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The magnetism of ferromagnetic metal/ferromagnetic semiconductor PbS/EuS/Fe/PbS thin films has been
studied. The presence of antiferromagnetic alignment of neighboring ferromagnetic layers in direct contact
with each other was observed. The films also showed an exchange bias effect which appeared due to the
formation 共likely during film deposition兲 of antiferromagnetic FeS at the Fe/PbS interface. Antiferromagnetic
interfacial exchange coupling between Fe and FeS was also observed. It was shown that the exchange anisotropy could be controlled by the remnant state of Fe magnetization during the cooling process, that in turn
could be tuned by an external cooling field. The influence of exchange anisotropy and exchange coupling
effects on the field and temperature dependencies of the film magnetization was examined.
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I. INTRODUCTION

The magnetism of ferromagnetic semiconductors 共FS兲
that are in direct contact with ferromagnetic 共FM兲 3d transitional metals is of interest presently as exchange interactions
at the interface between the two ferromagnetic materials can
lead to some unusual and useful properties. Using a ferromagnetic semiconductor in this configuration will enable a
nearly 100% spin polarization for spin injection into
semiconductors,1 demonstrated successfully in EuS/Co 共Ref.
2兲 and EuS/Gd 共Ref. 3兲 systems. Promising results were also
obtained in a Fe/GaMnAs system.4 EuS is well-known
Heisenberg ferromagnetic semiconductor 关Eg = 1.65 eV, TC
= 16.5 K 共Ref. 5兲兴 which has a negligible free carrier concentration. Also, EuS’s very large conduction band splitting
of 0.36 eV 共Ref. 6兲 makes it a contender for utilization in
semiconductor spintronics.
Together with enhanced spin-filtering properties, FS/FM
systems are believed to exhibit a magnetic proximity effect,7
where interfacial moments of the FS order at temperatures
significantly above the FS’s intrinsic magnetic ordering temperature 共TC兲 via coupling with the FM with a higher TC.8–10
Increasing the TC of the FS to room temperature would make
such systems useful for spintronic applications. An enhanced
EuS TC from a magnetic proximity effect was reported in a
EuS/Co multilayer11 and nanocomposite 共EuS precipitate
particles in Co matrix兲.12
Another interesting phenomenon that has been observed
in FS/FM multilayer structures is exchange coupling.13 This
effect was observed in EuS/Co,11,14,15 EuS/Fe,16 Fe/GaMnAs
共Ref. 7兲 multilayers, and EuS/Co nanocomposites.12,17 In all
these cases antiferromagnetic 共AF兲 coupling, where magnetic
moments of neighboring ferromagnetic layers are in opposite
directions, have been reported.
In this paper we present results obtained on EuS/Fe-based
thin films. Most of the previous work has been performed on
EuS/Co systems. Fe with a ⬃30% larger free ion moment
than Co and a lower bulk TC 共TC = 1043 K in bulk Fe and
1388 K in bulk Co兲 should provide different proximity-based
nanomagnetism, e.g., enhanced TC’s and exchange coupling.
1098-0121/2010/81共13兲/134430共7兲

The structure and magnetism of PbS/EuS/Fe/PbS thin films
have been investigated, where antiferromagnetic exchange
coupling between Fe and EuS has been observed. However,
unlike EuS/Co-based films, we did not detect a proximity
effect enhanced TC for the EuS FS.
II. EXPERIMENTAL METHODS

Thin films were prepared with a PbS/EuS 共t nm兲/Fe 共t
nm兲/PbS, where t = 5 – 20 nm, configuration. Since all the
samples 共with different layer thickness兲 showed similar magnetic behavior, in this paper we will focus on the PbS/EuS
共10 nm兲/Fe 共10 nm兲/PbS composition. The films were deposited in high vacuum 共10−7 – 10−8 Torr兲 onto a 共001兲 KCl substrate using electron-beam evaporation of Fe and EuS, and
thermal evaporation of PbS from a tungsten boat. The KCl
substrate was cleaved in air and placed immediately into the
vacuum chamber. Film thickness and growth rates were controlled using a calibrated quartz balance resonator. The deposition rate for all the films components was 0.05–0.2 nm/s.
All films had a 20 nm PbS capping layer to prevent possible
film oxidation and a PbS buffer layer of the same thickness
that permitted epitaxial growth of EuS. Epitaxial EuS/PbS
multilayers on 共001兲 KCl with well-defined interfaces and
layer thicknesses down to several monolayers can be manufactured with the KCl substrate at 250 ° C.18 To ensure a
continuous and smooth interface between the EuS and Fe
layers, and prevent any possible intermixing, a two stage
process was used during film growth. An epitaxial EuS layer
on a buffer PbS layer was first deposited at 270 ° C, the
substrate was cooled to room temperature, and then the Fe
and capping PbS layers were deposited.
To investigate the film layer microstructures with transmission electron microscopy 共TEM兲, the KCl substrate was
dissolved in distilled water and the film placed onto TEM
grids. Magnetic measurements were performed with a commercial Quantum Design MPMS-XL magnetometer/
susceptometer. External magnetic fields were applied parallel
to the sample’s plane in the 关100兴 direction of EuS. Before
taking measurements, either field cooling 共FC兲 or zero-field
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FIG. 1. Plane view transmission electron microscope image of a
PbS 共20 nm兲/EuS 共10 nm兲/Fe共10 nm兲 film 共left兲 and its electrondiffraction pattern 共right兲.

