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Effect of iron layer thickness on the interlayer exchange coupling in Fe/MgO (001) superlattices
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We describe the effect of the Fe layer thickness on the antiferromagnetic interlayer exchange coupling in
[Fe/MgO]N superlattices. An increase in coupling strength with increasing Fe layer thickness is observed, which
highlights the need for including the extension of both layers when discussing the interlayer exchange coupling
in superlattices.
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I. INTRODUCTION

Epitaxial Fe/MgO heterostructures have sparked an in-
tense research effort due to their large tunneling magnetore-
sistance [1,2]. High crystal quality trilayer Fe/MgO/Fe het-
erostructures exhibit antiferromagnetic interlayer exchange
coupling (IEC) [3–6] mediated by spin-polarized tunneling
through the MgO barrier [3,7,8]. The coupling strength is
exponentially decaying with increasing MgO layer thickness
tMgO [9–11]. In [Fe/MgO]N superlattice structures with N
Fe/MgO bilayers, the interlayer exchange coupling has also
been observed to exponentially decay with tMgO between
16.3 and 22.1 Å MgO [5]. Furthermore, in these epitaxial
[Fe/MgO]N superlattices, discrete layer-by-layer magnetic
switching is observed, resulting from the competition between
the interlayer coupling and magnetocrystalline anisotropy [5].
However, understanding and tuning the sequential magnetic
switching in these heterostructures and the precise mecha-
nism governing it has been proven challenging [6,12]. The
MgO layer thickness, impurities or defects in the MgO layer,
temperature, and growth conditions are important parameters
affecting the interlayer coupling [3,5,6,9,11,13–15]. Oxygen
vacancies [9,13], along with magnetic impurities which might
be present in the MgO layers [15], have also been shown to
be relevant. Finally, a nontrivial dependence of the coupling
strength in [Fe/MgO]N superlattices on the number of bilayer
repetitions, i.e., the extension of the whole stack, has been
reported [12].

Systematic variations of the MgO layer thickness in previ-
ous works [5,9–11] relate to the modification of the tunneling
barrier. On the other hand, the study of the dependence on
N in superlattices highlights potential collective effects be-
tween quantum well states in the Fe layers making up the
[Fe/MgO]N superlattices [12]. A detailed investigation of
the Fe layer thickness dependence, would thus shed light on
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the importance of the extension of the quantum wells formed
in the Fe layers for the interlayer coupling strength. To this
end, we investigate the influence of the Fe layer thickness on
the IEC and sequential switching in [Fe/MgO]N superlattices.
The Fe layer thickness was varied while the MgO layer thick-
ness was kept constant. We present a detailed characterization
of the layering and crystal structure of the superlattices, em-
ploying x-ray scattering techniques, and report on the increase
of the IEC with increasing Fe layer thickness.

II. METHODS

Superlattices of [Fe/MgO]N with N = 8 and 10 bilayer
repetitions were deposited on single-crystalline MgO (001)
substrates by direct current (dc) and radio-frequency (rf) mag-
netron sputtering. Within one deposition process, identical
copies were grown on a 10 × 10 mm2 and a 20 × 20 mm2

sized substrate, eliminating this way all uncertainties con-
cerning differences in growth conditions. The thicknesses of
the MgO layers were kept constant at tMgO = 17(1) Å, while
the thickness of the Fe layers was chosen to vary in the
range of tFe = 11–23 Å. Prior to the deposition, the substrates
were annealed in vacuum at 1273(2) K for 600 s. The base
pressure of the growth chamber was below 5 × 10−7 Pa. The
target-to-substrate distance in the deposition chamber was ap-
proximately 20 cm. The depositions were carried out in an Ar
atmosphere (gas purity � 99.999%, and a secondary getter-
based purification) from an elemental Fe (50 W, dc, diameter:
5.08 cm) and an MgO compound target (50 W, rf, diameter:
5.08 cm) at 438(2) K and 0.67 Pa. Target power and depo-
sition temperature were optimized previously with respect to
well-defined layering in combination with the highest crystal
quality. In order to prevent surface oxidation of the films, the
samples were capped at ambient temperature [<313(2) K]
and 1.07 Pa with 50 Å Pt (50 W, dc, diameter: 5.08 cm).
The targets were cleaned by sputtering against closed shutters
for at least 60 s prior to the deposition of each layer. The
deposition rates (Fe: 0.1 Å/s; MgO: 0.01 Å/s; Pt: 0.8 Å/s)
were calibrated prior to the growth of the samples. In order to
ensure thickness uniformity, the substrate holder was rotated
at 30 rpm during the deposition.
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FIG. 1. (a) X-ray scattering pattern of a [Fe/MgO]10 superlattice with 20(1) Å Fe layer thickness. In (b) x-ray reflectivity is displayed
separately including a fit. The scattering length density profile based on the fit is displayed in the inset. (c) X-ray diffraction of [Fe/MgO]10

superlattice samples with different Fe layer thicknesses.

