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Magnetic properties of semiconductor EuS(t)—PbS(d)—EuS(t) ferro-
magnetic trilayers (¢ = 30 =300 A and d = 7.5 = 70 A) grown on n-type
monocrystalline PbS (100) substrate were studied by SQUID magnetome-
try and ferromagnetic resonance technique yielding, in particular, the de-
pendence of the ferromagnetic Curie temperature on the thickness of the
EuS layer. Structural parameters of layers were examined by X-ray powder
diffraction analysis. A high structural quality of the substrate and the mul-
tilayer was verified by the measurements of the X-ray rocking curve width
indicating the values of the order of 100 arcsec and by atomic force mi-
croscopy revealing the presence on the cleft PbS surface regions practically
flat in the atomic scale over the area of 1 x 0.1 pm?.
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1. Introduction

In EuS-PbS semiconductor multilayers ferromagnetic layers of EuS form
electronic barriers for nonmagnetic PbS quantum wells. Both materials crystallize
in a cubic (rocksalt) structure and are well matched with respect to their lattice
parameters: for EuS ag = 5.97 A whereas for PbS ag = 5.94 A. Therefore, epi-
taxial EuS-PbS multilayers can be grown pseudomorphically up to the overall
thickness of the structure exceeding 2000 A. Until now the EuS-PbS multilayers
were grown on two insulating, transparent in the near infrared and in the visi-
ble ranges of spectrum monocrystalline substrates: BaFs with growth proceeding
along (111) crystal axis and KCI with growth along (100) direction. In both cases
the layers were deposited on freshly cleaved surfaces. Ferromagnetic transition
in EuS-PbS/BaF; and EuS-PbS/KCI multilayers is observed even in structures
with ultrathin layers of EuS of only 6 A, i.e. two monolayers (2 ML). Ferromag-
netic transition temperature 7, depends on the thickness ¢ of the ferromagnetic
layer of EuS and on the strain introduced by the difference in the thermal expan-
sion coefficients of the substrate and the multilayer [1, 2]. Particularly interesting
are EuS-PbS multilayers grown on KCI (100) substrates in which, for very thin
PbS spacer layers, the antiferromagnetic interlayer coupling is observed in neutron
diffraction and magnetization experiments [3, 4]. The ferromagnetic mutual orien-
tation of magnetization vectors of EuS layers can be obtained by the application
of small external magnetic fields of 100 Oe.

In this work, we examine the magnetic and structural properties of EuS-PbS
multilayers grown on n-type PbS(100) substrates cleaved from the bulk single crys-
tals prepared by various modifications of physical vapor transport method. The
development of conducting n-type (100)-oriented monocrystalline PbS substrates
for the epitaxial growth of EuS—-PbS multilayers qualitatively expands our possi-
bilities aiming at the development of new semiconductor spintronic tunneling and
light emitting structures actively exploiting ferromagnetic character of EuS barri-
ers for the control of the charge and spin transport perpendicular to the plane of
the structure.

2. Growth and characterization

For the growth of EuS—PbS multilayers studied in this work we used PbS
(100) substrates freshly cleaved from bulk PbS crystals. The bulk PbS monocrys-
tals were grown by two modifications of physical vapor transport method: the
method of self-selecting vapor growth (SSVG, [5]), and the low super-saturation
“contactless” physical vapor transport (LSS PVT, [6]) method. The application of
both methods resulted in a successful growth of high quality bulk PbS monocrys-
tals with (100) crystal cleavage planes. From single-crystalline blocks of PbS
(with their volume ranging from a half to a few cubic centimeters) we selected
for the epitaxial deposition of EuS-PbS multilayers a number of freshly cleaved
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(100)-oriented plates about 1 mm thick with a typical area of about 4 x 8 mm?.

The X-ray powder diffraction analysis (Cu K, radiation, see Fig. 1) of PbS bulk
crystals showed, as expected, the rocksalt structure with the lattice parameter
ap = 5.938 A for crystals grown by SSVG method and ap = 5.937 A for crystals
grown by LSS PVT method. To characterize the crystal quality of these PbS plates
we measured the width of the X-ray rocking curve for the (200) reflex. Tt shows
the FWHM values in the range of 65-250 arcsec (see inset in Fig. 1) for the set
of about ten PbS substrates studied by us. The atomic force microscopy (AFM)
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Fig. 1. The X-ray powder diffraction spectrum for PbS substrate revealing rocksalt
lattice with ao = 5.937 A. The inset shows the rocking curve for (200) reflex for PbS

monocrystal.

