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The interlayer exchange coupling in Fe/MgO(001) superlattices is found to increase exponentially with de-
creasing temperature. Around 150 K, the field-induced response changes from discrete switching—governed by
field-driven domain propagation—to a collective rotation of the magnetic layers. This transition is accompanied
by a change in the magnetic ground state from 180◦ (antiferromagnetic) to 90◦ alignment between adjacent Fe
layers. These effects are argued to arise from quantum-well states, defined by the total thickness of the samples.
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I. INTRODUCTION

Artificial superlattices are fascinating materials that pro-
vide a versatile platform for exploring emergent physical
phenomena. Furthermore, their properties can be tailored by,
e.g., the choice of constituents, the thickness, and the thick-
ness ratio of the layers [1–4]. In semiconductor superlattices,
the proximity of layers with different band gaps leads to
the formation of quantum-well states, with their own elec-
tronic structure and properties [5]. Similar quantum effects
are observed in metallic superlattices where magnetic layers
couple across nonmagnetic layers through oscillatory inter-
layer exchange coupling (IEC) [6]. In layers, such as MgO,
the coupling strength is known to decrease exponentially with
increasing thickness of the layer, which is typically attributed
to spin-polarized tunneling [7–10].

Almost all prior studies on IEC in Fe/MgO heterostructures
are based on trilayers, with a primary focus on device-related
functionalities [11–15]. It is only recently the investigation
of interlayer exchange coupling has been extended to include
Fe/MgO(001) superlattices [10,16–18]. These can exhibit dis-
continuous steps in the field response (digital hysteresis),
arising from switching of individual Fe layers—a behavior
attributed to the interplay between antiferromagnetic IEC
and the intrinsic magnetic anisotropy of the Fe layers [10].
Moreover, the magnetic response has been found to depend
on the number of Fe/MgO repetitions, which was argued to
arise from long-range magnetic IEC [16,17]. The thickness of
the Fe layers has also a profound effect on the strength of the
IEC [18]. These findings highlight the need to account for all
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length scales in the structure—including the MgO spacer, Fe
layer, and the total thickness of the stack—when describing
the coupling. Here, we will explore the underlying principles
behind the IEC in Fe/MgO(001) superlattices. We do this
by exploring the temperature dependence of the coupling in
structures with different number of repeats of the Fe/MgO
layers.

II. RESULTS

The growth and the structural characterization of the super-
lattices are briefly described in the Supplemental Material [19]
and cited references. The magnetic response was investigated
using the magneto-optical Kerr effect (MOKE) and vibrating
sample magnetometer (VSM). Normalized room-temperature
hysteresis loops for [Fe(2 nm)/MgO(1.7 nm)]N (001) super-
lattices with N = 2, 4, 8, and 10 bilayer repetitions are shown
in Fig. 1. These measurements were conducted with an exter-
nal magnetic field applied along an Fe [001] easy axis and the
hysteresis loops were adjusted by the removal of the coercivity
of the Fe layers, as described in Ref. [17], to better emphasize
the reversibility—or lack thereof—in the switching behavior
of the Fe layers. All samples exhibit discrete magnetic switch-
ing, characterized by steplike features in the magnetization
curves. These steps arise from the nucleation and propagation
of 90◦ domain walls across the full lateral extent of the 2 nm-
thick Fe layers across the sample area of 1 cm2 [16,20,21].
The switching is driven by the applied magnetic field, while
IEC and magnetocrystalline anisotropy act as restoring forces.
Consequently, the field value at each step is proportional to
the strength of the IEC acting on the switching layer, when
the field is aligned with the easy axis. It is worth noting that the
coupling is dominated by IEC as contributions from dipolar
fields to the coupling can be neglected for the continuous
layers [22–25].

