlattice constituents, as well as on an applied hydrostatic
pressure and lattice deformations, are presented. The sign and the range
of the obtained coupling agree with the behavior of magnetic correlations
observed recently in neutron reflectivity spectra of EuS/YbSe superlattices.
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1. Introduction

The interlayer coupling (IC) was discovered in 1986 in Fe/Cr/Fe trilayers
[1]. Since then it was observed in a variety of structures with alternating metal-
lic ferromagnetic layers and different non-magnetic spacer layers. In the 90’s this
phenomenon was also discovered in all semiconductor superlattices (SLs) with an-
tiferromagnetic, MnTe, and EuTe layers [2]. Recently, the first observation of IC
between ferromagnetic, semi-insulating layers in EuS/PbS SLs has been reported
[3]. The theoretical models used to explain IC in metallic structures require high
density of states at the Fermi level [4] and thus are not applicable to the semi-
conductor structures. Among the several models tailored for all-semiconductor
systems [5—9], the approach presented in [9] seems to be the most appropriate

(621)



622 P. Sankowski, P. Kacman

to describe IC in the IV-VI structures and it was successfully used in [3] to ex-
plain the observed antiferromagnetic interlayer correlations in EuS/PbS SLs. This
model does not assume any particular interaction mechanism, but attributes 1C
to the sensitivity of the SL electronic energies to the magnetic order in consecu-
tive magnetic layers, i.e., accounts globally for the spin-dependent band structure
effects.

In this paper we present the results of applying this model to the
(EuS),,/(YbSe), and (EuS),,/(SrS), SLs, in which each SL period contains m
magnetic and n diamagnetic molecular monolayers, perpendicular to the [001]
growth direction. In these SLs the wide-gap materials (Fg &~ 1.6 eV for YbSe and
~ 4.8 €V for SrS) are used as the spacer layers. In the former structure an antifer-
romagnetic IC was just observed [10] by neutron reflectivity measurements. This
experiment, although does not allow to determine the strength of IC, has shown
that the range of the coupling in these structures is shorter than that reported
in [3] for EuS/PbS SLs. Efforts to grow the second considered SL are already
undertaken, as EuS/SrS is a perfect candidate for studying photoinduced mag-
netic phenomena in ferromagnetic layers separated by an optically transparent,
real insulator.

2. Theory

The magnetic material — EuS — is a classical Heisenberg ferromagnet with
the Curie temperature 16.6 K. It was shown experimentally [11] that in the EuS
layer structures the ferromagnetically ordered Eu spins are arranged within the
layers. EuS 1s a semi-insulating wide-gap semiconductor. The augmented plane
wave calculations of the band structure [12] show that its upper valence bands
are formed mainly by anion p states, whereas the lowest conduction band is built
predominantly of cation d states. The narrow f(]) band is situated ca. 1.7 eV
below the conduction band. The valence band has the maximum at the I" point
and the conduction band minimum is at the point X of the Brillouin zone. The spin
splitting of the valence band results from the spin-dependent mixing of p-anion
and f-cation states and the spin splitting of the conduction band is a result of
J-cation and s/d-cation on-site interactions.

The IT-VI compound SrS has a direct energy gap at the center of the Brillouin
zone, which separates the p-anion valence bands and s-cation conduction band
[13]. In [13] the band structure of SrS in the entire Brillouin zone was calculated
within the self-consistent Hartree-Fock approximation. Although the calculated
Fyg is ca. 1.5 eV bigger than the value deduced from experiment, this is the best
description of SrS present in the literature. Still, much less is known about the band
structure of the non-magnetic YbSe — we assume that it is similar to the band
structure of the magnetic EuSe, presented in [12], with neglected spin splittings
(note that the only difference between ytterbium and europium atoms is that Yb
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has 14, instead of the 7 for Eu, electrons in the f-shell and the orbital momentum
L of these electrons vanishes in both cases).

All the components of (EuS),,/(YbSe), and (EuS),,/(5rS), SLs crystallize
in the rock-salt structure, similarly to (EuS),,/(PbS), system. The SLs are well
lattice matched — the lattice constants for EuS, YbSe, and SrS are 5.968 A,
5.932 A, and 6.020 A, respectively. The strains resulting from the lattice mismatch
are taken into account in the calculations — they change the strength of the IC by
at most 10%. In these systems, each molecular monolayer consists of two atomic
planes. For SLs grown in [111] direction these would be the cation and anion planes,
but for the considered here SLs grown along the [001] crystallographic axis, each
atomic plane is built of both anions and cations. In such structure every anion
(cation) has 6 nearest neighbors (NN) — cations (anions) and 12 next nearest
neighbors (NNN) — anions (cations).