analysis of PbS substrate plates indicated the root-mean-square (rms) roughness
of 10 A, i.e., about 3 ML for the analyzed area of 10 x 10 gm?2. The characteristic
feature of surface morphology of PbS substrate plates is the existence of very long
(in some cases exceeding 10 pm) practically atomically flat regions with a typi-
cal area of 1 x 0.1 ym?. Both techniques of PVT growth applied in this work to
the growth of PbS produced n-type material as checked by Hall effect and ther-
moelectric measurements. It 1s the consequence of the composition of the source
polycrystalline PbS material which is usually intentionally prepared with a slight
deviation from stoichiometric composition towards excess metal (deficient sulfur).
In all IV-VI semiconductor compounds the anion vacancies are the well-known
source of high concentration (typically n ~ 1017 = 10'® cm=3) of quasi-free elec-
trons. As the electronic energy levels of these defects are located above the bottom
of the conduction band one observes metallic n-type conductivity with practically
temperature independent electron concentration.
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The EuS-PbS multilayers were grown on PbS(100) substrates employing vac-
uum deposition system equipped with an electron gun for the evaporation of EuS
and tungsten boats for standard resistive heating of PbS. The thickness of the lay-
ers was controlled in-situ by quartz resonator. The substrate temperature during
the growth was about 350°C. As the lattice parameters of PbS and EuS are very
similar the X-ray diffraction analysis of EuS-PbS/PbS(100) structures shows only
a single set of diffraction peaks corresponding very closely to the rocksalt lattice
parameter of PbS. This is in contrast to EuS-PbS/BaF2 and EuS-PbS/KCl struc-
tures in which the substantial mismatch between the substrate and the layers is
reflected in X-ray measurements as separate sets of diffraction peaks. The FWHM
rocking curve width for EuS-PbS/PbS structures (typically 200 arcsec) was some-
what larger than for the freshly cleft PbS crystals but compares favorably even
with the best structures grown previously on BaF» or KCl substrates for which the
rocking curve width of 300 arcsec was found. The AFM analysis of the morphology
of the top PbS layer in the EuS-PbS multilayer showed rms roughness of 40 A for
the analyzed region of 10 x 10 pm?. The measurements were taken in the air with
no special cleaning procedure. OQur measurements indicate that the morphology of
the top layer is influenced by a slow oxidation of PbS layer. Therefore, most of
our structures were capped with 100-1000 A PbS protective layer. In structures
intended for transport measurements capping of the top PbS layer with metallic
Au or and LaBg ohmic contact layers is also frequently employed.

3. Magnetic properties

Magnetic properties of EuS-PbS/PbS(100) multilayers were studied by a
superconducting quantum interference (SQUID) device for magnetization mea-
surements as a function of temperature (T = 5 = 35 K) and magnetic field
(B < 5T) as well as by the ferromagnetic resonance (FMR) technique. We stud-
ied EuS(t)—PbS(d)—FuS(t) ferromagnetic trilayers with the thickness of ferro-
magnetic EuS layers ¢ = 30 =300 A and the thickness of nonmagnetic PbS spacer
d=7.5+70 A. The EuS-PbS-EuS trilayers were deposited on PbS substrate over-
grown with a homoepitaxial 450 A thick PbS buffer layer. The entire EuS-PbS
trilayer structure was capped with a 500 A top PbS layer.

Ferromagnetic transition is observed in all EuS-PbS/PbS structures stud-
ied by us. The temperature dependence of magnetization as well as the magnetic
hysteresis loop of the reference PbS—-EuS-PbS/PbS(100) structure with a single
thick (300 A) EuS layer is presented in Fig. 2. The ferromagnetic Curie temper-
ature Te of EuS-PbS/PbS multilayers decreases from the value 17.0 K observed
for the multilayer with a 300 A thick EuS layer to 15.0 K for trilayers with 30 A
EuS layers. The dependence of the transition temperature on the thickness of EuS
layer is presented in Fig. 3 for all three substrates used for epitaxial deposition of
EuS layers. The T.(¢) dependence for EuS—PbS/PbS(100) multilayers is analogous



Magnetic and Structural Properties of EuS—-PbS Multilayers . .. 613

1000

N —=—10mT
o —e—5mT
= 00006 | e lmT —
—aa_
- M 500
\.

