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Abstract
We provide evidence for the existence of an antiferromagnetic coupling between
iron epilayers separated by a wedge-like ZnSe crystalline semiconductor
by magnetometric and ferromagnetic resonance experiments. The coupling
strength of 46 μJ m−2 for tZnSe = 25 Å is strongly reduced as the barrier
thickness is increased. The coupling increases linearly with temperature from
5 to 300 K, with a 5.5 × 10−9 J m−2 K−1 rate. Thermally induced effective
exchange coupling mediated by spin-dependent tunnelling of electrons via
localized mid-gap defect states in the ZnSe spacer layer appears to be the most
plausible mechanism to induce the antiferromagnetic coupling.

1. Introduction

The special interest in hybrid ferromagnet/semiconductor heterostructures arises from their
plausible wide uses in spintronic devices. The active research on compatible materials to
integrate complex structures and the finding of optimal growth conditions have caused these
new materials to reach technological standards for their application.

Generally speaking, these junctions are complex magnetic systems in which interface
magnetic anisotropies, shape induced anisotropies, and interlayer magnetic coupling can play
a major role in the magnetic response of the system. The study of these phenomena needs well
characterized systems presenting sharp interfaces, not always found in metal/semiconductor
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junctions. In this paper we present experimental work on a particularly unreactive interface
tunnel junction, i.e. Fe/ZnSe/Fe.

The magnetic coupling between two ferromagnetic layers across a non-ferromagnetic
spacer has been intensively investigated in the last years, both experimentally and theoretically.
Early results have shown an oscillatory ferromagnetic/antiferromagnetic coupling in metallic
multilayers [1] as a function of the spacer thickness. This kind of coupling cannot be
simply explained by the Rudderman–Kittel–Kasuya–Yoshida (RKKY) model as was initially
proposed, but its physical origin has been attributed to quantum interferences due to spin-
dependent reflections at the spacer boundaries [2–4]. The quantum well state (QWS) nature
of the interlayer coupling in metallic systems was experimentally confirmed by magnetic
measurements [5, 6] and photoemission experiments [7–9]. The observation of an oscillatory
behaviour of the interlayer exchange coupling (IEC) as a function of the ferromagnetic
layer thickness [5, 6] and a strong temperature dependence of (IEC) strength support QWS
models [10]. Bruno [2] showed that the quantum interference effects can be included in
a modified RKKY model. He also proposed a unified treatment of the interlayer coupling
through metallic and insulating spacer layers, by introducing the concept of a complex Fermi
surface.

Whereas Bruno’s theory applies to crystalline systems, in most cases the experimental
finding addresses the exchange coupling across non-metallic spacers in polycrystalline and
even amorphous materials, namely a-Si [11], a-Ge [12], and a-ZnSe [13]. High-quality
epitaxial semiconductor EuS/PbS/EuS trilayers exhibit antiferromagnetic coupling, but their
strength decreases with temperature consistently with a power-law dependence of the EuS
magnetization [14]. Other semiconductor epitaxial systems, such as (Ga, Mn)As/(Al,
Ga)As/(Ga, Mn)As [15] and (Ga, Mn)As/InAs/(Ga, Mn)As [16], are ferromagnetically
exchange coupled for a rather long spacer thickness range, typically around 300 Å.
Moreover, strong antiferromagnetic coupling, exponentially decaying with the thickness
of the spacer, has been observed for Fe/Si/Fe epitaxial structures [17]. However, the
high chemical reactivity at the Fe/Si interfaces always complicates the physics of the
system. Concrete experimental evidence of room-temperature antiferromagnetic interlayer
coupling by equilibrium quantum tunnelling of spin-polarized electrons between the
ferromagnetic layers has been reported on epitaxial MgO(100)/Fe/MgO/Fe/Co magnetic tunnel
junctions [18].

In this paper, we present a detailed study of the interlayer magnetic coupling across
a semiconductor barrier as a function of the spacer thickness and temperature. With this
purpose, we have grown trilayers with bottom and top iron layers separated by a ZnSe epilayer
with a continuously variable thickness (wedge). Such a wedge allows us to rule out growth
unavoidable deviations from one sample to another that are present in the case of series of
samples prepared with different thickness. We would like to emphasize that the Fe/ZnSe
system is a rare successful example of ferromagnetic metal–semiconductor epitaxy in which
the chemistry and magnetic properties of the abrupt Fe/ZnSe(001) interfaces remain stable up
to 300 ◦C [19].