cooling 共ZFC兲, sometimes combined with demagnetization
using minor loop procedures, was performed.
III. RESULTS AND DISCUSSION

A representative TEM image and electron diffraction pattern of the PbS 共20 nm兲/EuS 共10 nm兲/Fe 共10 nm兲 film is
shown in Fig. 1. The grains shown in the TEM image and
rings of the electron-diffraction pattern correspond to continuous polycrystalline Fe. The lattice constant of Fe was
2.90⫾ 0.04 Å, in good agreement with the bulk value.19 The
EuS and PbS show electron-diffraction patterns of a 共001兲
monocrystalline thin film. The spots from these materials
could not be resolved, indicating that monocrystalline EuS
had grown onto the PbS pseudomorphically 共with the same
in-plane lattice constant a = 5.94⫾ 0.12 Å兲, which was also
in good agreement with the bulk value of PbS a
= 5.9362 Å.20 The observed pseudomorphic growth indicated a van der Merve growth mechanism in a layer-by-layer
fashion. X-ray and neutron-diffraction experiments performed on EuS-PbS superlattices grown in a similar fashion
showed satellites near Bragg peaks and at grazing angles
demonstrating that high-quality samples could be obtained
with layer thickness of one monolayer.21 From these results
we estimated that the PbS/EuS interface roughness was on
the order of a single EuS monolayer 共⬃0.3 nm兲. Due to the
layer-by-layer growth of the EuS, the top of the film surface
共e.g., an interface兲 should be smooth. Smooth interfaces between EuS and Fe with no intermixing have been reported
previously.16,22 The level of roughness and possible intermixing of phases expected at the EuS/Fe interface roughness
should have been on the order of a couple Fe lattice constants. Furthermore, an electron microscopy study revealed
an Fe layer without texture and an average grain size of
⬃3 nm. Since it was unlikely that the interface roughness
was larger than the average grain size of the constituent materials, we propose a maximum roughness of the Fe/PbS interface of ⬃3 nm. We did not find any evidence of additional phases in the PbS/Fe/EuS/PbS film samples 共except
rings from the polycrystalline PbS top layer in the electrondiffraction patterns兲. As the TEM could not resolve crystallites or layers less than 1 nm in thicknesses, if additional
phases were present, they could not exceed 1 nm in thickness
providing an upper bound on the degree 共thickness兲 of possible intermixing.
The temperature dependence of the ac susceptibility in
Fig. 2 showed a sharp peak in the in-phase 共⬘兲 component at

FIG. 2. In-phase 共⬘兲 and out-of-phase 共⬙兲 temperature dependence of the ac susceptibility of the PbS 共20 nm兲/EuS 共10 nm兲/Fe
共10 nm兲/PbS 共20 nm兲 film using a 1 Oe drive field oscillating at 10
Hz. The inset shows ⬘共T兲 for temperatures around the EuS TC.

