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Controlling the canted state in antiferromagnetically-coupled magnetic bilayers close
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Canted magnetization is obtained in ultrathin, antiferromagnetically-coupled magnetic bilayers
with thicknesses around the spin reorientation transition. The canting angle is controlled by both the
magnetic layer thickness and interlayer coupling strength, which are tuned independently. Hysteresis
loops are obtained, where magnetization components parallel and transverse to the applied field are
measured, and analyzed by comparison to micromagnetic simulations. This enables the canting angle
to be extracted and the behavior of the individual layers to be distinguished. Two types of canted
systems are obtained with either single-layer reversal or complex, coupled two-layer reversal, under
moderate external magnetic fields. Controlling the magnetization canting and reversal behavior of
ultra-thin layers is relevant for the development of magnetoresistive random-access memory and

spin-torque oscillator devices.

The unusual situation that the magnetization of a thin
film is neither out-of-plane (OOP) nor in-plane (IP) is
referred to as a canted state. The first works on canted
states relied on the interplay between first and second
order magnetic anisotropy [1-3]. Because the second or-
der anisotropy is hard to control and the regime in which
canted states can be found using this method is small
[4], recent works have focused on interlayer coupling to
create canted states [5, 6]. Non-collinear magnetizations
have been reported in Ruderman-Kittel-Kasuya-Yosida
(RKKY) coupled bilayer systems [7-10]. Furthermore,
there have been reports on layers with in-plane and per-
pendicular anisotropy coupled by direct ferromagnetic
exchange interaction [11]. In those cases, the canting
angle can be controlled via the thickness of the mag-
netic layers. Measurement of canting can be carried
out using x-ray magnetic circular dichroism or photo-
electron emission microscopy [7-9], which allow the dif-
ferent layers to be studied individually, but require large
and expensive facilities. Techniques such as magneto-
optical Kerr effect, vibrating sample magnetometry or
magnetoresistance measurements are also used [6, 12],
but these data are not straightforward to interpret be-
cause all magnetic layers contribute to the total signal.
Here, we perform a systematic study on the following
system: a Pt/Co/Pt layer, antiferromagnetically coupled
to a Pt/CoFeB/Pt layer via RKKY coupling through a
Ru layer. In order to finely control the canting angle of
the layers, we tune separately the effective perpendicu-
lar magnetic anisotropy (PMA) of both layers, as well as
the antiferromagnetic RKKY interaction between them.
A combination of standard magnetometry measurements
and micromagnetic simulations enables us to derive the
behavior of the individual layers as a function of the mag-
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netic field, making it possible to extract their canting an-
gle at remanence. Canted magnetic states as those shown
here could be exploited in magnetic random access mem-
ory (MRAM) and spin-transfer torque oscillators. These
devices could be significantly improved by the use of a
polarizer with a canted magnetization, leading to an en-
hanced spin-transfer torque, since this effect scales with
the sine of the angle between the magnetization of the
two magnetic layers [13-17].

To describe canting mathematically, we define 6 as the
angle between the magnetization direction and the sur-
face normal, as indicated in figure 1 (a). The system is
said to be in a canted state if in one of the layers 6 is not
equal to 0, 90 or 180 degrees. The energy per unit area,
E, of two coupled magnetic layers is given by:
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where the first two terms in this equation represent
the uniaxial magnetic anisotropy, with ¢; and t5 the layer
thicknesses and Ko and Kego the first-order anisotropy
constants of layers 1 and 2. These are effective anisotropy
constants, defined as K.g = % — %qug. They in-
clude contributions from the two interfaces via the sur-
face anisotropy Kg, and the shape anisotropy, where Mg
is the saturation magnetization. We neglect the possi-
ble difference between the two interfaces [18]. The third
term in equation 1 represents the isotropic coupling to
another layer, with J the coupling surface energy (which
is negative for antiferromagnetic coupling) and M, and

My the magnetization of the two layers.