2. Experimental details

The Fe/ZnSe/Fe samples were prepared by molecular beam epitaxy (MBE) in a multi-chamber
growth system. First, a 3000 Å thick undoped GaAs buffer layer was grown onto a GaAs(001)
substrate with stabilization of the β(2 × 4) As-rich reconstruction at the end of the growth.
The samples were then quickly transferred under ultra-high-vacuum conditions to the II–VI
growth chamber where an undoped 100 Å ZnSe epilayer was also deposited at 220 ◦C using
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alternate layer epitaxy [20]. The c(2 × 2) Zn-rich surface was stabilized at the end of the
growth. Over this reconstructed surface the bottom iron layer was grown (65 Å thick) at 180 ◦C
using a Knudsen cell with a grown rate of about 1.4 Å min−1. Next, the ZnSe wedge was
deposited at 220 ◦C following the specific procedure already described elsewhere [21]. The
wedge thickness varies between 25 and 80 Å, with a slope of about 1–2 Å mm−1 and oriented
along the ZnSe [110] direction. Finally, the top iron layer was deposited with a thickness of
140 Å and substrate temperature of 180 ◦C. A gold cap layer deposited at room temperature
was used to protect the samples against air exposure. The wedge was cleaved into thin slices,
perpendicular to the wedge direction.

We have also studied trilayers [22, 23] with constant and homogeneous ZnSe thickness,
between 30 and 80 Å, in order to check the reproducibility of our results obtained in the
wedge sample. Thin reference Fe layers were also grown in order to determine the magnetic
parameters for isolated single layers. Reflection high-energy electron diffraction (RHEED),
x-ray photoelectron spectroscopy (XPS) [24], x-ray magnetic circular dichroism (XRD) [19]
and in situ scanning tunnelling microscopy (STM) facilities have been used to characterize the
growth of the samples.

The magnetic measurements were carried out in a SQUID magnetometer. The field was
applied parallel to the film plane along the crystallographic axis of the substrate. From a
phenomenological point of view, magnetic coupling between magnetic layers separated by
a non-magnetic one may be expressed in powers of internal product of the magnetization
unit vectors (i.e. cosine of angle) of each interacting layer. When the angle between the
magnetization of one layer with respect to the other one is θ , the IEC per unit area may be
written as J = J1 cos θ + J2 cos2 θ + · · ·, where J1 is the effective Heisenberg coupling
constant, and J2 is the so-called biquadratic coupling. The magnetic coupling strength
can be quantitatively estimated from the external magnetic field necessary to compensate
the effective exchange field between the ferromagnetic layers. We have used the minor
hysteresis loops method to evaluate the magnetic coupling between the Fe layers. In
this method, once the magnetization direction of the hard ferromagnetic layer is fixed,
minor loops are measured sensing only the magnetization of the softer ferromagnetic
layer. If there is a magnetic coupling between the ferromagnetic layers, the minor loop is
displaced along the field axis. The net sign of the displacement with respect to the zero-
coupling position, positive or negative, results in an evidence of a ferromagnetic (F) or
antiferromagnetic (AF) coupling, respectively. The shift modulus is known as the compensation
field (Hcomp) and corresponds to the magnetic field at which the magnetostatic energy of
the softer magnetic layer and the coupling energy between layers are identical. We have
assumed that the coupling is bilinear (Heisenberg), so the constant J was quantitatively
estimated as the energy difference, per unit area, between the parallel and antiparallel
magnetization alignment; i.e., J = 1

2 tF · MS · Hcomp with tF being the magnetic softer layer
thickness.

In our measurements, the magnetic field is determined by converting the current applied to
the superconducting coil. As the compensation and coercive fields involved in the problem are
comparable with the typical remanent fields (Hrem) of the superconducting coil, a systematic
procedure was employed to minimize and to estimate Hrem. This field was measured using a
Hall probe at the sample position. The remanent field measured for the ±1.5 kOe field loop
used in our experiments is (1.50 ± 0.25) Oe. This Hrem value was used to correct the current-
converted measured magnetic field in the low field region.

Ferromagnetic resonance experiments were performed at Q-band (∼33 GHz) in a Bruker
spectrometer. The angular dependence of the resonance spectra was studied in the in-plane
([100] to [010]) geometry at room temperature.
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(a)

(b)

Figure 1. Cross-sectional TEM image of
Fe 140 Å/ZnSe tZnSe/Fe 65 Å structures for
tZnSe 40 Å (a) and 80 Å (b). The arrows
indicate the 100 Å vertical scale.