16.5 K, and similar behavior in the out-of-phase component
at a slightly lower temperature indicating the onset of hysteresis 共with cooling兲. Both features correspond to the Curie
temperature, TC, of the EuS film component. The frequency
independence of this feature 共from 10 to 1 kHz, not shown兲
was consistent with a magnetic ordering process. While the
TC of EuS thin films could be altered by thickness 共finitesize兲 effects and strain, e.g., film-substrate lattice mismatch
and thermal-expansion differences between film substrate,
our measured TC was in excellent agreement with 10 nm
thick EuS on KCl.18 At intermediate temperatures 共above the
EuS TC兲 a further increase in ac共T兲 with warming was observed 共Fig. 2兲 that did exhibit a measuring frequency dependence, magnetism consistent with “unblocking” of singledomain-sized crystallites.9,10 Above 100 K, this frequency
dependence collapsed, and with warming a slow increase in
ac共T兲 indicated the presence of superparamagnetism. The
change in ac共T兲’s slope between ⬃100 and 300 K, and from
300 to 400 K suggested that there may have been a magnetic
phase that was undetectable in the microstructure and composition studies described above. A likely candidate would
be FeS at the Fe/PbS interface which would alter the magnetism significantly.
Magnetic hysteresis loops of the EuS/Fe film at 2.5 K
were measured after cooling from 400 K in different magnetic fields with the results presented in Fig. 3. The loops
were shifted along the field direction, similar in nature to
loops of exchange bias systems.8–10,23 The origin of this loop
shift could be the presence of an AF or ferrimagnetic layer
near the FM or FS interfaces. To examine this possibility,
films of 10 nm single layers of Fe or EuS, sandwiched between two 20 nm layers of PbS using the procedure described above, were prepared. The EuS film exhibited typical
ferromagnetic behavior with TC ⬃ 16.5 K and no observable
loop shift. However, the Fe film showed a negative loop shift
along the field direction 共Fig. 4兲, further evidence of a small
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FIG. 3. Hysteresis loops 共⫾20 kOe兲 of the PbS 共20 nm兲/EuS
共10 nm兲/Fe 共10 nm兲/PbS 共20 nm兲 film at 2.5 K measured after 共a兲
ZFC, 共b兲 5 Oe FC, 共c兲 25 Oe FC, 共d兲 50 Oe FC, 共e兲 100 Oe FC, and
共f兲 5000 Oe FC. Cooling was performed from 400 K in all cases.
The lines are guides to the eye. I-II-III-IV is the order of the loop
cycle. HT corresponds to the field where a change from parallel to
antiparallel alignment between EuS and Fe magnetization occurs.
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FIG. 4. Hysteresis loop 共⫾20 kOe兲 of the PbS 共20 nm兲/Fe 共10
nm兲/PbS 共20 nm兲 film at 2.5 K measured after ZFC from 400 K.
The lines are guides to the eye.

ing the TEM investigations兲 arose likely during thin film
fabrication from a reduction in PbS by the Fe. Comparing the
Gibbs free energy changes in the constituents 共⌬G兲 using
data from Ref. 24, the reaction PbS+ Fe→ FeS+ Pb is thermodynamically favorable, even at room temperature, given
ⴰ
the energy gain ⌬G298
= −5.28 kJ/ mol. In Ref. 25 this reaction has been studied in detail at the nanoscale and observed
at room temperature. FeS with a structure of NiAs is an AF
with Néel temperature 共TN兲 around 600 K.26 A spin transition
can occur around 445 K that involves Fe spins rotating from
a parallel to a perpendicular-to-the-hexagonal axis
direction.27 In addition, FeS displays ferrimagnetic properties
when it is Fe deficient.26
An exchange bias blocking temperature 关where Hex共T兲
= 0兴 of TB ⬃ 20 K was observed, in agreement with the TB
indicated by the ac共T兲 results 共Fig. 2兲 that showed evidence
of the FeS crystallites 共presumably of similar area as the Fe
crystallites but around a monolayer in thickness兲 unblocking.
With the FeS crystallites superparamagnetic, the TB of the
two processes 共superparamagnetic and exchange bias兲 would
coincide. While TN ⬃ 600 K for FeS and TB Ⰶ TN is usual, a
similar difference in TB and TN has been observed recently in
Fe/FeO thin films with an ultrathin iron-oxide layer.28 It is
likely that the significant differences between the ordering
and exchange coupling energies is an indication of the weak
coupling between the FeS and EuS components 关likely due
of the sparseness of the FeS 共AF兲 layer兴.29
It should be noted that Hex due to exchange coupling between the Fe and 共possible兲 FeS interfacial moments occurred even when the film was zero-field cooled 共i.e., no
external field was present to set the interfacial moment configurations to permit a unidirectional anisotropy, a typical
prerequisite for exchange bias29兲, shown in Fig. 3. However,
a proximity-enhanced “local” ordering of the interfacial moments may be occurring, analogous to that observed recently
in AF/FM thin films.8,9
An enhancement of the coercivity Hc of an exchange biased system compared to that of the bare FM is typical.29 Hc
of the PbS/Fe/PbS film was nearly twice that of the PbS/EuS/
Fe/PbS film at the same temperature. This difference in Hc’s
was likely due to the presence of two FeS interlayers in
PbS/Fe/PbS sample, resulting in a further enhancement coupling. In addition, heating a PbS/Fe/PbS film to ⬃300 ° C in
an argon atmosphere led a to further increase in Hc, and a
significant reduction in the net magnetization, consistent
with the further reduction in PbS by Fe 共e.g., a thicker AF
FeS layer兲.
The M-H loop shape of the PbS/EuS/Fe/PbS multilayer
was indicative of spin valve behavior 共Fig. 3兲. The steplike
features in the hysteresis loops were the result of exchange
coupling between EuS and Fe, as observed previously.16
Also, the measured cooling field dependence was in agreement with previous work that had shown the amount and
direction of the loop shift in AF/FM structures depended
upon the amount and direction of remnant magnetization at
TB of the FM which, in turn, could be tuned by the applied
cooling field.30–32 This trend was observed in the PbS/EuS/
Fe/PbS system 关Figs. 3共a兲–3共d兲兴. Also, for the EuS/Fe based
system, due to the presence of FeS at the EuS/Fe interface,
the M-H behavior of the PbS/EuS/Fe/PbS multilayer was
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FIG. 5. Scheme of the magnetic configuration in the PbS 共20
nm兲/EuS 共10 nm兲/Fe 共10 nm兲/PbS 共20 nm兲 film at 2.5 K which is
correspondent to hysteresis loops presented in 共a兲 Fig. 3共a兲, 共b兲
Figs. 3共b兲 and 3共c兲, 共c兲 Figs. 3共d兲 and 3共e兲. M r and HB show direction of Fe remnant magnetization and magnetic field, respectively,
during the cooling through TB.