All samples consist of ultrathin films, grown using
DC magnetron sputtering, in a system with a base
pressure of 9 x 107 mbar and a growth pressure of
8 x 1073 mbar. The structure investigated (see fig. 1)
is Ta(4.0 nm)/Pt(10.0 nm)/Co(x nm)/Pt(y nm)/Ru(1.0
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nm)/Pt(y nm)/CoFeB(z nm)/Pt(2.0 nm)/Ta(2.0 nm).
The anisotropy constant of each layer depends on its
thickness, and varying this thickness is used to tune the
proximity of the layers with respect to the spin reorienta-
tion transition (SRT), the regime in which the anisotropy
changes from out-of-plane to in-plane [19]. The thick-
nesses of the magnetic layers were varied from 0.6 nm to
2.0 nm (x), and from 2.0 to 2.2 nm (z). The magnetic
layers are coupled via RKKY coupling, the Ru thickness
of 1.0 nm is chosen to be at the first antiferromagnetic
peak. The strength of the coupling can be finely tuned
by the thickness of the Pt at the Ru interface [20], y is
0.5 nm or 0.7 nm, which results in a coupling constant
of -0.08 mJ/m? or -0.02 mJ/m? respectively. We veri-
fied experimentally (supplementary information S1) that
the coupling constants are the same for in-plane magne-
tized or out-of-plane layers, which could be not the case
due to the possible different density of states for the two
configurations [21].

Measurements are performed in a vibrating sample
magnetometer (VSM). External magnetic fields are ap-
plied along different directions, and the components of
the magnetization both along the field direction and
transverse to it are measured using two sets of pick-up
coils. In particular, we apply fields along the direction
corresponding to the hard axis of the layer which is fur-
ther from the SRT, which is key to understanding the
magnetic behavior of the system, and therefore to ex-
tracting the canting angle of the layers at remanence. Ad-
ditional experiments were performed using longitudinal
and polar magneto-optical Kerr effect (MOKE) measure-
ments, of which some results are shown in the supplemen-
tary material. The range of thicknesses and anisotropies
for which canted states are obtained is narrow, an exam-
ple of a system with no canted state is included in sup-
plementary information S2. In the main article we will
focus on particular bilayers which show canted states,
and demonstrate the usefulness of our analysis method.

The simulations are carried out by micromagnetic sim-
ulations using Mumax3 [22], details on the parameters
used can be found in supplementary material S3. This
allowed us to numerically study extended films, by fixing
periodic boundary conditions. In order to check the accu-
racy of Mumax3 to model canted states as those investi-
gated here, characterized by large angles between layers,
we ran additional OOMMF simulations in a macrospin
form [23], finding good agreement between both types
of simulations. See supplementary material S4 for more
details about parameters used in the simulations, and
comparison between both methods.

We first measure the SRT of uncoupled Pt/Co/Pt and
Pt/CoFeB/Pt layers by varying their thickness and find
them to be at 1.9 nm and 1.5 nm, respectively, see sup-
plementary information S5. As the demagnetizing energy
and PMA compensate each other at the SRT, the surface
anisotropy can be deduced, giving Kg = 1.2 mJ/m? and
Ks = 0.7 mJ/m? for Pt/Co/Pt and Pt/CoFeB/Pt re-
spectively, which is comparable with values previously
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FIG. 1. (a) Schematic representation of the investigated bi-
layers, and the definition of the coordinate system. (b) Mi-
cromagnetic simulations of the behavior of a Co layer of vary-
ing thickness (horizontal axis) for different strengths of cou-
pling to a 0.6 nm CoFeB layer with perpendicular magnetic
anisotropy. Ks = 1.2 mJ/m2 and Ks = 0.7 mJ/m2 are the
surface anisotropy constants used for Co and CoFeB respec-
tively. Closed (open) symbols represent monodomain (mul-
tidomain) states. The 0 angles associated to states with mul-
tiple domains correspond to effective angles, calculated by
averaging x and z components of the total magnetisation of
the Co layer. Without RKKY coupling, the SRT is abrupt,
and includes multidomain states. With RKKY coupling to an
out-of-plane layer, the SRT becomes continuous and no mul-
tidomain states are observed. See details of this simulations
in video 1, 2 and 3, supplementary material.