3. Results

We will first describe the structure and interface morphology of the Fe/ZnSe-wedge/Fe
epilayers. Next, the magnetic properties of the Fe/ZnSe/Fe trilayer will be presented. The
existence of a magnetic coupling strength across the ZnSe spacer, as well as its dependence
with the barrier thickness and temperature, will be shown.

3.1. Structural characterization

The first Fe layer grows epitaxially on top of the pseudomorph ZnSe(001) thin epilayer grown
on GaAs(001) substrate. According to RHEED and XPS analysis, the 65 Å thick Fe(001) films
are completely relaxed and display high quality and uniformity [24]. The STM images display
a surface morphology of Fe epilayers with very small roughness at micrometric scale. The
crystalline ZnSe(001) epilayer with a wedge shape on top of this first Fe layer was monitored
by in situ RHEED experiments. The thickness profile of the wedge was also controlled by
transmission electron microscopy (TEM). Figure 1 shows cross-sectional TEM images of
samples with tZnSe = 40 Å and tZnSe = 80 Å; abrupt and atomically flat Fe/ZnSe and reverse
ZnSe/Fe interfaces can be clearly observed. In both cases, the ZnSe spacer layer is rather
uniform and shows no evidence of pinholes or disruptive defects. The top Fe layers exhibit a
poorer crystalline quality in comparison to the bottom one regarding structural disorder, and
defects homogeneously distributed along the iron epilayer can be observed. In spite of these
characteristics, our group have reported in [25] the epitaxial growth of Fe films above 27 ML
prepared by MBE and in similar conditions to our trilayers (in our samples the Fe layers are 45
and 97 ML thick).
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Figure 2. Magnetization loops for samples Fe/ZnSe tZnSe/Fe
with tZnSe = 25 Å (square), 37 Å (circle), and 45 Å (triangle),
measured at room temperature. The magnetic field was
applied parallel to the [100] direction.
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Figure 3. (a) Minor loops
for Fe/ZnSe 40 Å/Fe
measured with positive
saturation field (circle)
and negative saturation
field (triangle). (b)
Low-field region of the
major magnetization
loop of the same sample.
The measurements were
carried out at room
temperature.

3.2. Magnetization measurements

In figure 2 the magnetization versus applied field curves for Fe/ZnSe tZnSe/Fe samples with
tZnSe = 25, 37 and 45 Å are shown. The two-step magnetization loop observed in all the
samples is associated with the magnetization reversal of the top and bottom layers. This
feature suggests that the iron layers are either uncoupled or weakly coupled. To clarify this
aspect minor loops have been performed. Figure 3(a) shows a typical result performed in
our samples with tZnSe � 40 Å. A slight shift of the minor loops to negative Hcomp, i.e., a
weak antiferromagnetic coupling between Fe layers, is observed in the figure. The low field
magnetization loop of the sample is shown in figure 3(b). Similarly a small antiferromagnetic
coupling is observed by SQUID measurements for all the samples with ZnSe thickness varying
from 40 to 80 Å. For tZnSe < 40 Å the Hcomp becomes quite similar to the switching field
of the hardest Fe layer and the minor hysteresis loops method cannot be unambiguously used.
Thereafter, the magnetic coupling between the Fe layers, J , was quantitatively estimated from
Hcomp for samples with tZnSe > 40 Å and these results are plotted in figure 4.

Figure 5 shows the temperature dependence of the magnetic coupling for tZnSe = 40 and
80 Å, deduced from SQUID measurements. As can be seen, the coupling strength increases
linearly with temperature and the slope is approximately the same for the two samples. A
variation of the interlayer coupling with temperature has been predicted by Bruno in his
model [2]. The temperature dependence of the IEC across metallic and non-metallic spacer
layers is currently ascribed to two mechanisms: (i) thermal excitations of electron–hole pairs
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Figure 4. Room-temperature magnetic coupling
strength as a function of the ZnSe spacer layer, de-
duced from magnetization (filled circle) and ferromag-
netic resonance (open circle) measurements. Negative
J values indicate antiferromagnetic coupling. The in-
set shows SQUID measurements in an enlarged scale.
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Figure 5. Temperature dependence of the antiferromagnetic
coupling for the trilayers with tZnSe = 40 and 80 Å. The
slope of both curves is ∼5.5 × 10−9 J m−2 K−1.