For N = 2 [see Fig. 1(a)], a magnetic field of approxi-
mately 2.4 mT is required to align the magnetic moments
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FIG. 1. In-plane hysteresis measured at room temperature
by MOKE, along the Fe[100] easy axis for [Fe(2.0 nm)/
MgO(1.7 nm)]N (001) superlattices with (a) N = 2, (b) N = 4, (c)
N = 8, and (d) N = 10 bilayer repetitions. The labels H1, H2, and Hs

denote the switching fields associated with each magnetization step,
where Hs corresponds to the field required to align all Fe layers.

of both Fe layers (Hs). Upon reducing the field from satura-
tion to zero, a single switching event is observed, resulting
in a remanent magnetization of M/M0 ≈ 0.5. This value
is consistent with the reversal of a single Fe layer, lead-
ing to a 90◦ alignment of the layers. The configuration is
likely to be metastable, arising from the competition be-
tween a weak antiferromagnetic interlayer exchange coupling
and the significantly stronger fourfold magnetocrystalline
anisotropy [10,16,22,26].

Increasing the number of bilayers to four (N = 4) has a pro-
nounced effect on the hysteresis curve, as shown in Fig. 1(b).
In particular, the remanence at zero field becomes negligible,
consistent with an antiferromagnetic alignment of the Fe lay-
ers. Three discrete steps are observed between remanence and
saturation. The first step, occurring at H1, is approximately
twice as large as the subsequent steps, corresponding to a
magnetization change of M/M0 ≈ 0.5. This step is attributed
to the simultaneous switching of the top and bottom Fe layers,
which each have only one nearest neighbor and therefore
require a lower switching field—an effect that arises purely
from the differing number of magnetic neighbors [16,17]. As
the external field increases further, the remaining Fe layers
are sequentially switched. The field required to align all four
Fe layers parallel to the external field is Hs ≈ 16 mT. Similar
behavior is observed for N = 8 and 10, as shown in Figs. 1(c)
and 1(d). The results are consistent with earlier MOKE and
neutron studies, demonstrating that the MOKE signal probes
the switching throughout the full [Fe/MgO]N multilayer stack
[16,17]. A clear change in the relative strength of the coupling
is observed. For example, in the sample with N = 10, the
saturation field is approximately three times larger than H1.
In the case of nearest-neighbor interactions, Hs would be
expected to be twice as large as H1 (see Fig. S1 in the Sup-
plemental Material [19]). Consequently, rationalization of the
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FIG. 2. Normalized hysteresis loops measured along the Fe [100]
easy direction for [Fe(2 nm)/MgO(1.7 nm)]10 superlattice at 295,
165, and 20 K (MOKE). The moment of the Fe layers is only mod-
estly affected while the saturation field and the coercivity exhibits
much stronger temperature dependence.

switching, within and between samples, requires interactions
beyond nearest neighbor [16,17].

Having established the switching properties of the samples
at room temperature, we now examine the temperature depen-
dence of the coupling strength in a sample with 10 repeats. For
these measurements, the sample was initially cooled to 20 K,
and in-plane hysteresis loops were recorded at temperature
intervals of 5 K up to 300 K. As seen in Fig. 2, the shape
of the hysteresis curve changes markedly with temperature,
while the overall Fe moment is only modestly affected. Two
discrete switching steps are observed at T = 165 K and the
magnetization varies linearly between them. In addition, the
field required to align the Fe layers parallel to the external
field (Hs) increases to approximately 60 mT, indicating a
substantial enhancement of the interlayer exchange coupling
compared to room temperature. At T = 20 K, the (minor-)
hysteresis loop is S shaped, bearing little resemblance to the
room-temperature response. A large coercivity is observed,
and a remanent magnetization of 0.5 Ms. At this tempera-
ture, the discrete steps associated with digital hysteresis have
vanished and the field response is consistent with a coherent
rotation of the moments in the layers.