X-ray reflectometry (XRR) and diffraction (XRD) were
carried out using a Bede D1 diffractometer equipped with
a Cu Kα1 x-ray source operated at 35 mA and 50 kV. For
monochromatizing the beam by reducing the Cu Kβ radi-
ation, the setup included a Göbel mirror and a Ni filter on
the incidence and detector side, respectively. A circular beam
mask (diameter: 0.005 m), and incidence and detector slits
(both 0.0005 m) were also used. The x-rays were detected
with a Bede EDRc x-ray detector. The instrument angles for
the coupled 2θ − θ scans were aligned to the sample sur-
face for XRR and to the [Fe/MgO] crystal planes for XRD
measurements. The measured XRR data were fitted using
GENX [16,17] enabling the determination of the scattering
length density (SLD) profile, which includes information on
layer thickness and roughness. Rocking curve measurements
in XRD were fitted with a pseudo-Voigt function to mimic the
effect of mosaic spread.

Magnetization measurements were performed at ambient
temperature using a longitudinal magneto-optical Kerr ef-
fect (L-MOKE) setup with s-polarized light. The magnetic
response was measured parallel to an in-plane applied mag-
netic field along the Fe magnetic easy and hard axes, i.e.,
Fe [100] and Fe [110], respectively. The data were averaged
over 10 full loop recordings. Additional measurements were
conducted in an Evico Magnetics KerrLab Kerr microscope in
the longitudinal and transverse mode. The determined satura-
tion fields are corrected for the coercivity. The values of the
saturation field along the magnetic easy and hard axes were
determined by the intersection of the hysteresis loop with two
straight lines at M = MS (the hard axis case is illustrated in the
Supplemental Material (SM) [18]). Displayed error bars of the

saturation fields and the remanence magnetization correspond
to the standard deviation of the extracted parameters from the
two symmetrical axes (90◦ sample rotation), two field-scan
directions, and two field polarities.

III. RESULTS AND DISCUSSION

A. Layering and crystal structure

A full x-ray scattering pattern of an [Fe/MgO]10 superlat-
tice with 20(1) Å Fe and 17(1) Å MgO layer thicknesses is
displayed in Fig. 1(a). Below 10◦ in 2θ , pronounced Kiessig
fringes [19] are observed, consistent with the presence of flat
and distinct layering with low layer roughness [below 5(1)
Å], which is confirmed in the scattering length density (SLD)
profile based on a fit displayed in Fig. 1(b). All nominal Fe
and MgO layer thicknesses within this study were determined
using XRR. Analysis of the results confirmed that the MgO
layer thickness was the same, 17(1) Å, while the thicknesses
of the Fe layers were determined to be 11(1), 15(1), 20(1), and
23(1) Å. Henceforth, all presented thicknesses correspond to
the experimentally determined thicknesses of the Fe and MgO
layers.

Diffraction peaks at around 39◦ and 43◦ in 2θ are observed,
arising from the Pt capping and the MgO (001) substrate,
respectively. Laue oscillations around the Pt Bragg peak are
obtained for all the samples [see Fig. 1(c)], providing con-
clusive evidence for a well-defined texture and thickness of
the Pt layer [20]. Fe/MgO superlattice satellite peaks are
visible between 52◦ and 70◦ in 2θ . Their spacing and po-
sitions relate to the Fe/MgO bilayer thickness and, hence,
vary with Fe layer thickness, which was confirmed with x-ray
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FIG. 2. Magnetic hysteresis loops of [Fe/MgO]10 superlattices measured with L-MOKE on 10 × 10 mm2 samples with varying Fe layer
thickness with an applied field along the (a) Fe magnetic easy axis, i.e., Fe [100], and (b) Fe magnetic hard axis, i.e., Fe [110].

scattering intensity simulations employing GENL [20]. Their
intensity relates to the amount of scattering material, i.e., the
total Fe and MgO layer thicknesses. Furthermore, the satel-
lite peak intensity is elevated by the broad Fe (002) Bragg
peak, which is observed at around 65◦ in 2θ . The Bragg
peak intensity relates to the total Fe layer thickness and is
therefore higher for the samples with thicker Fe layers. No
Laue oscillations are visible between the superlattice satellite
peaks for [Fe/MgO]8 and [Fe/MgO]10. This is attributed to
the mismatch between the layers, giving rise to defects caus-
ing incoherent scattering from the Fe atomic planes [21,22].
The out-of-plane atomic distances in Fe and MgO are 2.866
Å [23] and 4.212 Å [24], respectively. Hence, the atomic
step heights in the Fe and MgO lattices are incommensurate,
yielding finite terrace widths in the superlattice, which can
suppress diffraction peaks as well as Laue oscillations [20,25].
This is in stark contrast to, e.g., the growth of [Fe/V]N