across Fermi level as described by the Fermi–Dirac function, and (ii) thermal excitation of
spin waves in the magnetic layers and particularly at their interfaces. Specifically, for a ZnSe
semiconducting spacer layer the former mechanism is extended to include (a) spin-dependent
thermal repopulation of levels close to the Fermi surface through the hybridization of metallic
states with localized weakly bound electron states situated at or near to the two interfaces [26],
and (b) spin-dependent thermal population of impurity/defect mid-gap states via resonant and
non-resonant tunnelling [27]. A further discussion of this effect is given in section 4.

3.3. Ferromagnetic resonance measurements

The ferromagnetic resonance (FMR) spectra were measured with the static magnetic field
applied in the plane of the samples. The spectra are composed of two resonance modes, as
shown in figure 6 for two samples of different ZnSe spacer thickness. In the following we will
discuss samples with tZnSe = 45 and 25 Å (figures 6(a) and (b)) whose spectra are representative
for all the measured samples with tZnSe � 40 Å and tZnSe � 31 Å, respectively. We notice in
both cases that the resonance fields depend on the in-plane direction of the magnetic field and
also the intensity and the overall shape of the lines. The FMR spectra of samples with larger
ZnSe thickness are shifted to lower fields when the magnetic field is rotated from the [110] to
the [100] direction (figure 6(a)). In contrast, in the spectra of samples with tZnSe � 31 Å,
only one resonance mode changes its resonance field and its intensity increases when the
magnetic field angle is rotated from the [110] to the [100] direction (figure 6(b)). The resonance
mode whose intensity is larger is associated to the thicker layer (top) and the other one to the
thinner layer (bottom), based on the proportionality between the resonance line intensity and
magnetization [28].
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Figure 6. FMR spectra of the trilayers with spacer thickness (a) tZnSe = 45 Å and (b) tZnSe = 25 Å.
The static magnetic field was applied along the [110] and [100] directions.

The in-plane (IP) angular dependence of the resonance fields for the Fe/ZnSe/Fe samples
with tZnSe = 45 Å and tZnSe = 25 Å is presented in figures 7(a) and (b), respectively. In
figure 7(a) we observe two curves, associated to the mode of each iron layer. From these plots
we see that the resonance fields have a four-fold symmetry, attributed to the magnetocrystalline
anisotropy of the iron bcc structure. This behaviour changes for the samples with thinner
ZnSe barriers: the resonance field of the top layer remains almost constant at 5.8 kOe as a
function of ϕH , whereas the mode of the bottom layer presents the same behaviour observed
in the former samples. The data of the bottom layer are absent in some angular intervals
because, in those ranges, the two resonance lines merge into a single one. In both samples,
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Figure 7. Resonance fields as a function of the azimuthal angle of the external field, ϕH , for samples
with (a) tZnSe = 45 Å and (b) tZnSe = 25 Å. The resonance fields associated with the top and bottom
iron layers are plotted with open and filled symbols, respectively.

a small in-plane uniaxial anisotropy is measured for the bottom layer. This contribution is
induced at the ZnSe/Fe interface and has been previously reported for ZnSe/Fe and GaAs/Fe
structures [23, 25, 29]. This kind of anisotropy is not observed in the thicker iron layer, probably
due to its interfacial origin.

In general, the coupling [28] between magnetic layers changes the position of the
resonance field, Hr, and the linewidth, �H , of the FMR modes. However, in our case, due to
the small coupling present, there is no measurable change in these parameters. For instance, the
order of magnitude of the shift of the resonance mode induced by a magnetic coupling smaller
than 100 μJ m−2 is tens of oersteds (this can be evaluated using equation (4)); thereafter the
linewidths (�H ∼ 140 Oe and �H ∼ 200 Oe for the bottom and top layers, respectively)
and the measurement noise hide these small resonance field variations. Moreover, we do not
observe any systematic change associated with coupling in the linewidth as a function of the
spacer thickness.

