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Perpendicular magnetic anisotropy thin film systems are well known for their periodic magnetic stripe domain
structures. In this study, we focus on investigating the behavior of [Co(3.0 nm)/Pt(0.6 nm)]X multilayers
within the transitional regime from preferred in-plane to out-of-plane magnetization orientation. Particularly,
we examine the sample with X = 11 repetitions, which exhibits a remanent state characterized by a significant
presence of both out-of-plane (OOP) and in-plane (IP) magnetization components, here referred to as the
“tilted” stripe domain state. Vector vibrating sample magnetometry and magnetic force microscopy are used
to investigate this specific sample and its unusual out-of-plane reversal behavior. Through experimental data
analysis and micromagnetic simulations of the tilted magnetization system, we identify a single point of
irreversibility during an out-of-plane external magnetic field sweep. This behavior is qualitatively similar to
the reversal of a Stoner-Wohlfarth particle or of an IP magnetized disk with remanent vortex structure, since
both show distinct points of irreversibility as well. Such a collective response to an external field is typically not
observed in conventional OOP or IP systems, where the reversal process often involves independent nucleation,
propagation, and annihilation of individual domains. Finally, we show that our findings are not at all restricted to
Co/Pt multilayers, but are a quite general feature of transitional in-plane to out-of-plane magnetization systems.

DOI: 10.1103/PhysRevB.110.024417

I. INTRODUCTION

Recently, magnetic films with periodic magnetic domain
structures, particularly parallel-aligned stripe domains, have
garnered renewed interest as reconfigurable magnonic me-
dia for high-frequency and low-power consumption devices
[1–5], or as basis for neuromorphic reservoir computing
[6–8]. To realize such applications, it is crucial to identify
magnetic materials that can host aligned stripe domains, while
being producible via low-cost fabrication techniques. In this
context, magnetic multilayers (MLs) with perpendicular mag-
netic anisotropy (PMA) are proven to be promising candidates
[3–5,9]. However, continuous and parallel aligned stripe do-
mains are usually not the remanent state of the magnetization
in magnetic MLs. For example, ML systems with strong PMA
can exhibit disordered domain structures, such as labyrinth-,
maze-like, or mixed bubble and stripe domain states.

In order to stabilize continuous and almost defect-free par-
allel magnetic stripe domains without any time-consuming
in-plane demagnetization procedure [10–15], it is advanta-
geous to utilize low PMA materials. Such systems with a
low Q factor of Q < 1 were also studied in the context of
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rotatable anisotropy [16,17] and weak stripe domain states
[18–23]. The Q factor relates the perpendicular magnetic
anisotropy energy density in the in-plane (IP) magnetized state
Ku to the demagnetization energy density for the out-of-plane
(OOP) magnetized state, 1/2μ0M2

S, namely, Q = 2Ku/(μ0M2
S ).

Besides the PMA, the total ML thickness significantly in-
fluences the magnetic ground state, as the demagnetization
energy density of a heterogeneous domain state depends on
the film thickness [24,25]. By increasing the overall thick-
ness of the ML system with Q < 1, the system experiences a
magnetization reorientation transition from an IP magnetized
ground state to an OOP stripe domain ground state [26–30].
The reorientation occurs through a transient state, which is
henceforth referred to as the “tilted magnetization state” [30].
Its magnetic ground state exhibits almost defect-free parallel
aligned stripe domains; however, the domain magnetization is
not strictly perpendicular, but instead tilted by a certain angle
with respect to the surface normal and exhibits a single point
of irreversibility in the OOP external magnetic field reversal.

In addition to thin films with Q < 1, another class of sys-
tems known as hybrid systems consisting of a combination of
OOP and IP magnetized layers in a directly exchange-coupled
bilayer structure, also may exhibit tilted magnetization behav-
ior [31–34]. This tilting can occur either at the interfaces of
the individual layers or across the entire bilayer system if the
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thicknesses of the layers are much smaller than their exchange
lengths. In contrast, single layer thin films with Q < 1 demon-
strate a more uniformly tilted magnetization behavior, even
when their thickness exceeds the exchange length.