In the tight-binding approximation the appropriate set of orbitals for every
type of involved ions and the range of interactions between ions have to be chosen.
The tight-binding SL parameters were obtained by adjusting the SL band structure
to the energy structure of bulk EuS in the n = 0 limit and of bulk non-magnetic
material, YbSe or SrS, in the other m = 0 limit. To describe Eu, Yb, and Sr ions
we use 5, dpy, dg., dy., dp2_y2, ds,2_,2 orbitals, whereas to describe S and Se
ions s, pe, py, P, orbitals are used. In the calculations we take into account:

e all anion—cation NN interactions,
e NNN interactions between the anions (S-S, Se-Se, S—Se),
e NNN interactions between cations (Eu-Eu, Yb-Yb, Sr-Sr, Eu-Yb, Eu-Sr).

To model the spin splittings in the valence bands of EuS we include, as
second-order perturbations, the interactions of anion p(1) orbitals with f(1) cation
orbitals. The interaction with f(|) orbitals are neglected due to much bigger ener-
getic distance. To reproduce the spin splittings in the conduction bands we use two
on-site exchange constants: J; for s orbitals and J4 for d orbitals. The tight-binding
parameters of EuS are determined by a fit to the structure reported in [12]. To
get the tight-binding parameters for SrS we fitted the model band structure to the
results presented in [13]. The YbSe bands are simulated by the known structure
of EuSe [12] with neglected spin splittings and the cation parameters re-scaled
according to the Harrison rules [14].

3. Results

The obtained band structures are presented in Fig. 1. From Fig. 1 one can see
that in contrast to the situation in EuS/PbS SLs, where the EuS magnetic layers
formed high (& 1 €V) potential barriers for electrons, in the studied here SLs one
can expect that barriers in the conduction band are formed by the spacer layers —
in the case of YbSe small, but for SrS as high as & 2—3 eV. The interactions at the
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interfaces and the real band-offsets can change the final scheme of the electronic
bands of EuS/YbSe SL, but one can hardly imagine that they will reduce the
non-magnetic barriers in EuS/SrS SLs. To estimate the parameters describing
interactions at the interfaces, i.e., between non-magnetic and magnetic cations, and
between the different, S and Se, anions, we used the Harrison interatomic matrix
elements. Moreover, the Harrison relations for the NNN parameters (ppe = —4ppw
and ddo = —2ddr) were used to reduce the number of independent parameters.
In all calculations we neglected the spin—orbit terms.
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Fig. 1. Tight-binding model band structures of SrS, EuS, and YbSe. For EuS; the solid
lines represent the “spin up” bands and the dotted — “spin down” bands. The position
of the f-band in YbSe cannot be inferred from the EuSe structure — it is just drawn at

the distance 1.6 eV (experimentally estimated Eg) below the conduction band.

In order to calculate the interlayer coupling the total energies of the valence
electrons for two different SLs, one with the same (ferromagnetic) and the other
with opposite (antiferromagnetic) spin configurations in consecutive magnetic lay-
ers, were compared (see Fig. 2). The difference between these two energies per unit
surface of the layer, AFE, was considered as a measure of the strength of the inter-
layer magnetic coupling resulting from band structure effects. Thus, to construct
the Hamiltonian matrix one has to consider the SL magnetic cell containing two
magnetic layers. This elementary magnetic cell consists of 2(n + m) monolayers,
i.e., of 2(m 4 n) anions, 2m magnetic cations and 2n non-magnetic cations.