So, taking into account that in our samples the shift of the resonance field due to the
interlayer coupling cannot be determined, we propose the following expression for the free
energy density for the iron layers denoted by i = t (top) and b (bottom) respectively, without
including any coupling term:

Fi = −μ0H · Mi + 1
4 K4,i

[
sin2(2θ) + sin4(2ϕ)

] + 1
2 M2

eff,i cos2 θ

+ Ku,i cos2(ϕ − ϕu,i) sin2 θ, (2)

where θ is the polar angle between Mi and the normal to the film plane, and ϕ is the azimuthal
angle between Mi and the [100] direction. The first term is the Zeeman interaction of the
iron moments Mi with the external magnetic field H and the second term describes the
four-fold anisotropy coming from the iron bcc structure. The third term in the free energy
density corresponds to the shape anisotropy corrected by a uniaxial anisotropy contribution,
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Kn , that favours an out-of-plane (OOP) orientation of the magnetization. Meff is an effective
magnetization, given by M2

eff = M2 − 2Kn . As a consequence, the higher the Kn value is, the
stronger is the shift towards higher resonance fields. Since Kn arises mainly from interfacial
magnetostriction [25], its effect becomes more important for thinner magnetic layers. From this
fact we corroborate our previous conclusion that the mode corresponding to thinner Fe layer is
the one with higher resonance field in figure 6(a). The different behaviour observed in samples
with thinner spacers will be discussed below. The last term corresponds to an in-plane uniaxial
anisotropy Ku, and ϕu is the angle between the uniaxial in-plane direction and the [100]. The
equilibrium angles of M are obtained from the minimization of F .

The resonance frequency is given by [30]
(

ω

γ

)2

= 1

M2 sin2 θ

[
Fθθ Fϕϕ − F2

θϕ

]
(3)

where the subscripts indicate partial derivatives, evaluated at the equilibrium angles θ0 and ϕ0;
γ = g · μB/h̄ is the gyromagnetic ratio and ω = 2πν.

The changes of the anisotropy constants of the bottom Fe layer along the samples are very
small, being K4,b = (4.5 ± 0.3) × 104 J m−3 and Ku,b = (1.5 ± 0.1) × 104 J m−3, very
similar to those obtained for single iron films [23]. Surprisingly, as the spacer layer thickness
decreases, a strong depression of the calculated Fe top layer anisotropy, K4,t, is observed in
our samples. This anisotropy constant changes from (4.5 ± 0.3) × 104 J m−3 for tZnSe � 40 Å
to (0.5 ± 0.1) × 104 J m−3 for tZnSe � 31 Å. We attribute this effect to the existence of
a strong induced interfacial anisotropy that hides the four-fold Fe magnetocrystalline bulk
anisotropy. Probably, a few ZnSe monolayers between Fe layers are not enough to relax the
stress originated at the Feb/ZnSe interface. This fact is also reflected in the poorer crystalline
quality of the top Fe layer with respect to the bottom one, as observed by TEM (figure 1).

The Kn,b and Kn,t constants change by around 20% among the different samples, −2.8 ×
105 J m−3 being the average value for both Fe layers. The dispersion of the Kn values along the
samples is high enough to hide any systematic change in the resonance field due to coupling.
In fact, the dependence of the resonance field on both parameters (coupling and Kn) is very
similar. This reinforces our assumption of neglecting the coupling term from equation (2).

In spite of the fact that we do not notice coupling effects on the resonance fields and
linewidth of the resonance spectra, important changes of the intensity ratio, Ib/It, with the
spacer thickness of the samples are observed. This effect is clearly seen in figure 6(b), in which
the Ib/It ratio becomes smaller when the magnetic field is rotated from the [100] to [110]
direction. The mode intensity is very sensitive to external factors, i.e. the microwave amplitude,
and the sample’s size, as well as to internal parameters of the spectrometer. However, very
careful measurements can give a good estimation of the interlayer coupling.

In order to model the line intensity for the coupled case, we solved the Landau–Lifshitz
equation of motion [28],

dMt(b)

dt
= γ Mt(b) ×

(
Heff,t(b) + λt(b)

M2
Mt(b) × Heff,t(b) + J

tt(b)M2
Mb(t)

)
, (4)

with a damping term which takes into account the relaxation of the magnetization and a last
term of bilinear exchange coupling between the iron layers.

λt(b) is the damping parameter and its value is obtained by fitting the experimental
linewidth for each Fe layer. The effective field Heff stands for all the contributions to the
magnetic field present in the sample and is given by

Heff = H + h0 + Hd + Ha
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where H = H x̂ is the dc magnetic field and h0 = h0eiωt ŷ is the rf one, Hd is the demagnetizing
field and Ha takes into account the anisotropies of the system.