Despite the extensive research on tilted magnetization
stripe domains in the past decades [21,35–42], the in-depth
mechanism of their OOP magnetization reversal has not been
analyzed and discussed in detail yet. We like to point out
that former publications had a different focus on this topic,
e.g., the stabilization of high-density bubble domain states
at remanence [30]. In contrast, the focus of this paper is
the understanding of the unusual combination of an apparent
single point of irreversibility in the hysteresis loop paired
with a complex remanent stripe domain state, which has
so far (even though observed in the past) not been well
explained or understood. However, this is crucial, since it
has a direct influence on the ability to control the magneti-
zation structure in aligned stripe domains, for example for
realizing reconfigurable magnonic media [3]. In this study,
we present a comprehensive investigation of the magnetiza-
tion reversal in fully tunable [Co(3.0 nm)/Pt(0.6 nm)]X ML
model systems that exhibit a tilted magnetization state. Utiliz-
ing vector vibrating sample magnetometry (VSM), magnetic
force microscopy (MFM), and micromagnetic simulation, we
demonstrate that the magnetization reversal during an OOP
external magnetic field sweep in such MLs is dominated by
a characteristic distinct irreversible switching point, where
mainly the tilted magnetization component transversal to the
external field is reversed. Furthermore, we highlight that the
direction of the parallel stripe domain state at remanence
can be controlled by a small IP magnetic field component.
This feature presents a convenient opportunity for spin texture
reconfiguration in view of potential applications. In this paper,
we refer to the observed magnetic state as the “tilted stripe
domain state” rather than a “weak stripe domain state”. This
terminology choice reflects our focus on the orientation and
behavior of stripe domains during the OOP field reversal,
rather than on the weak phase contrast observed in Lorentz
transmission electron microscopy images, which originally
led to the term “weak stripe domains” [43].

II. MATERIALS AND METHODS

To study the magnetic properties in ML systems with stripe
domain formation across the magnetization reorientation tran-
sition, we prepared Ta(1.5 nm)/Pt(20 nm)/[Co(3.0 nm)/
Pt(0.6 nm)]X /Pt(2.4 nm) MLs with different Co/Pt bilayer
repetition number of X = 6, 11, and 22. These three repeti-
tion numbers were chosen to investigate different orientation
tendencies of the tilted magnetization state from a closer to
IP state (X = 6) through a transition state (X = 11) to a pre-
dominant OOP state (X = 22) [30]. All samples are grown
on Si substrates with a 100-nm-thick thermally oxidized layer
(SiO2) using confocal DC magnetron sputter deposition (ATC
2200 from AJA International Inc.) under an argon atmosphere
of 400 mPa at room temperature. Prior to deposition, the
chamber base pressure was approximately 2 µPa. To ensure
uniform growth of the entire stack, the sample holder was
rotated at approximately 1 Hz, and the deposition rate for all
materials was maintained below 0.1 nm per second. The Ta

layer is used for better adhesion, the 20-nm-thick Pt serves as
a buffer layer to promote Co (0001) texture, enhancing verti-
cal coherence throughout the entire multilayer stack [44–47].
The top 3.0-nm Pt layer is used to protect the samples from
surface oxidation. For a systematic x-ray reflectometry and
x-ray diffraction structural characterization of similar Co/Pt
and Co/Au ML sample series from X = 6 to X = 30 fab-
ricated in the same sputter deposition system with similar
parameters, please refer to Refs. [30,48]. We performed mag-
netometry measurements using a commercial Microsense EZ7
VSM equipped with an electromagnet, which delivers up to
1.85 T magnetic field, and with a φ = 360° sample rotational
stage. Two orthogonal pick-up coil (PUC) pairs are used to
record simultaneously the magnetization components parallel
(longitudinal) and perpendicular (transversal) to the external
field, denoted by mLF resp. mTF, as depicted schematically in
Fig. 1(a) as black and blue pair of rings, respectively. Thus,
LF and TF denote the components that are longitudinal and
transversal to the direction of the external field, respectively.
We used a Bruker Dimension Icon magnetic force micro-
scope for magnetic domain imaging. All MFM images were
recorded in remanence at room temperature.

When increasing the bilayer repetition number from X = 6
via X = 11 to X = 22, we find that the system undergoes
the reorientation transition from an almost typical IP reversal
behavior at X = 6, as shown in Fig. S1(a) within the Supple-
mental Material (SM) [49], to an almost typical OOP stripe
domain reversal behavior at X = 22, see Fig. S1(b) within the
SM [49]. The sample with X = 11 represents a transitional
tilted stripe domain state and exhibits a single point of irre-
versibility in the OOP field reversal curve as well as a parallel
aligned stripe domain state at remanence. Therefore, we will
study this sample in more detail as a model system in order to
learn more about the characteristics of the tilted stripe domain
OOP reversal regime.

We find that each sample has a saturation magnetization
MS of 1110 ±120 kA/m and an effective anisotropy Keff ≈
−500 ± 50 kJ/m3, which corresponds to a uniaxial anisotropy
KU of 275 ± 107 kJ/m3 and a Q factor of about 0.36 ± 0.14.