due to the combined magnetizations and domain rotations of
the Fe moments in the applied magnetic field 共H兲 pinned by
FeS, with moments of the magnetically soft EuS layer able
rotate more freely with changes in H. Furthermore, the observed “steps” in the hysteresis loops are evidence that the
EuS and Fe magnetizations were aligned in opposite directions.
A schematic representation of the spin configurations that
resulted in the M-H loop behavior shown in Fig. 3 is presented in Fig. 5. First, consider the loop presented in Fig.
3共a兲 that was obtained by a ZFC process from 400 to 2.5 K
共through TB兲 after a negative field at 400 K was used to
saturate the FM component. The corresponding schematic
image of the magnetic configuration is presented in Fig. 5共a兲.
During the cooling through TB, interfacial magnetic moments
of the AF 共FeS兲 were set in a configuration provided by the
remnant magnetization 共M r兲 of the FM 共Fe兲. Starting the
M-H loop measurement from +20 kOe 共quarter I of the loop
cycle兲 Fe and EuS were magnetized to saturation in a direction opposite to M r. The reduction in the magnetic field during the loop measurement to HT ⬇ 50 Oe led to rotation of

the EuS moments in a direction opposite to the Fe moments
due to AF exchange coupling between the Fe and EuS.16
With the applied field changing from positive to negative, a
small step in the hysteresis loop was measured 关Fig. 3共a兲兴
whose presence was due to the Fe/EuS coupling facilitating
an antiparallel orientation of Fe and EuS moments 共i.e., the
Zeeman and anisotropy energy terms were weaker兲 as shown
schematically in quarter II of the loop cycle of Fig. 5共a兲. A
further increase in the negative field made Fe moments rotate
into the field direction 关quarter III of the loop cycle in Fig.
5共a兲兴. The M-H behavior going from positive to negative
fields was analogous to what the film experienced during a
field scan from positive to negative H 关quarter IV of the loop
cycle, Fig. 5共a兲兴, except that in large positive fields the film
was magnetized along the “hard axis” set by the exchange
and unidirectional anisotropy which created a energy barrier
which needed to be overcome before Fe moments could
align with H. This competition resulted in the observed step
in the IV quarter of the loop over a larger field range than the
step obtained for positive-to-negative field change. Cooling
the film in 5 or 25 Oe 关Figs. 3共b兲 and 3共c兲兴 permitted some
Fe domains to change their orientation, which decreased the
total M r. This in turn resulted in an effective weakening of
the unidirectional anisotropy of Fe moments at the interface,
and thus a decrease in Hex, Hc, and reduction in the step’s
length 关Fig. 5共b兲兴. A further increase in the cooling field to 50
or 100 Oe 关Figs. 3共d兲 and 3共e兲兴 set the majority of Fe domain
moments in the direction of the field 关Fig. 5共c兲兴 so that the
loops shift in a negative field direction. Increasing the cooling field to +5000 Oe 关Fig. 3共f兲兴 reduced the Hex and Hc,
likely due to FeS interfacial moments coupled antiferromagnetically to Fe moments, with the cooling field large enough
to permit them to rotate into field direction.33,34
Following the 5 kOe FC M-H loop, the film was warmed
to 400 K and the magnetization set in its positive remnant
共+M r兲 state. The film was then cooled in a negative fields of
−5 Oe, −100 Oe, and −5 kOe shown in Figs. 6共a兲–6共c兲,
respectively. The loop results for the negative FC procedure