By linearizing this equation, including the field dependences explicitly, we have derived
the susceptibility χ , of the time-dependent (rf) component of M, Mrf,i given by χ , which
is dM/dh0 is related to the measured spectra through the absorbed power according to the
following expression:

P(H ) = 1
2ω Im(χ)|h0|2. (5)

The field dependence of the absorbed power is proportional to the resonance line shape, as we
show in figure 6. The measured spectra were fitted by equation (5), and in this way their
intensity was related to the coupling constant J . A rigorous study must include the spin
boundary conditions to solve equation (4). In particular, the border conditions are crucial
for the treatment of exchange effects due to non-uniform magnetization within each magnetic
layer [31, 32]. The non-uniform magnetization is mainly caused by the rf field skin depth and
also the external torques induced, for example, by couplings. However, as is stated in [33], the
exchange forces have no effect on the FMR spectra in a uniformly magnetized sample and this
happens when the magnetic layer thicknesses are smaller than the microwave penetration depth.
This is our case: the magnetic layer thicknesses are around 100 Å while a typical skin depth
for a ferromagnetic material is ∼1000 Å. So, we assume that the variation of the magnetization
within the layers is negligible and it has no effect over the FMR parameters.

In the case of uncoupled systems, the intensity of each line is proportional to the magnetic
moment of the individual layer. On the other hand, when the system is coupled, the intensity of
the modes depends on the strength of the coupling because each mode is composed of the ion’s
precession in both layers. In a coupled trilayer, the spectra are composed of two normal modes,
commonly named acoustic and optical [28]. The acoustic mode corresponds to the in-phase
precession of the magnetic moment of both layers and it leads to a parallel alignment of Mrf,b

and Mrf,t. On the other hand, the optical mode corresponds to the out-of-phase precession and
the Mrf,i components are arranged in an antiparallel configuration. The intensity of each mode
depends now on the net magnetic moment of the sample, Mrf,b − Mrf,t. Due to the parallel
alignment of the Mrf,i , the acoustic mode intensity is larger than that of the optical one in
which the net magnetic moment is reduced due to the antiparallel configuration. It is important
to note that these statements are independent of the coupling sign, i.e. ferromagnetic (FM) or
antiferromagnetic (AF).

Our FMR results were analysed within this frame. The angular dependence of the intensity
ratio, Ib/It, indicates that the net magnetic moment for each mode and therefore, the Mrf,i of
one of the layer with respect to the other one, changes with the field direction. In figure 6(b),
the smaller value of Ib for the [100] direction shows that the Mrf,i are aligned antiparallel
(optical mode), whereas for the [110] direction they are aligned parallel (acoustic mode). The
mode associated to the top layer presents the opposite behaviour. It is important to note that
the change of the character mode (from acoustic to optical and vice versa) notably enhances
the sensibility of the line intensities to the coupling. This effect is not remarkable in the
other parameters, i.e. linewidth and resonance field. On the other hand, for samples with
tZnSe � 40 Å, the modes do not change their relative position; then each mode, b and t , keeps
its character (acoustic or optical) for every field direction. Therefore, in these samples, there is
no enhancement of the intensity sensibility and the coupling measurement becomes difficult as
it is via resonance field shift or linewidth changes.

At this point we have shown that the system is coupled because the ions of the two layers
are participating in both modes, but we have said nothing about the sign of coupling. In figure 8,
the ratio Ib/It is plotted as a function of the coupling constant strength for H applied in the
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Figure 8. Calculated Ib/It as a func-
tion of the coupling strength for both
ferromagnetic and antiferromagnetic
coupling. The arrows show the mea-
sured ratios for Fe/ZnSe tZnSe/Fe tri-
layers with tZnSe = 25 and 31 Å sam-
ples. The horizontal line indicates the
intensity ratio expected for an uncou-
pled system.

[100] and [110] directions. Ib/It has been calculated from equation (5) using the anisotropy
constants obtained from the free layer spectra simulations. We can see that the curve depends
on the coupling. For AF coupling the ratio intensity is lower for [110] than for [100], matching
our experimental results. In contrast, for FM coupling Ib/It is smaller for the [100] direction
than for [110]. This calculation helps us to conclude that our samples present an AF coupling
between Fe layers in agreement with SQUID measurements. We have calculated a coupling
strength of 30 μJ m−2 for tZnSe = 31 Å and 46 μJ m−2 for tZnSe = 25 Å (figure 4). For samples
with tZnSe � 40 Å we measured a tiny shift of the intensities ratio which would also suggests
the existence of an AF coupling. However, due to the fact that the modes keep their relative
position and due to the small roughness of the Fe layers, we are not able to derive with accuracy
the coupling strength for these samples and thus these results have not been included in figure 4.
The minor loop displacements observed in SQUID measurements confirm that the AF coupling
persists for thickness up to 80 Å. In this sense, FMR and SQUID results are complementary,
allowing us to deduce the magnetic coupling between iron layers for a wide range of barrier
thicknesses.