III. EXPERIMENTAL RESULTS

Figure 1(b) displays the room-temperature OOP field re-
versal curves (for both mLF and mTF) of the ML with X = 11.
Additionally, an inset MFM image at remanence after OOP
saturation is included to provide a visual representation of
the magnetic domain structure. The OOP field reversal curves
for the MLs with X = 6 and X = 22 at room temperature
are shown in Fig. S1 within the SM [49]. Moreover, Fig. S2
within the SM [49] displays the OOP and IP reversal curves
for all three samples. The inset MFM image in Fig. 1(b)
reveals a clear parallel stripe domain state at remanence with
a periodicity of λ = 104 nm. The field reversal curve in
Fig. 1(b) is measured with a magnetic field offset angle �φ

of 1° with respect to the sample surface normal. At high mag-
netic fields, the TF component is almost zero and gradually
increases as the external field is reduced. At a field strength of
HTF max [as shown in Fig. 1(b)], the TF component reaches
its maximum and then continuously decreases as the field
strength decreases. When the magnetic field polarization is
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FIG. 1. (a) Schematic representation of the vector-VSM setup. Two pairs of orthogonal pick-up coils (PUC) detect the longitudinal (black
PUC) and transversal (blue PUC) components of the sample magnetization (mLF resp. mTF) during an external magnetic field sweep (H ). These
components are plotted in (b) as functions of the field H . The angle φ represents the rotation of the sample surface normal (n) in the plane of the
PUCs. The external magnetic field direction is the reference orientation for the rotation angle; hence, �φ is defined as the angle offset between
the sample’s normal and the magnetic field. (b) OOP field reversal behavior of the mLF and mTF components for the [Co(3.0 nm)/Pt(0.6 nm)]11

multilayer system, measured at �φ = 1°. The inserted 2×2 µm2 magnetic force microscopy (MFM) image exhibits the remanent state of the
respective sample after positive OOP saturation at 1.85 T. (c) The angular dependence of the kink field Hkink, with a highlighted data point
representing the hysteresis data from the reversal curve displayed in (b). (d) Angular dependence of the TF component kink height as indicated
in (b), again with the �φ = 1° data point highlighted in orange.

reversed, mTF switches suddenly its direction at the kink field
−Hkink. This switching field (−Hkink) for the TF component
coincides with a sudden point-like step of mLF (and therefore
the OOP magnetization component), as can be seen from the
OOP magnetization loop [black curve in Fig. 1(b)]. Apart
from this in-sync magnetization switching, mLF exhibits a
rather linear and reversible behavior during the field reversal
process. We note that the kink field value depends on the
angle �φ between the applied external field and the surface
normal, as shown in Fig. 1(c). Additionally, the switching
height of the TF component [referred to as the kink height
in Fig. 1(b)] depends on �φ as well, as depicted in Fig. 1(d).
The mLF and mTF loops corresponding to the data presented in
Figs. 1(c) and 1(d) can be found in Fig. S3 within the SM
[49]. The angular dependencies of the switching character-
istics in Figs. 1(c) and 1(d) are as follows: First, the kink

field value is maximal for the (almost) aligned position at
�φ = 0°. Conversely, the kink height value is close to zero
at this angle. With an increasing deviation from �φ = 0°, the
kink field strength decreases, while the absolute kink height
increases, eventually reaching a saturation point of around 1.3
at approximately |�φ| = 3°. Additionally, the TF component
exhibits a sign inversion when crossing the |�φ| = 0 point
in the angular dependence, as shown in Fig. S3 within the
SM [49]. A detailed explanation of this behavior is given
later along with the discussion of Fig. 6 below. Here, we
just note that a higher �φ causes a larger projection of the
external field in the in-plane direction of the sample, which
also leads to a better parallel alignment of the domains and
domain walls along this IP projection. In the theoretical case
of the perfect aligned position �φ = 0°, no IP projection of
the external field occurs and hence the domains do not have
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FIG. 2. OOP minor loop series of the X = 11 Co/Pt multilayer
system at �φ = 0(±1)° after negative saturation at –1.85 T, (a) com-
ponent longitudinal to the field and (b) component transversal to the
field during an OOP field sweep at room temperature.

a preferred direction to align. Therefore, the stripe domain
structure would become random rather than parallel. However,
the randomly oriented state is not experimentally observed
due to the inevitable small misalignment between the sample
surface and the external field in the setup. Hence, we always
end up in a parallel stripe domain state after OOP saturation
in our experiments.

Once the irreversible switching process at Hkink is com-
plete, the system again enters a fully reversible branch. In
this branch, the field history no longer affects the macroscopic
magnetization versus field behavior any more until the exter-
nal field reaches the kink field in the opposite direction.