(001) superlattices, within which the layers have similar lat-
tice parameters [26]. Furthermore, the mismatch results in
biaxial elastic in-plane strain in both Fe and MgO, which
may cause a tetragonal distortion of the cubic unit cells.
Strain in Fe has an impact on its magnetic properties [27].
Moreover, dislocations for relaxation at the critical thickness,
which is around 20 Å for Fe (001) on MgO (001) [22], can
affect the magnetic properties. Defects may also originate
from substrate twinning, which is common in commercially
available MgO substrates [28]. More twins and larger mo-
saic spreads were observed for 20 × 20 mm2 compared to
10 × 10 mm2 substrates. In specular scans for samples on
20 × 20 mm2 substrates, multiple reflections attributed to
asymmetric substrate peaks were observed, indicating defects
in the single-crystalline structure. This difference in crystal
quality between the substrates is found to alter the magnetic
properties in [Fe/MgO]N superlattices (see SM [18]). There-
fore, a comparison between samples, in particular for different
(substrate) batches, has to be done with care, as observa-

tions in magnetic properties need to be related to the crystal
structure.

B. Magnetic characterization

Magnetic hysteresis loops of [Fe/MgO]10 superlattices,
measured with an applied magnetic field along the Fe easy
axis, are displayed in Fig. 2(a). Kerr microscopy revealed
domain wall nucleation and motion during the magnetization
reversal, as expected in sequential switching of the magnetic
layers. The magnetic domain size in the Fe layers was deter-
mined to lie in the order of several hundreds of micrometers
to millimeters [29] and is thus comparable to the probing area
of L-MOKE measurements. No dependence of the domain
size on the Fe layer thickness was found. Hence, sequential
switching of the layers in the superlattices is apparent from
the presence of discrete steps in the field response, which is as-
sumed to stem from a single or few domains in each Fe layer.
The findings are in line with previous reports [5,6]. Coming
from positive saturation, the first switching occurs at a positive
applied field, in agreement with an antiferromagnetic IEC
of the Fe layers in all samples [5,6]. The hysteresis loops
obtained for the samples having 8 bilayers are shown in the
SM [18]. The remanent configuration changes with Fe layer
thickness. For the sample with the thinnest Fe layers, 11(1)
Å, the remanent state corresponds to 0.48(6)MS , consistent
with every other layer pointing along the sensitivity axis and
the others oriented perpendicular to that [6,12]. The inferred
90◦ configuration could either be enabled by the presence of
an activation barrier for the switching or by the presence of a
biquadratic coupling [15]. Biquadratic coupling is commonly
associated with coupling in systems with metal spacer layers,
which varies between antiferromagnetic and ferromagnetic
with varying spacer layer thickness. Biquadratic coupling
may be attributed to an extrinsic fluctuation mechanism lead-
ing to frustration of the bilinear exchange coupling [30,31].
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FIG. 3. Remanent magnetization MR normalized to the satura-
tion magnetization MS displayed over Fe layer thickness tFe for
[Fe/MgO]N superlattices with 8 and 10 bilayer repetitions N on
10 × 10 mm2 substrates for an applied magnetic field along the Fe
easy axis.

However, for insulating spacers, the coupling is reported to
be only antiferromagnetic [8]. A 90◦ remanent configuration
has been observed for [Fe/MgO]10 superlattices with thicker
MgO barriers of 19.6 Å, which was attributed to the coupling
strength being smaller than the nucleation field of the domain
reversal in the samples [6]. In contrast, the remanent mag-
netization in the samples with a larger Fe layer thickness is
closer to being compensated, i.e., 0.151(3)MS , 0.039(4)MS ,
and 0.031(5)MS for the samples with 15(1), 20(1), and 23(1)
Å Fe layer thickness, respectively. A compensated remanent
state corresponds to a fully antiferromagnetic alignment and
was reported for [Fe/MgO]10 with thinner MgO barriers of
16.4 Å [6], having a larger coupling strength as compared to
the thicker layers [5]. In these samples, the coupling between
the Fe layers seems however sufficiently strong to drive the
order to an antiferromagnetic remanent state. The normalized
remanent magnetization MR/MS is plotted as a function of
Fe layer thickness in Fig. 3 for [Fe/MgO]8 and [Fe/MgO]10.
Independent of whether a superlattice consists of 8 or 10 bi-
layer repetitions, the remanent magnetization decreases with
increasing Fe layer thickness.

Besides the coupling strength, different strain states can
affect the magnetic properties of Fe [27] and defects can act as
pinning points for domain wall motion. In Fe layers exceeding
the critical thickness of around 20 Å, a higher defect density
is expected. However, no signs of domain wall pinning in
samples with thicker Fe layers is observed. The metastable
90◦ configuration is observed for samples with thinner Fe
layers and based on the hysteresis loops displayed in Fig. 2(a),
the coercive field is not found to be increasing with increasing
Fe layer thickness. Hence, the influence of different strain
states on the remanent configuration is neglected in the further
analysis.