4. Discussion

Our results provide evidence for the existence of a temperature-dependent antiferromagnetic
coupling between iron layers, across a crystalline ZnSe semiconducting barrier. Extrinsic
mechanisms such as pinholes and dipolar fields may induce a magnetic coupling across non-
magnetic spacers. However, a direct coupling through pinholes has been discarded due to the
antiferromagnetic nature of the measured interaction.

In the thin-film geometry, the magnitude of the magnetostatic coupling for ideal and
smooth layers is vanishingly small. Nevertheless, the magnetostatic coupling becomes
significant if a surface roughness is considered. Steps, ripples and other features of the magnetic
layers surface result in stray magnetic field lines that couple neighbouring layers; i.e., the so-
called Orange-Peel (OP) or Néel coupling. This coupling leads to an effective ferromagnetic
or antiferromagnetic field depending on the roughness topology. We have calculated the OP
coupling strength for the Fe/ZnSe/Fe trilayers. TEM and STM images allow us to estimate the
roughness amplitude at the different interfaces ZnSe/Feb, Feb/ZnSe barrier, ZnSe barrier/Fet,
Fet/cover ZnSe of the structure. The calculation was performed for the worst situation, that is
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assuming one monolayer roughness at the Feb/ZnSe barrier and the Fet/ZnSe barrier interfaces,
with a wavelength of 500 Å. This amplitude is increased to 10 Å for the outer Fe interface of
the top layer. The ZnSe/Feb interface is very flat, so no roughness at this interface has been
considered in the calculation of the coupling. Using the formula given in [34] and the roughness
parameters mentioned above, the OP coupling strength results to be 14 μJ m−2. The coupling
is of the same order of magnitude as the measured one, but is ferromagnetic and therefore
does not match our results. Moreover, this effective dipolar coupling is proportional to the
magnetization of the magnetic layer, which decreases with increasing temperature. Thus, the
OP coupling is expected to decrease with increasing temperature, and so it cannot explain the
temperature dependence of coupling measured in our samples. A variation of less than 2% in
the OP coupling is expected for the temperature range of our measurements.

Hence, we have explored theoretical models based on intrinsic coupling mechanisms to
analyse our results. Bruno proposed, in [2], an extension of his former RKKY interlayer
coupling model for metallic and insulating barriers. In spite of the unified treatment, the
thickness and temperature dependences of the coupling are drastically different in both cases.
The coupling dependence with spacer thickness is oscillatory in metallic structures while it
decreases exponentially in the case of an insulator barrier. Bruno deduced the existence
of an antiferromagnetic coupling for spacer thickness t > 10 Å. The coupling strength
decays rapidly from 10 μJ m−2 to zero, as the barrier thickness is increased from 12 to
23 Å. It is important to note that Bruno’s calculations were performed for relatively low
barriers (U − εF = 0.1 eV) and assuming that the electrons that mediate the coupling have
a s-character. Similar calculations using adequate parameters for the Fe/MgO/Fe system
(U − εF = 1 eV) were performed by Faure-Vincent et al [18]. These authors find that
the system is antiferromagnetically coupled for spacers thinner than ∼8 Å, with a maximum
strength of 300 μJ m−2 at 5 Å. The barrier height of our samples is higher than the value used
for Bruno’s calculations, but quite close to the value used in [18]. According to our previous
photoemission experiments [35], the Fe Fermi level position is stabilized at 1.6 eV above the
valence-band maximum of undoped ZnSe, i.e., a barrier height of U −εF = 1.1 eV. Our results
agree qualitatively with the spacer thickness dependence of the coupling strength predicted by
Bruno’s model; i.e., we have found a strong decrease of the antiferromagnetic coupling strength
with the ZnSe spacer thickness. Nevertheless, the variation of the coupling strength with the
spacer thickness dependence is much smoother than the predicted behaviour.