We performed minor loop measurements across the kink
to further elucidate the processes occurring during the field
reversal, particularly at the kink field Hkink. A correspond-
ing minor loop series of the X = 11 system is displayed in
Fig. 2 for the two magnetization components mLF [Fig. 2(a)]
and mTF [Fig. 2(b)]. Each minor loop was measured follow-
ing the same sequence: beginning with negative saturation
at –1.85 T, the measurement commenced at remanence.
The external field was then increased to a specific positive
field value and subsequently decreased back to remanence.
Finally, the system was reset to negative saturation to en-
sure the exact same starting state for the next minor loop
measurement.
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FIG. 3. First-order reversal curve of the [Co(3.0 nm)/
Pt(0.6 nm)]11 ML at room temperature and at �φ = 2(±1)°
with positive saturation as starting state. The plot shows the
negative second derivative of the normalized magnetization over
the external return field μ0Ha after positive saturation and the
subsequently applied external field μ0Hb. Note that this plotting
scheme is different from the also often used μ0Hc and μ0Hu plot
[Hc = (Hb − Ha )/2 and Hu = (Hb + Ha )/2]. The displayed data
directly exhibit that the whole irreversibility is practically localized
at one single point.

The first direct visible information from Fig. 2 is that the
single distinct step of irreversibility can actually be resolved
into many fine multisteps. They occur within a field range of
only 4 mT, so that it is justified to approximate the switching
by a single field value, μ0Hkink ≈ 468 ± 2 mT.

All branches of the minor loops exhibit the same constant
slope (as verified by linear fits). Hence, the system behaves
completely reversibly at fields different from the kink field and
the only irreversibility occurs in the small field range around
the kink. This quasi single point occurrence of irreversibility is
also well captured by the respective first-order reversal curve
(FORC) measurement, as displayed in Fig. 3.

The plotted FORC data in Fig. 3, including the zoomed-in
region of interest, clearly shows that for all practical purposes
all irreversibility is condensed down to a single point. The
vertical negative/positive ridge observed below this point has
significantly smaller magnitude compared to the primary irre-
versible switching behavior. This feature could be attributed
to much weaker additional irreversible processes close to the
kink field, such as annihilation of remaining isolated bubble
domains [29], see also Sec. V.

The stability of the parallel stripe domain state at rema-
nence, combined with the quasi single point irreversibility,
suggests that the lateral domain topology remains unperturbed
over an extended magnetic field range around remanence.
This stability may arise from an intrinsic anisotropy, originat-
ing from the IP symmetry-breaking alignment of the stripe
domains, which induces an additional energy barrier, thus
yielding an easy IP axis along the stripes and a hard IP axis
perpendicular to the stripes. Switching the direction of mTF
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FIG. 4. IP angular ψ dependence of the magnetization slope of
the [Co(3.0 nm)/Pt(0.6 nm)]11 sample (rotated around its surface
normal), after OOP saturation, measured with the VSM setup. Slope
data measured at room temperature, plotted in polar coordinates, with
a schematic illustration of the alignment between stripe domains and
external field (at 0° the external field is applied parallel to the stripe
domains, at 90° the external field is applied perpendicular to the
stripe domains).

requires the Zeeman energy of the IP projection of the external
field to overcome this energetic barrier.

The observed angular dependence of the kink field in
Fig. 1(c) can be understood based on this induced IP
anisotropy. In the case of a perfectly aligned sample geometry,
where the external field has a vanishingly small projection
within the sample plane, the stripe domains and their domain
wall magnetization lack a preferred direction to align and thus
require a higher external field to initiate switching. However,
with an angle offset �φ, the stripe domains become parallelly
aligned, and the TF component together with the external field
projection contributes a nonzero IP Zeeman energy term to
the total magnetic energy. As a result, the induced anisotropy
barrier can be overcome at lower field amplitudes. Increasing
the angle offset �φ leads to a decrease in the required external
field for switching.

The effect of the induced anisotropy of the parallel stripe
domains can be observed through an IP azimuthal (ψ) angular
dependence measurement using the VSM setup, where the
sample normal is aligned along the rotation axis. Initially, the
X = 11 sample is saturated in the OOP direction with a small
offset angle of �φ = 2° to align the stripes consistently in
one defined direction at remanence [43,50]. After the stripe
domain alignment, the measurement procedure is an IP field
sweep within a range of ±10 mT for various angles ψ between
0 and 180° in approximately 9° increments. The alignment
between stripe domains and external field is illustrated in
Fig. 4. During the IP field sweep, the magnetization response
exhibits a linear behavior without any noticeable hysteresis.
The resulting data, which comprises the extracted slope of
these linear magnetization responses, is presented in Fig. 4.
Because of the symmetry, the data for angles ranging from

180 to 360° is mirrored. Figure 4 showcases the slope data in
a polar plot for better visualization.