reported [18, 20]. Using these values, we study the influ-
ence of additional energy terms on the SRT of a sin-
gle layer of Pt/Co/Pt by simulations. When no sec-
ond order anisotropy or coupling are present, the tran-
sition from out-of-plane to in-plane is abrupt, and in-
cludes multidomain states [4] (open symbols). A second
order anisotropy constant would smear out the otherwise
abrupt SRT transition as a function of thickness (not
shown here), but as mentioned before, we are not able to
experimentally control this higher order anisotropy. By
introducing antiferromagnetic coupling between the lay-
ers, the transition from OOP to IP also becomes grad-
ual, but now in a controlled manner, shown in figure 1
(b). Moreover, the RKKY antiferromagnetic coupling to
a strongly anisotropic perpendicular layer favors a single-
domain state during the SRT [24].

The first type of canted state is obtained in samples
formed by an out-of-plane layer with strong PMA (0.6
nm CoFeB) and a layer close to the SRT (2.1 nm Co),
strongly antiferromagnetically coupled (-0.08 mJ/m?).
Figure 2 (a) shows the experimental hysteresis loops of



this sample when in-plane fields are applied. Both mag-
netization components along the field direction, M, and
transverse to that, M,, are measured. When in-plane
fields are applied, the z component is gradually reduced.
The x component switches at small in-plane fields, and
shows a small coercivity. We reproduce the experimental
behavior of the system for z-fields using micromagnetic
simulations (figure 2 (b)). Figure 2 (c) shows the angles
of the magnetization (as defined in figure 1 (a)) of the
individual layers in the simulation, where § = 0° and
6 = 180° correspond to a magnetization in the +z and -z
direction respectively. The in-plane component is maxi-
mal when 6 = 90° and points in the 4z direction when
¢ = 0°. The simulations reveal that the CoFeB layer
remains out-of-plane for all applied fields, as can be seen
from the dashed red curve. This implies that all features
in the loops come from the Co layer. At remanence this
layer is canted with 6 ~ 153° according to simulations,
and when fields are applied in the +x direction its magne-
tization is gradually pulled into the field direction. The
configuration of the system during the measurement is
schematically shown in figure 2 (d).

Whereas for this first type of canted state, only one
layer changes its orientation while the other layer remains
fixed, we will now discuss a second type of canted state,
for which both layers simultaneously change. These sam-
ples consist of 2.2 nm Co, 1.6 nm CoFeB and Pt thickness
at the Ru interfaces that result in a weak antiferromag-
netic coupling of —0.02 mJ/m?. As shown in figure 3(a),
an interesting behavior is observed for fields along the z-
direction. Though the z component of the magnetization
could be explained as a combination of an easy axis and
hard axis loop of two uncoupled layers, the x component
reveals a more complex behavior.

Two remarkable features are highlighted: (i) a ‘kink’ in
the x component, and (ii) the z component ‘overshoots’
its equilibrium value before reaching saturation. The be-
havior of the system, including these features, is well re-
produced by micromagnetic simulations, see figure 3 (b).
The discrepancy in switching fields can be understood
due to the thermally-activated nature of the switching
process, which cannot be reproduced by simulations per-
formed at 0 K. We note that the x component of the mag-
netization in the simulation is significantly larger than in
the measurements, but this can be explained by the fact
that we may not measure the complete in-plane compo-
nent, the magnetization may have a component in the
y direction as well. The behavior of the individual lay-
ers according to the simulations is shown in (c¢) and (d).
For large H, the magnetization of both layers is aligned
with the field. When this field is reduced, the Co layer
becomes more in-plane, and at remanence 0 =~ 83°, so ac-
cording to simulations the Co layer is canted 7° from the
in-plane direction for zero fields. The CoFeB magnetiza-
tion also rotates away from the surface normal for smaller
fields because of its coupling to the Co layer. However, at
remanence it still has a sizable out-of-plane component,
0 ~ 163°, implying it is also canted. At an applied field
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FIG. 2. (a)Hysteresis loops of a bilayer system for which
the in-plane layer is canted. The magnetic field is applied
along the hard axis of the uncanted layer. (b) Micromagnetic
simulation of this system. (c) Behavior of the individual layers
according to simulation. (d) The arrow (cone) represents the
configuration of the Co (CoFeB) layer going from negative
to positive fields. See details of this simulation in video 4,
supplementary material.