were essentially the same as the positive FC ones presented
in Fig. 3, except that the loops were shifted in the opposite
field direction. Demagnetizing the EuS/Fe film using minor
loops cycles 共M r ⬃ 10−6 emu at 300 K兲 followed by a ZFC
procedure resulted in the loop shown in Fig. 6共d兲. Due to a
very small unidirectional anisotropy with a concomitant reduction in the Fe coercivity, Hex ⬃ −5 Oe, resulting in no
steplike features in quadrants II and IV of the M-H loop,
behavior that is consistent with our description above.
An inelaborate description can be constructed considering
an applied field HT, shown in Fig. 3共b兲, that corresponds to
the field required to shift the interfacial magnetizations of Fe
and EuS from parallel to antiparallel alignment. The exchange coupling energy should be equal to the Zeeman
ជM
ជ FetFe + H
ជM
ជ EuStEuS =
共magnetic field兲 energy. That is, H
ជ Fe兩兩M
ជ EuS兩, where H
ជ is the applied field, M
ជ the
ជ FeM
ជ EuS / 兩M
−JM
magnetization of the EuS or Fe components, t the film component thickness, and J the exchange coupling constant. For
2.5 and 5 K 共well below the EuS TC兲 we found JFe/EuS
⬃ 0.15 erg/ cm2 which is in good agreement with previous
reports of JFe/EuS = 0.2 erg/ cm2 共Ref. 16兲 and JCo/EuS
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FIG. 7. 共Color online兲 Temperature dependence of the coercivity, Hc = 共Hc1 + Hc2兲 / 2, and field shift, Hex = 共Hc1 − Hc2兲 / 2, of the
EuS/Fe film when −5000 Oe FC 共䊊兲, ZFC 共䉭兲, +5000 Oe FC
共〫兲, and thermally demagnetized before ZFC 共䊐兲.
FIG. 6. Hysteresis loops 共⫾20 kOe兲 of the PbS 共20 nm兲/EuS
共10 nm兲/Fe 共10 nm兲/PbS 共20 nm兲 film at 2.5 K measured after 共a兲
−5 Oe FC, 共b兲 −100 Oe FC, 共c兲 −5000 Oe FC, and 共d兲 after demagnetizing procedure and ZFC. Cooling was performed from 400
K in all cases. The lines are guides to the eye.

= 0.1 erg/ cm2 共Ref. 15兲. A rough estimate of the exchange
anisotropy energy at the Fe/FeS interface can be calculated29
using ⌬EFe/FeS = HexM FetFe. The maximum value of exchange
anisotropy energy obtained for 2.5 K and cooling field of 100
Oe 关Fig. 3共e兲兴 is ⌬EFe/FeS = 0.085 erg/ cm2.
The temperature dependencies of Hex and Hc, presented in
Fig. 7 for the different FC procedures, revealed further information about the magnetism of the unidirectional anisotropy.
For example, when the film was demagnetized and ZFC,
Hex共T兲 was essentially zero, consistent with a very small
amount of interfacial FeS moments exchange coupled to the
Fe moments during cooling that provided the unidirectional
anisotropy. However, when the cooling field was large
enough to set Hex, irrespective of the cooling field strength,
兩Hex共T兲兩 was essentially unchanged. By contrast, for Hc共T兲,
starting from 2.5 K for the demagnetized ZFC, ZFC, and
negative FC conditions, Hc共T兲 increased with warming until
15 K. However, for positive FC, Hc共T兲 decreased constantly.
It would seem that both domain-wall 共incoherent兲 and rotational 共coherent兲 reversal processes in the film system are
affected by the initial magnetic configuration of the film,
essentially set by the field-cooling procedure. After 15 K
Hc共T兲 rapidly decreases with warming until 50 K, as the
thermal energy gradually overwhelms the anisotropy energies.
A further indication of the antiferromagnetic nature of the
exchange coupling between the Fe and EuS was provided by
the temperature dependencies of the low-field magnetization
共Fig. 8兲. First, the sample was magnetized with a positive