In both studied types of SLs the calculations show that the antiferromagnetic
alignment of magnetization vectors in successive magnetic layers is energetically
preferred — in agreement with the experimental findings in EuS/YbSe SLs ob-
tained in [10]. We have performed the calculations for a number of SL with varying
m and n. The calculations show that in these SLs, as in EuS/PbS systems, the IC
depends marginally on the magnetic layer thickness m, i.e., that the coupling is
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Fig. 2. SL with the spins in successive ferromagnetic layers aligned (A) ferromagneti-

cally and (B) antiferromagnetically.

primary an interface effect even when the band structures of the SL constituent
materials are very similar, like for EuS/YbSe SLs. In Fig. 3 the dependence of the
IC on the non-magnetic layer thickness n is presented and compared with the IC
in EuS/PbS structures (the IC strength is described by the constant J; = AFE/4,
commonly used for the ferromagnetic metallic multilayers [15]). The strength of
the coupling in all three cases decreases exponentially with n, but with different
speed, 1.e., the obtained range of the coupling depends on the spacer material. For
EuS layers separated by YbSe the calculated range of the IC is smaller than in
EuS/PbS SLs, again in agreement with the experimental result.
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Fig. 3. The interlayer coupling constant J; as a function of spacer thickness for
(EuS)m/(YbSe)n, (EuS)ym/(SrS), and (EuS),,/(PbS), SLs. The small deviations of .J;
for every second n result from layer stacking. For the (EuS)y, /(SrS™P),, see discussion
after Fig. 4.

To study the origin of the change of the IC range for different spacers, we
made a series of calculations for hypothetical diamagnetic materials, which have
the same structure as PbS and SrS, but different energy gaps. The change of the
energy gap is obtained by moving the on-site energies for the conduction band
orbitals. By this study we wanted also to check how the much too large value
for Eg in SrS, taken after [13], changes the result for EuS/SrS SL. The results
presented in Fig. 4 show that the IC constant depends strongly on the diamagnetic



626 P. Sankowski, P. Kacman

o Fm’ T T T T T T
u B PbS band structure
e ] < YbSe band strucure T
@  S:S band structure
u
®
15— u —
]
* o
2 _
[ ]
i L ]
25— [ ] -
L]
3 | | L | | L | 1 L
0 1 2 3 4 5 6 7

Energy gap of the spacer material [eV]

Fig. 4. The rate o of the decrease in the interlayer coupling constant J; with the spacer
thickness (J; = Aexp(an)) as function of the energy gap of the hypothetic non-magnetic

spacers.

spacer’s energy gap, but changes also for materials with different band structures
— the coupling depends on the spin-dependent mixing of the states, which in turn
depends on the energy distances between bands consisting of, e.g., p and d orbitals.
For the SrS structure, the reduction of Ey to the experimentally established value
4.8 eV would lead to an increase in the calculated IC — the results for such
EuS/SrShYP SLs are shown in Fig. 3 by open circles.

Finally, we have also investigated the dependence of IC on strain and on ap-
plied hydrostatic pressure, which are known to influence importantly the magnetic
properties of magnetic multilayer structures [16]. A question arises whether can the
strain, neglected in [9], be responsible for the fact that the experimentally deter-

0.1 __

m—m (EuS)/(PbS), | ]
L O (Eus),/(YbSe), |

- 8 EwS),(5S), |

0.01 =

17,1 coupling constant [mJ/mz]

.02 14
Deformation along z axis

Fig. 5. The dependence of interlayer coupling constant J; on the deformation of the

SL along the z-axis.
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Fig. 6. The interlayer coupling constant J; versus the size of the SL elementary cell.

mined IC in EuS/PbS is about an order of magnitude smaller than the calculated
values [3]. A very simple model, in which the strain was applied by deforming the
SL lattice along the growth z-axis and the hydrostatic pressure was simulated by
a change of the size of the SL cell, was used. In agreement with the intuition, the
strength of the IC increases for deformations, which decrease the distance between
magnetic layers, as shown in Figs. 5 and 6. Although the possible deformations can
change the IC by factor of two, as one can see in the figures, this is not enough to
explain the above mentioned discrepancy, which has to be probably also ascribed
to the interface roughness and interdiffusion.

4. Conclusion

In conclusion, we have shown that the spin-dependent energy structure ef-
fects can lead to the coupling between semiconductor ferromagnetic EuS layers not
only when the spacer layers form wells in the energy structure of the multilayer
(like in EuS/PbS SLs) but also when they are insulating materials and their band
structure is either similar to EuS (EuS/YbSe) or they introduce high potential
barriers for the electrons (EuS/SrS). The calculated coupling is antiferromagnetic
and the shorter in range the larger is the energy gap of the diamagnetic spacer, in
qualitative agreement with the recent experimental findings.
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