The observed magnetization behavior reveals distinctive
patterns: minimal slopes for the parallel orientation of the
magnetic field with respect to the stripe domain long axis
(ψ = 0°), and maximal slopes for the perpendicular orien-
tation. These findings can be interpreted as follows: In the
cases where the external field aligns parallel to the stripe
domains, a significant part of the magnetization in the sys-
tem is already parallel to the external field direction (except
for the Néel caps). Consequently, there is limited room for
further spins to align in a parallel or antiparallel configura-
tion. This results in minimal changes in magnetization during
the external field sweep. Conversely, when the external field
aligns perpendicularly with respect to the stripe domains, the
magnetization can reversibly tilt in response to the external
field. Hence, the angular dependence in Fig. 4 demonstrates
the induced anisotropy of the parallel aligned stripe domains.
In contrast, when probing the in-plane anisotropy of the
system with full IP field reversals we observe an isotropic re-
sponse with the same in-plane loop for all in-plane directions
(see Fig. S4 within the SM [49]). Therefore the observed in-
plane anisotropy must be caused by the parallel stripe domain
state that is fully maintained during the minor loop analysis of
Fig. 4.

IV. MICROMAGNETIC SIMULATIONS

The micromagnetic simulations are performed with
the MuMax3 code, a GPU-accelerated simulation pro-
gram that uses finite-difference discretization in space and
time-dependent magnetization dynamics [51]. The spe-
cific script here utilized a grid-size implementation of
512×512×64 cells and an overall corresponding sample size
of 1024×1024×40 nm3 (x×y×z coordinate representation),
the thickness corresponding to the X = 11 experimental sys-
tem. Periodic boundary conditions with 20 repetitions of the
system in x and y directions were set. Additionally, a Voronoi
tessellation is implemented into the simulation to define a
grain structure with 25-nm-lateral grain size and a normal
distribution of the uniaxial anisotropy direction with 99.7%
of the randomized directions being within a 10° cone around
the OOP direction [52–54] (3σ = 10◦). The magnetic param-
eters that closely replicate the experimental features are as
follows: saturation magnetization MS = 1110 kA/m, uniaxial
anisotropy constant KU = 230 kJ/m3, and exchange stiffness
Aex = 11 pJ/m. The first two parameters align with the ex-
perimental data within the margin of error. The exchange
stiffness corroborates well with anticipated values reported
in the literature [15,55–58], specifically for the chosen Co
thickness in the MLs. Figure S5 within the SM [49] shows
the simulated field reversals for different exchange stiffness
values in order to obtain the best match with the experimen-
tal data. The field reversal data, Fig. 5(a), represents one of
nine performed magnetic field-reversal simulations. The nine
field-reversal simulations are shown in Fig. S6 within the
SM [49]. Each simulation starts with a different initially ran-
domized grain distribution with respective different random
number generator seeds. The external field is applied with
an offset angle of 3° relative to the surface normal, with the
IP field component directed along the positive y direction as
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FIG. 5. Micromagnetic MuMax3 simulation data of the respective system with X = 11 Co/Pt layer repetitions. (a) Simulation data for one
individual simulation showing LF component, TF component and Euclidean norm of both components (

√
m2

LF + m2
TF), at an angle of �φ = 3°.

(b) Cross-sectional magnetization illustration of the simulated system in (a) at remanence. The color coding, red and blue, represents 100% of
the magnetic moment being aligned in the positive resp. negative z direction. [(c),(d)] Angular dependence of the kink field Hkink (c), and the
TF component kink height (d), from the simulated system with the same grain distribution as the simulation shown in (c) for different offset
angles between surface normal and external field.

well as along the TF component. The field range is between
±1.9 T. Each of the nine simulations exhibits the same field
reversal behavior with slightly different kink field values. In
contrast to the experiments, each individual simulation does
not show a multistep switching behavior at its respective kink
field likely due to the limited sample size considered in the
simulation. Consequently, a more detailed investigation of
the switching process was not possible in the simulations.
Nevertheless, these details lead to the assumption that the
switching process starts at a certain grain or grain boundary
and is then rather quickly propagating through the whole
system. The averaged data of simulated field reversals (shown
in Fig. S6 within the SM [49]) exhibits a gradual switching
behavior, which can be interpreted as the combined reversal
of different areas of a larger system. This would explain
the multistep switching behavior of the experimental data,
see Fig. 2. However, the width of the kink switching field
range for the averaged simulation data is broader than for the
experimental data.

Main outcomes of the simulation will be discussed along
with Fig. 6 in the following chapter. A novel insight obtained

from the simulations is the direct identification of the tran-
sition point from homogeneous to heterogeneous tilting and
vice versa, observable through the Euclidean norm of the
magnetization components,

√
m2

LF + m2
TF . The illustration in

Fig. 5(b) captures the simulated remanent magnetization state
after OOP saturation. It reveals that all moments within the
domains exhibit at least a slight tilt in one IP direction, the
positive y direction (of the former IP field component). The
magnetization within the domain walls exhibits a nontrivial
magnetization structure, consisting of a Néel part at the sur-
faces and a Bloch component in the bulk.