Magnetizatior
/

A,
00004 L‘—A—L.Ak

Magnetization [nAmZ]
.
Bl o \

I
W i
H
00002 [ ‘\ H
\ sw] /!
T=5K
H]||(100)
0.0000 L L L =1 . -1000 L L
5 10 15 20 25 30 20 -10 0 10 20 30
TIK] B [mT]

Fig. 2. Ferromagnetic transition (T = 17.0 K) in PbS(100 A)-EuS(300 A)-PbS(1004)
/PbS(100) structure with a single thick layer of EuS; (a) the temperature dependence

of magnetization; (b) the magnetic hysteresis loop.

S ® EuS-PbS on BaF,(111)
O EuS-PbS on KCI(100)
A EuS-PbS on PhS(100)
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Fig. 3. The dependence of the ferromagnetic Curie temperature of EuS—PbS multilayers
grown on various substrates on the thickness of EuS layer. The solid lines indicate the
mean-field theoretical model with sharp interfaces whereas the broken lines correspond

to the mean field model for +1 ML interdiffused interface [1].

to the case of EuS-PbS structures grown on KCI(100) substrates and can be ac-
counted for both by a simple mean-field model taking into account the distribution
of magnetic neighbors at the magnetic-nonmagnetic interface [1] as well as by more
rigorous theoretical models employing Green function techniques for the analysis
of magnon excitations in these multilayers [7]. The substantial (by the factor 2/3)
reduction of the Curie temperature is expected only for EuS layers thinner than
about 10 ML as experimentally observed in EuS-PbS/KCl and EuS-PbS/BaFs
structures (see Fig. 3). It is interesting to note that the ferromagnetic Curie tem-
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perature 7, = 17.0 K observed in the structures with thick EuS layers grown
on PbS substrate is by about 0.4 K higher than the transition temperature in
the bulk EuS crystals. This result can be understood taking into account that
EuS-PbS/PbS multilayers are expected to be pseudomorphically strained with
the FuS layer being biaxially compressed. It results in the decrease in the distance
between nearest magnetic neighbors and the increase in the relevant exchange inte-
grals. This effect is discussed in detail in Ref. [1] in which the large strain-induced
shift of Curie temperature was experimentally observed in EuS—-PbS/KCI struc-
tures as a consequence of both EuS/PbS lattice mismatch and the difference of
thermal expansion coefficients between the KCl substrate and the multilayer (also
resulting in compressive strain in EuS layer).

Ferromagnetic transition temperatures in EuS—PbS/PbS structures were also
clearly observed in X-band magnetic resonance measurements carried out over
the temperature range of 7' = 3.5 = 60 K. For this work, an important piece of
information obtained from the FMR measurements concerns the width of the FMR,
line. In EuS-PbS/PbS(100) multilayers the FMR line width is about 100-150 Oe
as compared to 300-400 Oe observed in EuS-PbS/KCl structures and 400-600 Oe
found in EuS-PbS/BaF, multilayers. It supports our conclusions of a better quality
of EuS-PbS multilayers grown on PbS (100) as compared to the layers grown on
other substrates.

We have also examined the magnetic properties of EuS-PbS—EuS/PbS tri-
layers with a very thin nonmagnetic PbS spacer. For a number of multilayers with
PbS thickness d = 7.5 A and d = 10 A we observed pronounced magnetic effects
(e.g. very low magnetic remanence, characteristic kink on magnetic hysteresis loops
and non-monotonic, at low fields, temperature dependence of magnetization) which
reveal the presence of antiferromagnetic interlayer coupling between EuS layers.
This finding is important for the development of new spintronic structures as it
offers the possibility to switch between antiferromagnetic and ferromagnetic align-
ment of the magnetization vectors of EuS layers applying weak external magnetic

fields of 100 Oe. This effect is discussed in detail in Ref. [8].

4. Summary

A successful application of physical vapor transport method for the growth of
PbS crystals allows us to obtain a high structural quality of single-crystal materials
with (100)-oriented cleaved surfaces exhibiting morphological perfection suitable
for the epitaxial growth of EuS-PbS ferromagnetic multilayers. Magnetization and
magnetic resonance studies show that the Curie temperature of the ferromagnetic
transition in EuS-PbS-EuS/PbS(100) trilayers decreases with decreasing thick-
ness of the magnetic layer. For a thick single layer of EuS grown on PbS the Curie
temperature is 17.0 K, 1.e. about 0.4 K above the transition temperature in the
bulk FuS crystals. This effect is likely to arise from the biaxial compressing strain
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expected in pseudomorphic EuS-PbS structures due to the difference in lattice
parameters of the two layers. For structures with ultrathin PbS spacers the mag-
netic hysteresis loops and as well as the characteristic temperature dependence of
magnetization reveal the presence of antiferromagnetic interlayer coupling.
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