of 10 mT, switching of M, is experimentally observed,
which according to the simulation is mainly due to a
change in the CoFeB magnetization direction. In the sim-
ulation, the CoFeB rotates via the in-plane direction op-
posite to the in-plane component of the magnetization in
the Co layer, because of the antiferromagnetic coupling.
This results in a kink in the total  component when the
CoFeB layer transits abruptly through the x-y plane (fig.
3d), which explains feature (i). The second feature is
reproduced by the model when a small misalignment of
the magnetic field with respect to the sample normal is
added in the simulations, resulting in a small additional
in-plane component of the applied field. Around a field
of 100 mT, the Co layer is pulled almost out-of-plane and
the energy barrier for changes in the in-plane angle, ¢,
becomes very small. Therefore the small misalignment
field is sufficient to switch the in-plane direction of the
Co layer from 180 to 0° (fig. 3c), increasing the total
magnetic moment along the x-direction, which decreases
again, but moderately, for larger z-fields. This gives rise
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FIG. 3. (a) Hysteresis loops of a bilayer system for which both
layers are canted. The magnetic field is applied along the z
axis. (b) Simulation of the total magnetic moment in z and z
direction. 6 and the in-plane angle ¢ of the magnetization of
the individual (¢) Co (d) CoFeB layer. (e¢) The arrow (cone)
indicates the configuration of the Co (CoFeB) layer going from
negative to positive fields. See details of this simulation in
video 5, supplementary material.

to the (ii) ‘overshoot’ feature (fig. 3b). In the simu-
lations, the in-plane angle of the CoFeB layer switches
around that field between 0° and 180° (for clarity, in fig.
3d only the ¢ while H, is swept from negative to positive
is shown), but because the layer is almost perfectly OOP
at these fields (note that 6 is very close to zero), this

means there is hardly any change for the magnetization
direction of that layer.

The two canted states discussed in this work are fun-
damentally of two different types: hard (OOP) - soft
(IP) and soft (OOP) - soft (IP). A very different reversal
mechanism of the magnetization is observed for these two
types of systems under moderate fields. In the first case
the orientation of the OOP magnetization only changes
in the IP Co layer when moderate fields are applied along
the hard axis direction of the CoFeB layer, while for the
second case both magnetizations reverse in a complex
manner along the whole space for similar applied fields,
which is consequence of their antiferromagnetic coupling
and their different but close vicinity to the SRT. This
key difference should be taken into account when design-
ing devices with canted magnetized polarizers, if the ap-
proach shown here is followed.

The simulations capture the main features observed ex-
perimentally, including approximated switching field val-
ues, shape and relative magnitude of the magnetization
components. They also show that a macrospin represe-
nation of the layers for the two types of canted states
discussed may be possible. This is the case when at least
one of the two layers is far enough from the SRT; the
antiferromagnetic RKKY coupling then favors a mon-
odomain state in both layers [24] for hysteresis loops as
those used here. Supplementary information includes an
additional example of a simulation (video 6) where this
is not the case: with both layers very close to the SRT,
the switching occurs via a multidomain state.

In summary, we present a study on canted states
in sputter deposited ultrathin magnetic layers close to
the SRT, coupled via RKKY interactions for which the
strength was finely tuned. We obtain two different types
of canted states. The method followed here, consisting of
measuring two magnetization components while apply-
ing fields along the hard axis of the layer which is further
from the SRT, provides a powerful tool to analyze the
complex behavior of canted states in magnetic bilayers.

See supplementary material for further details about
experimental and numerical study covered in the main
manuscript. See videos 1, 2 and 3 for simulations of
the SRT for zero, low and high RKKY couplings. See
videos 4 and 5 for simulated hysteresis loops of the two
canted states. See video 6 for simulated hysteresis loop
of a bilayer where the macrospin approximation is not
fullfilled.
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