To obtain information on the switching of individual layers
at different temperatures, we employed polarized-neutron re-
flectivity (PNR). The PNR measurements were performed on
the SuperADAM reflectometer at the Institut Laue-Langevin
in Grenoble, France [27]. The neutron wavelength was set to
5.21 Å, with polarization and analyzer efficiencies of 99.8%
and 99.9%, respectively, at the incident and receiving ends.
The sample was cooled using a liquid-helium cryostat. Data
reduction was carried out using the pySAred software pack-
age [28], which is used to obtain the corrected neutron flux
through normalization to the integrated monitor count. The
PNR data were fitted to extract the magnetic profile, with
structural parameters (see Supplemental Material [19]) held
fixed and only the magnetization angles within the Fe layers
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FIG. 3. PNR measurements at 295 and 10 K. Polarized neutron
reflectivity data collected in applied fields near remanence (1.5 mT at
295 K and 20 mT at 10 K). The upper panel shows the non-spin-flip
(NSF, R++) channel, and the lower panel shows the spin-flip (SF,
R−+) channel. Blue dots represent the experimental data, while red
curves are the corresponding fits. Shaded gray regions mark the
position of the Q1 and Q1/2 peaks.

allowed to change. Structural parameters were obtained by
simultaneous fitting of XRR and high-field (500 mT, saturated
state, at room temperature) PNR data using the GenX software
package [29,30].

Prior to each measurement, a magnetic field of 500 mT was
applied in plane along the easy [001] axis, after which the field
was reduced to the desired value. The magnetic configuration
of the layers was extracted by fitting the non-spin-flip (NSF)
reflectivity channels R++ and R−−, along with the spin-flip
(SF) channel R−+. Figure 3 shows the NSF (R++) and SF
(R−+) PNR traces at 295 K and 10 K for the sample with
N = 10. The applied fields were 1.5 mT at 295 K and 20 mT at
10 K. At 295 K, the NSF channel displays a first-order Bragg
peak at a scattering vector Q1 = 2π

�
= 0.172 Å−1, originating

from the structural periodicity of the superlattice, where � is
the Fe/MgO bilayer thickness. In addition, a weak half-order
peak Q1/2 is observed, with its presence indicating a magneti-
zation component along the applied-field direction with twice
the structural periodicity. The SF channel, which is sensi-
tive to transverse magnetic components, shows a well-defined
Q1/2 peak, indicating alternating transverse components in
every second Fe layer. Simultaneous fitting of the PNR and
XRR data yields an average angle of 180◦ between adjacent Fe
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FIG. 4. Temperature dependence of magnetic response. (Top)
Remanent magnetization Mr of the [Fe/MgO]10 superlattice as a
function of temperature, normalized to the saturation magnetization
Ms. A transition in magnetic ordering is observed around 150 K.
(Bottom) Saturation field Hs as a function of temperature. Exponen-
tial change in Hs is observed over a broad temperature range. VSM
was used for measurement below 165 K.

layers. The layers are therefore antiferromagnetically ordered
at room temperature. At 10 K, the PNR data, see Fig. 3,
exhibit well-defined Q1 and Q1/2 peaks in both the NSF and
SF channels. These features arise from alternating parallel and
perpendicular magnetization components in every second Fe
layer. Fitting the data reveals that every second layer is aligned
along the applied field, while the intervening layers are
oriented nearly perpendicular to the applied field, as illustrated
in Fig. 3.

Having established the magnetic order within the sam-
ple, we can now address the temperature dependency of the
magnetic response. The upper panel of Fig. 4 shows the
temperature dependence of the ratio of the remanent and sat-
uration magnetization, Mr/Ms, for the sample with N = 10.
Two distinct temperature regions are observed: between 180
and 330 K, the layers are antiferromagnetically aligned. Be-
low 120 K, the remanence is Mr/Ms ≈ 0.5, as expected from a
π/2 configuration between adjacent Fe layers. At T = 300 K,
the saturation field Hs is approximately 14 mT. Upon cooling,
Hs increases exponentially, reaching 940 mT at 10 K, as
shown in the lower panel of Fig. 4. A distinct change in the
temperature dependence of the coupling strength is observed
at around 180 K, coinciding with the onset of the reorientation
of the moment of the layers, from π to π/2. Notably, the ex-
ponential increase in Hs appears to follow similar temperature
dependence, above and below the transition region.

