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Abstract

The saturation field of circular islands, consisting of [FegsCuis/MgO]oFessCuig multilayers, increases
with decreasing diameter of the islands. When the diameter of the islands is below 450 nm the field induced
changes are dominated by a coherent rotation of the moment of the FegsCuy¢ layers. For diameters of 2 ym
and larger, a signature of domain nucleation and evolution is observed. The changes in the saturation field
with diameter of the islands are ascribed to the interplay between interlayer exchange coupling, stray field
coupling at the edges and the crystalline anisotropy of the FegyCuy¢ layers.

1. Introduction

The large magnetoresistance of Fe/MgO /Fe junc-
tions makes them highly relevant within basic as
well as applied sciences [1-3]. An interlayer ex-
change coupling (IEC) across the insulating MgO
layers has been observed, which in turn influences
the field induced switching of the magnetic layers
[4]. The IEC between the Fe layers, in conjunc-
tion with their magnetocrystalline anisotropy can
be utilized to influence the magnetic order, which
can for example be used for obtaining sequential
switching of the magnetization of the layers [5, 6].
The remanent states and switching behavior de-
pend on the relative strength of the IEC and the
anisotropy [7]. Furthermore, the IEC strongly de-
pends on the crystalline quality , thickness and sto-
ichiometry of the MgO layer [4-11] whereas the
magnetic anisotropy can be influenced by alloy-
ing the magnetic layer. For example, alloying Fe
with small amounts of Cu reduces the magnetocrys-
talline anisotropy [12] while retaining bce structure
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[13]. When patterning multilayered structures into
islands, an additional energy term needs to be con-
sidered: the magnetostatic energy arising from the
stray field at the edges of the magnetic layers [14-
16].

Here, we show that the magnetic switching in
multilayered circular islands depends strongly on
the diameter of the islands, reflecting the relative
importance of the interlayer exchange coupling and
magnetic anisotropy versus the stray field coupling
at the edges of the islands. These findings are im-
portant for example for the miniaturization of mul-
tiple back-to-back magnetic tunnel junctions.

2. Experimental Methods

The FegyCui6/MgO multilayers were grown by
magnetron sputtering. The base pressure of the
chamber was below 2 x 1072 mbar and the op-
erating pressure of the Ar sputtering gas (99.999
99%) was 2.7 x 1073 mbar. The MgO(001) sub-
strates (10 x 10 x 1 mm?) were annealed for 1h
at 550 °C. The substrate temperature was there-
after lowered and kept constant at 165 °C during
the sample growth. The FegsCuyg layers (2.0 nm
thick) were deposited by dc sputtering while the
oxide layers (1.7 nm thick) were prepared by rf
sputtering from a MgO target. After growing 9
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Figure 1: XRR measurement and fit obtained from an un-
patterned FegsCui6/MgO [001] multilayer. The inset is an
atomic force microscopy image of the 450 nm islands.

Feg4Cu16/MgO bilayers, a thick (35 nm) Fe84Cu16
layer was deposited and capped at room tempera-
ture with a Pd layer (4.8 nm thick). The Pd cap-
ping layer prevents the oxidation of the underlying
sample and increases the magnetic moment of the
outermost layer. A [Fe(2.2nm)/MgO(1.7nm)];oPd
reference sample was grown under the same condi-
tions as described above.

The composition of the samples was deter-
mined using Rutherford Backscattering Spectrom-
etry (RBS) at the Tandem laboratory in Upp-
sala, while the structural quality was determined
by X-ray analysis using a Philips X-Pert Pro MRD
diffractometer (Cu K, = 1.5418 A). X-ray reflec-
tivity (XRR) measurements were used to determine
the thickness of the layers and their interface rough-
ness (fitted with GenX [17]) as illustrated in fig-
ure 1. The GenX fit yields top-interface root mean
square roughnesses of 3.3 A (Feg;Cuyg) and 2.3 A
(MgO) and confirms the intended layer thicknesses.
The RBS-measurements confirmed the Fe:Cu ratio
of 84:16 but revealed a Mg:O ratio of 1:4, which can
be attributed to an oxidation of the magnetic lay-
ers at the interfaces. The X-ray diffraction (XRD)
measurement (not shown) demonstrated limited co-
herency between the layers, in a similar way as de-
scribed in Ref. 18. The presence of Cu in the Fe
layers decreases the overall structural coherency of
the samples while the layering can be viewed as re-
tained.