The temperature dependence of the antiferromagnetic coupling, depicted in figure 5, does
not seem to show the rapid increase with temperature reported in [2]. The exchange coupling
measured for our samples increases linearly with increasing temperature. However, we want
to remark that the increase of coupling strength with temperature reported by Bruno is notably
sharp only above room temperature. In this sense, the variation of the IEC with temperature
measured for our samples does not differ qualitatively from the model reported in [2].

Walser and co-workers report in [13] measurements of a thermally induced
antiferromagnetic exchange coupling across an amorphous ZnSe barrier of thickness varying
from 18 to 25 Å. The coupling changes to ferromagnetic below 15 Å and above 30 Å at
any investigated temperature. The magnitude of the antiferromagnetic exchange coupling
strength is very small (<18 μJ m−2), exhibiting a thermal saturation above ∼100 K. In our
samples that have crystalline ZnSe spacers, the magnitude of the antiferromagnetic coupling
strength is much larger at room temperature and presents no evidence of thermal saturation.
We have studied samples with thicker ZnSe spacer thicknesses to minimize the effect of
extrinsic factors such as layer thickness fluctuations due to interface waviness, crystal/interface
quality and pinholes. The thickness waviness and pinhole formation seem to be more
critical in our epitaxial structures than in samples with amorphous spacers. Hunziker et al
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analyse the coupling measured in their samples in terms of large molecular orbitals, built
along the spacer layer [25]. This explanation is not suitable for our case because in our
samples the defect/impurity density is lower and the spacer thickness range is much larger
compared to those found for a-ZnSe. Although in a recent work we have demonstrated
that resonant tunnelling via localized states through ZnSe barriers is effectively important
to explain the magnetoresistance in Fe/ZnSe/Fe planar junctions fabricated from Fe/ZnSe/Fe
heterostructures prepared under the same growth conditions [36], it seems that the thermally
induced antiferromagnetic exchange coupling proposed by Landolt’s group cannot be simply
extended to explain our present results.

We have also analysed the double-quantum-well model proposed by Hu and co-
workers [37] to explain the exchange coupling in trilayered Fe/ZnSe/Fe structures. These
authors report the existence of two kind of interlayer couplings, a resonant and a non-resonant
one. The first is, alternatively, ferromagnetic and antiferromagnetic, changing sign without a
definite periodicity but depending on the ferromagnetic layer thickness. The coupling strength
varies from −1000 μJ m−2 to 2500 m2 as the iron layer thickness varies from 0 to 200 Å,
keeping the barrier thickness constant at 10 Å. The non-resonant J is much smaller than the
resonant one (less than 1 μJ m−2) and varies drastically with the iron thickness. The calculated
coupling strength for both cases is different from the measured in our samples. Moreover, the
resonant case is observed for very thin magnetic layers which is not so in our case.

5. Conclusions

We have presented experimental evidence of magnetic coupling through a semiconducting
barrier in the Fe/ZnSe/Fe system. The samples were epitaxially grown by MBE and display
very small surface roughness. A weak antiferromagnetic coupling between the iron layers
across the crystalline ZnSe barrier was measured through magnetization loop shifts and FMR
experiments. The coupling strength measured in the samples with thinner spacer is of the order
of ∼10 μJ m−2, being, at least, 10 times weaker than coupling in metallic spacer system [38].

The Orange-Péel dipolar coupling calculated for the samples is always ferromagnetic
and is thus ruled out as the origin of our results. We have explained our results in terms
of an intrinsic magnetic coupling through the non-metallic barrier by spin-polarized quantum
tunnelling of electrons. The thickness and temperature dependences of the magnetic coupling
agree with theoretical models proposed for these structures [2].

As a particular challenge, we propose the tailoring of the epitaxial growth of this
system and other ferromagnetic/semiconductor/ferromagnetic systems in order to investigate
the exchange coupling in a wide spacer thickness range and variable magnetic layer thickness
by applying a bias voltage to control thermal excitations and population of the electronic states
in the spacer.

Acknowledgments

The authors are grateful for partial financial support from bilateral program Capes-Cofecub,
ACI-Nanosciences, CNPq, FAPESP (grants 03/09933-8 and 04/08524-0), ANPCYT (PICT
No 3-6340), CONICET (PIP No 2626) and Fundación Antorchas. JM acknowledges support
given by the PICS: ‘Structure, Morphologie et Magnétisme des systèmes de dimension réduite’
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