Having established the temperature dependence of the sat-
uration field, we now examine the evolution of the switching
field of the outermost layers (H1) with respect to the satu-
ration of the sample (Hs), which we illustrate in Fig. 5 for
the [Fe/MgO]10 superlattice. The discrete hysteresis steps
are not observed at temperatures below 220 K. Within
the accessible range, H1 increases linearly with decreasing
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FIG. 5. Temperature dependence of the field required to switch
the outermost Fe layers (H1) in a sample with N = 10 and to
align all layers parallel to the external field (Hs) along the easy
axis ([001]). The field H1 increases linearly with decreasing tem-
perature and is fitted by H1(T ) = a · T + b (a = −0.04, b = 16),
while Hs is fitted using Hs(T ) = a · e−bT (a = 365, b = 0.99). The
inset shows calculated collective quantum-well state formed in
a [Fe(2.0 nm)/MgO(2.0 nm)]10 superlattice, computed using the
nextnano simulation package [31]. We illustrate the ground and
the first-excited state, highlighting their spatial extension across
the superlattice. The spin state of the electron is ignored in these
calculations.

temperature, while the saturation field increases exponen-
tially. Consequently, the ratio of the effective coupling of the
outermost and innermost layers is found to increase exponen-
tially with decreasing temperature, reaching a value close to 5
at 220 K, as seen in Fig. 5.

The temperature dependence of the IEC, along with its
sensitivity to the number of bilayer repetitions N , highlights
the necessity of incorporating interactions beyond nearest
neighbors when describing the magnetic properties of fer-
romagnet/insulator heterostructures such as Fe/MgO(001).
Furthermore, if the coupling between the layers were gov-
erned by thermally activated processes such as incoherent
tunneling, the coupling strength would be expected to increase
[6,32] with temperature—contrary to our experimental obser-
vations. We therefore need to ask if our understanding of the
interaction in these structures is incomplete. In an attempt
to address that we performed calculations based on a sim-
plified one-dimensional potential-well model, not accounting
for, e.g., spin-dependent effects. The results are presented
as an inset in Fig. 5. The partially delocalized states form
minibands, with energy-level spacings on the order of a few
to tens of meV [33]. In the ground state, the density of states
associated with the miniband is lowest near the boundaries
of the sample, due to quantum confinement and boundary-
induced interference of the wave functions. This provides
an intuitive rationale for the observed difference in coupling
strength between the outermost and the inner layers. The tem-
perature dependence can also be qualitatively captured by this
description: as temperature increases, thermal population of

FIG. 6. Temperature dependence of the saturation field (Hs) in
samples with N = 2, 4, 8, and 10 bilayer repetitions. Solid lines
represent linear fits corresponding to an exponential increase of Hs

with temperature, while dashed lines indicate the temperature below
which Hs deviates from the high-temperature behavior.

higher miniband states reduces the effective overlap between
wave functions in adjacent ferromagnetic layers, resulting in
a weakening the interlayer exchange. Notably, this would lead
to a difference in the behavior of the outermost layers in
the structure with N = 10 as compared to the sample with
only two magnetic layers. The switching field of the outermost
layers have a linear temperature dependence (see Fig. 5),
while the coupling strength of the interior part of the sam-
ple increases exponentially with decreasing temperature. The
exchange coupling in the sample with two Fe layers, N =
2, is exponential, as illustrated in Fig. 6. Similar trend is
observed across all samples, as seen in the figure. While the
saturation field Hs remains significantly lower for N = 2 at
elevated temperatures, it initially increases more rapidly with
decreasing temperature, as compared to the other samples in
the series.

III. CONCLUSIONS

Assuming the energy levels follow a particle-in-a-box
model, the level spacing is expected to scale as En ≈ 1/N2,
which is not observed here. Hence, a more detailed description
of the interplay of the different length scales is needed to
capture the oscillatory dependence on N . While these sim-
plified analyses provide qualitative insight into the underlying
mechanisms, more rigorous theoretical treatments—including
spin degrees of freedom—are needed to fully quantify the
contributions to the observed temperature dependence. If this
interpretation is correct, our results not only advance the
understanding of IEC in insulating heterostructures, but also
suggest new design principles for achieving functionality in
such superlattice-based devices.
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