Extended arrays of circular islands (150 nm, 300
nm, 450 nm, 2 um and 4 pm in diameter) were
patterned. A schematic illustration of the resulting
structure is provided in figure 2. The inter-island
distance D was either equal to (sub-micrometer is-
lands) or half of (micro-meter islands) the island di-

D MgOo
. FesaCuis
[ pd

Figure 2: Schematic illustration of the patterned structures.
The red discs represent FegqgCuig, the oxide layers and the
MgO substrate are light grey. The dark grey discs represent
Pd capping layers. The right hand picture illustrates the
magnetic alignment (black arrows) of individual FegaCuig
layers and their exhibited stray field.

ameter d to prevent magnetic interactions between
adjacent islands (as reproduced by micromagnetic
simulations). Hence, magnetization measurements
representative of a single island can be performed
on the patterned arrays. The islands in the sub-
micrometer region were patterned by a combination
of electron-beam lithography and argon-milling at
the Center for Functional Nanomaterials, which is
part of the Brookhaven National Laboratory. The
larger islands (2 and 4 pm in diameter) were pat-
terned at the Microstructure Laboratory in Upp-
sala, using optical lithography. Atomic force mi-
croscopy measurements (contact mode) were per-
formed on the patterned samples to verify the di-
ameter and spacing of the islands, as e.g. illustrated
in the inset in figure 1. The imaging shows that the
pattern is well defined and reasonably free of defects
over extended areas.

3. Results and Discussion

Magnetization measurements were carried out at
room temperature before and after patterning, us-
ing a magneto-optical-Kerr-effect setup in longitu-
dinal geometry with s-polarized light. The mag-
netic field was applied in the plane of the sample
and the magnetic response was measured parallel to
the applied field. Representative hysteresis loops of
continuous thin films and a patterned array are dis-
played in figure 3. A four-fold magnetocrystalline
anisotropy is revealed in the multilayers, in addition
to a hysteresis with discrete steps (often referred to
as digital hysteresis) along the magnetic easy axis
(the FegyCuyg [100] axis). This is a result of an anti-
ferromagnetic interlayer exchange coupling between
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Figure 3: Room-temperature, in-plane magnetization mea-
surements along the easy (a) and hard (b) axes of unpat-
terned FegsCui16/MgO (green line) and Fe/MgO (orange
line) multilayers as well as patterned FegqsCu1/MgO islands
with a diameter of 150 nm (blue line). The insets are a zoom
in of the hysteresis loops of the unpatterned FegsCui6/MgO
multilayer.

the FegqCusg layers through the MgO. A measure-
ment along the magnetic in-plane hard axis (the
FegsCuyg [110] axis) is illustrated in the inset of
figure 3b. The strength of the interlayer exchange
coupling can be determined from the saturation
field in the easy axis direction (7 mT), whereas the
strength of the magnetocrystalline anisotropy can
be determined from the saturation field of the in-
plane hard axis (~43 mT). The relatively strong
four-fold magnetocrystalline anisotropy compared
to the antiferromagnetic interlayer exchange cou-
pling can result in a 90° remanent configuration of
the adjacent magnetic FegsCuyg layers upon field
cycling. This configuration is apparent from the
remanent magnetization value (~0.5M) which has
previously been demonstrated [5, 7].

A significantly higher saturation field (along the
magnetic easy axis) is obtained for Fe/MgO super-
lattices, as compared to FegsCujs/MgO multilay-
ers. As illustrated in figure 3a, a saturation field
of 23 mT as compared to 7 mT, is obtained for
Fe and FegsCujg layers. The larger interlayer ex-
change coupling in pure Fe layers gives rise to anti-
ferromagnetic ordering and consequently zero rema-
nence [6]. Furthermore, the saturation field along
the in-plane hard axis is increased to ~100 mT
(fig. 3b) which is consistent with a stronger magne-
tocrystalline anisotropy in the Fe, as compared to
the FeCu alloy under similar strain conditions (bi-
axial tensile strain). Thus, alloying with Cu results
in a reduction of the anisotropy and the interlayer
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Figure 4: The saturation field (95% threshold) of
Feg4Cui16/MgO multilayers, as a function of the inverse di-
ameter (1/d). The solid red line is a linear fit of the data.
The dotted, green line represents the saturation field of the
thin film easy axis and the dashed, blue line corresponds
to the saturation field of the thin film in-plane hard axis.
The grey area marks the region, which cannot be described
without invoking domain formation and propagation.

exchange coupling.

Patterning the FegsCui6/MgO multilayers into
circular islands has a pronounced effect on the ob-
served magnetic properties, as seen in figure 3.
The steps in the easy axis hysteresis loop disappear,
the remanence is reduced and the saturation field is
seen to increase. For islands with diameters about
450 nm and smaller, the magnetic response is close
to isotropic as expected from structures dominated
by stray field coupling at the edges of the islands,
see figure 2.