An additional simulation series is performed for the angle
dependence of the systems within a range of ±7°, similar to
the experimental series as shown in Fig. S3 within the SM
[49]. The results for the simulations [Figs. 5(c) and 5(d)] are
similar to the experimental results, see Figs. 1(c) and 1(d). The
kink position agrees rather well with the experiment.

In the literature, simulations were performed with quite
similar systems with a low Q factor (Q < 1), but not focusing
on the OOP field reversal [59–62].
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FIG. 6. OOP field reversal of the X = 11 sample displayed by LF component (top), TF component (bottom), also including their Euclidean
norm, at an angle offset �φ = 1° [data from Fig. 1(b)], as well as various reversal states (i)–(viii) as obtained from the simulation. Color code
legends for the simulated images of the Mz/MS (top) and My/MS (bottom) components are provided on the right of each plot. Simulated images
are assigned to the respective experimental reversal stages in the plots by their matching frame color.

For a detailed analysis of the domain reversal behavior,
images were extracted from the simulation, which are pre-
sented in the next section. Additionally, three movies of the
simulated field reversal for the LF and TF components are
included within the SM [49].

V. DISCUSSION

By combining the experimental data with our simula-
tions, we gain a comprehensive understanding of the reversal
behavior in our tilted stripe domain system. Figure 6 reviews
the experimental hysteresis loop data from Fig. 1, but with
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additionally highlighting specific regions of the LF and TF
components as obtained in conjunction with the simulations.
Additionally, the Euclidean norm of both experimental com-
ponents and some illustrations of the magnetization alignment
and domain structure from the simulated data are displayed.
The main difference between the simulated and the experi-
mental Euclidean norm is the field where the Euclidean norm
departs from 100%, i.e., where the heterogeneous stripe do-
main state transitions into a homogeneous uniform state and
vice versa. The small discrepancies between the experimental
results and simulations highlight the complex nature of the
system and the potential influence of additional factors, e.g.,
reduced exchange coupling at grain boundaries, that are not
fully captured in the simulation model yet. As mentioned
earlier, LF and TF components denote the magnetization com-
ponents measured with the two VSM pick-up coils, while
in the following OOP and IP components are defined in the
usual way with respect to the sample normal. However, both
representations differ only slightly due to the small offset
angle �φ < 10°.

Starting from positive (“up”) OOP saturation, region (i),
and reducing the external magnetic field, the simulation data
shows that initially when mLF starts decreasing, the magne-
tization as a whole tilts uniformly towards the IP projection
of the external field, region (ii). This homogeneous tilting
occurs due to the presence of the small IP field component,
i.e., the nonzero �φ, and continues until the field, where
the Euclidean norm of mLF and mTF starts decreasing from
unity due to the onset of lateral heterogeneity. This constitutes
region (iii), where the magnetization fans out into a parallel
tilted stripe domain state, with stripes forming along the IP
component of the external field, so that the Zeeman energy for
the resulting Bloch domain wall IP components is minimized.
At the beginning of region (iii), the OOP components of
all stripe domains are still parallel to the external field, just
with different magnitudes, so the system is in a “more and
less” up-oriented stripe domain state. At a lower field HTF max,
where the maximum in mTF is reached, the magnetization of
the “less up” domains crosses the xy plane. Thereafter, the
OOP component of these stripe domains is aligned antiparallel
to the external field. They then expand in width, whereas
the up domains contract in width, while the periodicity of
the stripe domains stays constant [11,29]. At remanence, the
up and down domain width ratio is nearly one-to-one. The
domain walls consist of a Néel part at the surfaces and a
Bloch component in the bulk. The overall IP component of
the domains and Bloch component of the domain walls remain
parallel to the original IP projection of the external field all the
way through remanence to Hkink.

Passing remanence, both IP and OOP component of the
external field reverse sign. This results in the further expan-
sion of the down-oriented domains and a shrinking of the up
domains in width, while the stripe domain periodicity again
remains constant. The IP projection of the external field is at
this point antiparallel to the IP magnetization component of
the domains and the Bloch region of the domain walls; hence,
this configuration becomes energetically more and more unfa-
vorable for the system as the external field strength increases.
Note that the magnetization behavior in regions (i), (ii), and
(iii) is completely reversible until the field reaches the kink