The same relative change in remanent magnetization
MR/MS with Fe layer thickness is observed in loops measured
with an applied field along the Fe magnetic hard axis, which
are displayed in Fig. 2(b) for [Fe/MgO]10 superlattices. Here,
we notice that more than four times larger fields are required
to overcome the crystalline anisotropy as compared to the
saturation field along the easy axis of the samples. Differences
in the switching are also noticed for the two magnetic field
directions, where discrete steps are observed up until 2–5 mT,

FIG. 4. Saturation field HS displayed over Fe layer thickness tFe

for [Fe/MgO]N superlattices with 8 and 10 bilayer repetitions N on
10 × 10 mm2 substrates for an applied magnetic field along (a) the
Fe easy axis and (b) the Fe hard axis.

when the field is applied along the hard axis of the samples.
The magnetization at these fields is approximately 0.63MS ,
indicating a mixture of switching and coherent rotation of
layers. Hence, when the applied field is along the easy axis,
the individual layers do switch, one or more at the time, which
is not observed when the field is applied along the hard axis.
Above the threshold, the change in the alignment of magne-
tization of the Fe layers appears to be dominated by coherent
rotation for fields along the hard axis. The saturation fields
along the easy and hard axes, HEA

S and HHA
S , were extracted

from the hysteresis loops. The results are shown in Fig. 4. As
seen in the figure, the saturation field increases with increasing
Fe layer thickness in both cases.

To obtain quantitative determination of J and K , we define
the energy density Ei of the layer i as

Ei = −μ0MSH cos(θi ) + K

4
sin2(2θi )

− J cos(θi − θi+1) − J cos(θi − θi−1), (1)

where MS = 1.71 kA/m is the saturation magnetization [32],
μ0 is the vacuum permeability, H is the applied field, and θi is
the angle of the magnetization of the layer i measured from the
easy axis. For the outermost layers, with only one neighboring
Fe layer present, one of the last two terms vanishes. With this
definition, J is negative for an antiferromagnetic IEC. From
this expression, it is possible to calculate the saturation field
along the hard axis HHA

S (see SM [18] and Ref. [33] therein)
as

HHA
S = 2 K − 4 J

μ0 MS
. (2)

The dependence of the saturation field along the easy axis
HEA

S as a function of K and J is not accessible in an analytical
form for a multilayer structure [34,35] and has therefore to be
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FIG. 5. (a) Fe cubic anisotropy K and (b) volumetric coupling
strength J displayed over Fe layer thickness tFe for [Fe/MgO]N

superlattices with 8 and 10 bilayer repetitions N on 10 × 10 mm2

substrates determined from hysteresis loops measured with an ap-
plied magnetic field along the Fe easy and hard axes.

extracted from simulations of the data. The functional depen-
dence of HEA

S (K, J ) was calculated, and it was found that it
decays with K , converging to HEA

S = −2J/MS in the limit of
large K/|J| (for details, see SM [18]). With both experimental
values for HHA

S , HEA
S , and Eq. (2) as well as HEA

S (K, J ) (see
SM [18]), it is possible to calculate the values of the coupling
strength J and the Fe cubic anisotropy K , which are shown in
Fig. 5. The anisotropy is determined to be weakly changing
with Fe thickness [60(4) kJ/m3] in the range studied here.
For 20 Å Fe on MgO, hence in a comparable thickness range,

a K = 56 kJ/m3 was reported [36]. Moreover, in line with
the findings about the remanent state being affected by the
Fe layer thickness, the antiferromagnetic coupling strength is
found to increase with Fe layer thickness, independent of the
number of bilayer repetitions.

IV. SUMMARY

The antiferromagnetic coupling strength in [Fe/MgO]N

superlattices with 17-Å-thick MgO layers is found to linearly
increase with Fe layer thickness, in the range between 11
and 23 Å. The Fe cubic anisotropy was determined to be
weakly increasing in the same thickness range, being close
to the value reported for Fe single layers. These findings
indicate that the coupling in [Fe/MgO]N superlattices is not
solely defined by the thickness of the MgO barriers, but along
with the number of bilayer repetitions N [12], the thickness
of the individual Fe layers is also an essential parameter.
This calls for a closer look on the coupling mechanism and
effects in such superlattices, highlighting the importance of all
length scales present in these [tMgO, tFe, and N (tMgO + tFe)].
These observations challenge our current understanding of
electronic and spin effects in magnetic quantum well struc-
tures comprising metal-oxide heterostructures, with potential
impact on emergent technologies employing their magnetic
properties.

The data that support the findings of this study are available
from the authors upon reasonable request.
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