The influence of the stray field coupling can easily
be calculated when the rotation of the moment is
assumed to be single domain and collinear: The
stray field coupling between the magnetic layers is
proportional to the magnetization multiplied by the
outer surface area of the FegsCuig layers. By the
same token, the coupling of the magnetic layers to
the external field scales with the volume multiplied
by the magnetization of the magnetic layers. In
the absence of anisotropy and interlayer exchange
coupling the saturation field of multilayered islands
can therefore be expressed as:

A m-t-d 1
Hypoc 2o = 1000 2 1
Ve T Vamt-d2 T d S

with the FegsCuyg outer surface area Ao, disk vol-
ume Vy, thickness ¢ and diameter d. This relation
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Figure 5: Simulations of the field dependence of Fe-
alloy/Vacuum/Fe-alloy trilayers with various island diam-
eters using MuMaz3. For clarity, only one of the layers is
displayed.

can be generalized to:

Hgoy = Hy + % (2)
where we have included a material dependent sat-
uration field for an infinite extension (Hy), still as-
suming coherent rotation of the magnetization. Hy
consists of contributions from the anisotropy as well
as the exchange coupling while C' is inversely pro-
portional to the distance between adjacent mag-
netic layers (here C is a constant). Hence, the
overall impact of the stray field coupling becomes
larger with decreasing island size, as discussed in
references [14-16]. Consequently, a linear increase
of the saturation field with the inverse island di-
ameter is expected, as long as the layers are single
domain and rotate coherently.

As seen in figure 4, the saturation field is found
to scale with the inverse island diameter when d
is equal to or less than 450 nm. When the di-
ameter is larger, the single domain picture is not
expected to hold, resulting in a gradual transition
towards a nucleation switching of the layers. The
saturation field of a coherently rotating, single do-
main thin film (infinite d) is governed by the film’s
magnetocrystalline anisotropy (~43 mT, see fig. 3
b.). This value corresponds well to the extrapo-
lated value from our model, which is determined to
be Hy ~ 49 mT (intercept with the y-axis).

To explore the validity of the interpretation of the
observed changes we performed micromagnetic sim-
ulations of circular Fe-alloy/Vacuum/Fe-alloy tri-
layers with diameters d = 50 — 1000 nm. The com-
position of the sample is not of major concern as

we are exploring the possibility of a transition from
a collinear to non-collinear response of multilayered
islands. We used the GPU-accelerated micromag-
netic simulation program MuMaz® [19] for these
calculations. The 2.0 nm thick Fe-alloy layers were
separated by 1.7 nm and a saturation magnetiza-
tion My = 1.76 x 10° A/m (bulk iron), an ex-
change stiffness constant Aex = 21 pJ/m and a cu-
bic anisotropy constant K. = 4.7 x 10* J/m? (bulk
iron) were used. No temperature effects were con-
sidered. The magnetocrystalline anisotropy of the
biaxially strained Fe and Feg4Cuig layers is larger
as compared to their unstrained state. However,
the presence of Cu reduces the magnetocrystalline
anisotropy of the alloy as compared to pure Fe (see
fig. 3), resulting in an anisotropy field which is
close to identical to unstrained Fe [20]. Therefore,
the anisotropy constant of bulk Fe can be used to
model this system reasonably well. Fully coherent
rotation is observed for islands with d < 150 nm (50
nm in fig. 5). Above this point, the rotation begins
to appear non-collinear, forming textures (as seen
in the results for 250 nm islands in fig. 5). With
further increase in diameter, the textured rotation
gradually becomes more prominent until clear do-
main switching is observed (see 1000 nm islands in
fig. 5). The simulations thereby confirm the basis
of our assumptions and provide a qualitative de-
scription of the textures involved, as illustrated in
figure 5.

4. Conclusion

To conclude, we have shown that the magnetic
response of multilayered islands can be tuned
by changing the composition of the magnetic
layer as well as changing the diameter of the
patterned islands. Alloying Fe with Cu reduces
the magnetocrystalline anisotropy, but also the
interlayer exchange coupling. Reducing the diam-
eter of multilayered islands leads to an increased
saturation field. By tuning the stray field coupling
(by altering the island diameter) [16], magne-
tocrystalline anisotropy (e.g. by alloying with Cu)
[12] and interlayer exchange coupling (by altering
the thickness of the insulating layer) [4, 5] the
magnetic response can be tailored almost at will.
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