field value −Hkink. There, the IP magnetization component of
the domain walls and domains initiates a reversal and switches
abruptly into the opposite IP direction due to the increased
Zeeman energy being then equal to the energy barrier of
the stripe domain induced IP anisotropy (as characterized in
Fig. 4). The details of the domain wall switching are still
under investigation; however, we assume that the reversal of
the Bloch component occurs via the creation of a horizontal
Bloch-line through the thickness, which is then propagating
along the domain wall, similar as in Q > 1 systems [15].
Clusters of domains and domain walls may switch in sync,
but then this reversal process may be pinned occasionally in a
real sample due to reduced lateral exchange coupling caused
by grain boundaries, defects, and other imperfections. As a
consequence, we experimentally observe small steps within
the kink (see Fig. 2), while our simulations are not able to re-
produce such defects and imperfections adequately and do not
reveal substeps within the kink even though we implemented
an underlying grain structure into our model. However, even
in the experiment this field range of pinning amounts to only
≈4 mT (less than 1% of Hkink), which can be approximated by
a single field value, region (iv). Even though we are convinced
that the increasing IP Zeeman energy triggers and drives the
reversal, also the OOP magnetization component is affected
and changes its amplitude, which is seen in the simulation
and reveals itself as a distinct and characteristic kink in the LF
component of the experimental hysteresis loop. It is important
to mention that after the flipping of the IP direction in the
domains and domain walls, a few domain walls form isolated
bubble domains in the simulation. These localized bubbles
then vanish for slightly higher external field values. Thus,
these isolated bubbles, if also occurring in the real system,
represent an additional small irreversibility of the system. In
the experimental data some hints for the isolated bubble occur-
rence can be found in the field reversal curves, mainly in the
TF component of the field reversal for a small field region (v)
of |Hkink| < |H | < |HIP max|. Notably, the experimentally mea-
sured loop shape in region (v) differs slightly when repeating
the measurement. Furthermore, this bubble occurrence may be
the explanation for the weak vertical negative/positive ridge
observed in the FORC diagram of Fig. 3 below the spike-like
singularity of the kink field. At the field corresponding to
the maximum magnitude of the TF magnetization component
HTF max, the up domain magnetization crosses the xy plane and
this is the ultimate field, where possible remaining isolated
bubbles are annihilated.

After the completion of the entire switching process, all
domain walls have the same IP magnetization direction again,
which is parallel to the small IP projection of the external field.
The magnetization behavior in regions (vi), (vii), and (viii)
mirrors the exact same behavior observed in regions (iii), (ii),
and (i), respectively, but with inverted magnetization profiles.
Hence, first the parallel stripe domain state (vi) closes up into
a uniformly tilted state (vii) before the system reaches com-
plete saturation (viii). The TF component is not completely
zero at the beginning of region (viii), because notably the
magnetization is perpendicular to the surface at this point
and not parallel to the external field; therefore, the projection
of the magnetization into the IP detection coil plane is not
completely zero. At even higher fields, the magnetization is

024417-8



COLLECTIVE OUT-OF-PLANE MAGNETIZATION … PHYSICAL REVIEW B 110, 024417 (2024)

forced to align fully parallel to the external field and not to the
surface normal, hence the projection of the magnetization in
the IP detection coil plane approaches zero.

In general, the thickness and the related demagnetization
energy of this Q < 1 system influence the domain width [24]
and therefore the domain width to domain wall width ratio
[63,64]. Hence, for thicker samples, the ratio is large enough
that the system behaves like a regular OOP oriented system
[11,29]. The smaller the thickness of the system, the smaller
the mentioned ratio becomes. Therefore, the total IP magne-
tization component becomes stronger and more dominant for
the reversal behavior of the system. When the thickness gets
too small, the whole system predominantly consists of domain
walls so that it becomes an IP oriented system, which was
already studied in the past [25]. Between these two regimes,
the system under study here represents an interesting inter-
mediate regime, where the OOP stripe domains with large
domain wall widths are well alignable along the IP external
field component (even if this component is very small in a
quasi OOP loop).

The shown and described behavior can become more com-
plex due to different external or internal parameters. Two
parameters, that influence the field reversal behavior, are the
temperature and the total thickness of the effective magnetic
medium, which in our case can be readily tuned by the repe-
tition number X [30,65]. For a thick film, the magnetization
in the magnetic medium is dominated by the bulk behavior
of the system, where the top and the bottom region are rather
independent of each other. In the middle region of the effective
medium, the magnetization has enough degrees of freedom
to exhibit different magnetic behaviors, e.g. horizontal Bloch-
line switching [15]. For thinner magnetic systems the surface
effects and magnetization alignment for the flux closing stray
fields become more relevant and the bulk behavior gets less
dominant for the total energy. For an even thinner system, the
surface effects completely dominate the energy landscape of
the system and force the magnetization to get more into an
IP direction. A similar transition occurs when reducing the
temperature, which is driven by the increase of the PMA at
low temperatures [66,67]. This can be seen in Figs. S1 and
S2 within the SM [49] for the thickness dependence and in
Fig. S7 within the SM [49] for the temperature dependence
of the X = 11 sample magnetic hysteresis. With these two
parameters, thickness and temperature, it is possible to tune
the system in a way to achieve either one single point of
irreversibility (as demonstrated here in this paper) or two
extended regions of irreversible switching (dominated by in-
dividual independent bubble and stripe domain nucleation,
propagation and annihilation with a reversible stripe domain
breathing mode around remanence [11]) during the field rever-
sal, such as at temperatures smaller than 100 K (Fig. S7 within
the SM [49]), or for the repetition number X = 22 (Figs. S1
and S2 within the SM [49]).