field and then ZFC from 50 K 共well above TB兲 in its remnant
magnetization state and warmed up in a zero field to 50 K.
After that the sample was again ZFC and 5 Oe was applied
during its heating to 50 K. This procedure was repeated for
each new magnetic field so that during cooling, the film
stayed in a remnant state from the application of the magnetic field from the previous procedure. A strong reduction in
the magnetization below the EuS TC was observed when the
film was warmed up in 0, 5, and 20 Oe, and this behavior is
connected to the opposite alignment of EuS and Fe moments
at and around the interface. With an increase in temperature
from 5 to 16.5 K 共EuS TC兲, there was a gradual increase in
the measured magnetization as the EuS’s magnetization and
coupling between the Fe-EuS moments decreased with
warming, until it was constant as only the Fe magnetization

FIG. 8. 共Color online兲 Temperature dependence of low-field
magnetization obtained for PbS 共20 nm兲/EuS 共10 nm兲/Fe 共10 nm兲/
PbS 共20 nm兲 film using ZFC.
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was present at the higher temperatures. The application of a
magnetic field that was larger or equal to 60 Oe led to a
rearrangement of the EuS and Fe interfacial moments with
EuS and Fe moments now aligned in the same direction because the energy gained from the field 共Zeeman energy兲 was
larger than the energy associated with the AF coupling at the
EuS/Fe interface. In 60 Oe, below 10 K, the measured magnetization decreased due to competition between the Fe-EuS
exchange and EuS magnetic moments rotating in a direction
opposite to the Fe moment direction set by the applied magnetic field. Applying a small negative magnetic field, e.g.,
−5 Oe, provided too small a Zeeman energy to reverse the
majority of Fe moment in their domains, therefore the magnetization’s temperature dependence was essentially the
same as for the 0, 5, and 20 Oe cases. Of interest are the
features obtained in the −20 and −60 Oe magnetization measurements. At temperatures below 20 K the film demonstrated similar behavior as that observed during the 0, 5, 20,
and −5 Oe field measurements, i.e., behavior connected to
the antialignment of Fe and EuS moments. However, above
20 K when the exchange anisotropy disappeared and Hc decreased 共Fig. 7兲, the Fe moments began to rotate into the
applied field direction. Using a −60 Oe field above 20 K was
enough to align the Fe moments in the negative field direction. Application of larger fields, e.g., −100 and −500 Oe,
forced magnetic moments of the Fe and EuS to align into the
negative field direction at all temperatures below 20 K,
therefore providing a “mirror image” of the magnetization’s
temperature dependence measured in 100 and 500 Oe fields.
The observed antiferromagnetic coupling between Fe and
EuS can be understood intuitively through a comparison with
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the well-known behavior of Gd that couples antiferromagnetically to the transition metals in thin film form.13 That is,
Eu2+ ions in EuS have the angular momentum as Gd with
S = J = 7 / 2.5 The coupling mechanism between the rare-earth
and 3d transition metals in multilayers is thought to be
through indirect 3d-5d-4f interactions, and analogous to
coupling in magnetic alloys. Since Fe is at the opposite end
of the d-transition series from rare earths, it is expected that
their moments couple antiferromagnetically,35 which is the
behavior observed in the EuS/Fe based film system.
In conclusion, we have investigated the structural and
magnetic properties of PbS/EuS/Fe/PbS thin films. It was
shown that FeS was likely formed at the Fe/PbS interface
during thin film deposition and was the origin of the measured unidirectional exchange anisotropy. The magnitude of
the exchange anisotropy depended on the Fe remnant magnetization during the cooling procedure and could be tuned
by cooling field. The maximum value of exchange anisotropy energy was found to be 0.085 erg/ cm2 at 2.5 K. Antiferromagnetic exchange coupling between the Fe and EuS
net magnetic moments was also observed in this system. The
value of Fe/EuS exchange coupling constant was estimated
to be 0.15 erg/ cm2 at 2.5 K.
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