A system with a thicker effective magnetic layer than X =
22 has an even weaker domain-wall switching behavior of
the tilted regime and hence the independent bubble nucleation
and annihilation process becomes dominant. An example is
a X = 50 Co/Pt ML system {loop shown in Fig. S8 within
the SM [49]}. In Fig. 7, the respective difference between the
upper and lower field-reversal paths of the X = 11, X = 22,

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.00

0.05

0.10

0.15

ΔM
/M

S

µ0H [T]

X = 11 (tilted)
X = 22 (tilted - OOP)
X = 50 (mainly OOP)

FIG. 7. Difference of the LF component �M/MS between
ascending and descending hysteresis loop branches for X =
11, 22 and 50 at �φ = 1°. The graphs display the transition from
a single irreversible step behavior (X = 11) towards a conventional
independent bubble and stripe nucleation, propagation, and annihila-
tion behavior (X = 50) [11,12,29].

and X = 50 systems are plotted. For the tilted regime (X =
11), the difference plot exhibits a step function with a plateau
between the positive and negative kink field.

In case of a pure OOP oriented system, the difference
plot would reveal only the two maxima due to the bubble
nucleation and annihilation process, with a minimum at zero
external field, at which a domain state is present with a nearly
complete compensation of the overall magnetization and a low
difference between the branches in the breathing mode regime
[11]. A system in the transition between tilted magnetization
and OOP regime, such as X = 22, shows a mixture of these
two possible behaviors with the two maxima for the bubble
nucleation-annihilation processes as well as the plateau-like
behavior around remanence. For thicker systems closer to
the OOP regime, such as X = 50, the maximum at μ0H = 0 T
splits up into two local maxima symmetric around the rema-
nent state and a local minimum at remanence.

Our considerations here are of course not limited to Co/Pt
ML systems, but are generally valid for any IP to OOP tran-
sitional system. In Fig. S9 within the SM [49], two additional
examples are shown next to the field-reversal data of the
Co/Pt X = 11 ML system. Namely, a Fe/Gd ML system
{Pt(5 nm)/[Fe(0.35 nm)/Gd(0.50 nm)]80/Pt(5 nm)}[68–70]
and a single Co layer with a thickness of 29 nm
[Ta(1.5 nm)/Pt(20 nm)/Co(29 nm)/Pt(3 nm)] [47]. Addi-
tional Lorentz transmission electron microscopy images of the
Fe/Gd ML directly demonstrate the crossing of the domain
magnetization through the xy plane during the field reversal,
see Figs. S10 and S11 within the SM [49].

Besides sample composition, temperature, and thickness,
the external field history of the specific sample influences the
magnetization alignment, like magnetic stripe domain mor-
phology or bubble density at remanence. The advantage of
the tilted magnetization, which is present in the Co/Pt sample
with X = 11, is that it always exhibits parallel stripe domains
at remanence, the alignment of which can be readily tuned by
the field history, see Fig. S12 within the SM [49].
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In summary, by varying the total thickness (and tem-
perature), the Q < 1 ML stripe domain system, as here
demonstrated with a [Co(3.0 nm)/Pt(0.6 nm)]X system, can
be tuned in such a way that only one single point of irre-
versibility occurs during the field reversal, at a characteristic
kink field Hkink. Other well-known systems with a simi-
lar behavior and just one or two points of irreversibility
are the Stoner-Wohlfarth particles [71] or an IP magne-
tized vortex disk system, but both of them are usually
only stabilized in micro- or nanosystems. The tilted mag-
netization reversal process studied here, on the other hand,
occurs in extended macroscale samples as a collective and
simultaneous response to an external field. The system’s sim-
plicity, as well as the alignability of stripe domains with
large wall widths are the two most important results of this
study. Based on these findings, further investigations can
be performed, e.g., patterning the sample with disk-shaped
nanostructures to achieve a mixture of a radial domain struc-
ture with a closed IP flux. For specific applications, the system
can be adjusted and customized. As a possible application
example, the reconfigurability of stripe domains as demon-
strated here can be used in electrically contacted bar-shaped
nanostructures as the base for a neuromorphic reservoir

computing system [7,8], where the input signal is converted
into an external field vector to change the magnetic alignment
of the domains and domain walls within the bar structure. This
would influence the magnetoresistance between the different
electrical contacts and could be used as a trainable output
signal for reservoir computing.
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