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Nanostructured magnetic materials have gained great interest due to their possible technological applications in
electronic and spintronic devices or in medicine as drug carriers. The key issue which decides on their potential
industrial utilization is an exhibited type of a magnetization reversal process. Two main approaches used to
describe the switching mechanism are the domain wall motion and coherent magnetization rotation, known as
the Kondorsky and Stoner—Wohlfarth models, respectively. The reversal modes can be distinguished by angular
measurements of hysteresis loops; however, in many experimental reports the dependencies do not precisely
follow either of the models. This makes the question of how the magnetization reversal takes place and how to
control or modify it one of the unclear and worth investigation issues in the research on magnetic materials.
In this paper, we present our studies on the magnetization reversal in the exchange-biased CoO/[Co/Pd] thin
films deposited on a flat substrate and on an array of anodized titanium oxide nanostructures. We studied
the reversal mechanism using hysteresis loops and First-Order Reversal Curves. Interestingly, instead of the
typical for the flat Co/Pd multilayers Kondorsky process, the system shows a crossover between the domain
wall motion and the coherent rotation. A similar situation takes place for the pattern sample. Here, we connect

this unusual behavior with the interface exchange interaction responsible for the exchange bias effect.

1. Introduction

In our paper, we study the magnetization reversal process for an
exchange-biased multilayer system. Exchange bias effect is a phe-
nomenon driven by a unidirectional exchange anisotropy which ap-
pears at the interface between a ferromagnet and an antiferromag-
net [1]. The most prominent feature associated with the bias effect is
a shift of a hysteresis loop along the external field axis [2]. Due to this
asymmetry, materials exhibiting the effect can find their possible tech-
nological application in magnetic read heads [3], racetrack memory
devices [4], magnetic sensors, [5] or media for magnetic recording [6].
It was also shown that the exchange bias effect can be fully controlled
by the electric current and voltage [7] and applied in voltage-assisted
writing media [8]. The other field to facilitate exchange-biased systems
is biomedicine where they can be applied as biosensors [9] or as drug
carriers [10,11]. Exchange-biased systems are also one of the novel
media for fabrication of devices for neurostimulation and are promising
replacements for medical electrodes in therapeutic procedures [12]. It
was also suggested that the materials for spintronic devices based on
antiferromagnets and utilizing the exchange bias effect can be applied
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in artificial neural networks and used for neuromorphic computing [13,
14] or in thermoelectric devices based on the Nernst effect [15].

The research presented in the paper was done on the multilayer sys-
tem where CoO was used as the antiferromagnet and Co/Pd was the fer-
romagnetic part of the system. CoO is considered the model instance for
investigations of the exchange bias effect [16-18] while the Co/Pd and
Co/Pt multilayers are well-known for their large perpendicular mag-
netic anisotropy [19,20]. Apart from technical utilization in magnetic
storage devices, the multilayers are currently studied in the context
of ultrafast spin transfer [21], the presence of the Dzyaloshinskii—
Moriya interaction [22], and as a candidate for all-optical switching
devices [23]. In our work, the CoO/[Co/Pd] system was deposited
on a flat Si single crystal as well as on a nanopatterned anodized
titanium substrate. Due to a variety of possible shapes and sizes of such
materials, which are dependent on the fabrication procedure, anodized
metallic templates were introduced as a route to percolated perpendic-
ular recording media [24-27]. Anodized titanium oxide is also a p- or
n-type semiconductor, depending on Ti and O vacancies concentration,
with an energy gap of approximately 3 eV [28]. The vacancies can
be also responsible for weak ferromagnetic properties of TiO, [29].

Received 23 January 2024; Received in revised form 9 May 2024; Accepted 22 June 2024

Available online 26 June 2024

1359-6454/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://www.elsevier.com/locate/actamat
https://www.elsevier.com/locate/actamat
mailto:marcin.perzanowski@ifj.edu.pl
https://doi.org/10.1016/j.actamat.2024.120129
https://doi.org/10.1016/j.actamat.2024.120129
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2024.120129&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A\ MOST

M. Perzanowski et al.

These aspects make titanium oxide substrates a valuable platform for
investigations of magnetically controlled ferromagnet-semiconductor
junctions [30,31], photovoltaics and photocatalysis [32-34], devices
utilizing magnetotransport effects [35], and exchange-biased materi-
als [36]. Such diversity of possible applications of titanium oxide makes
its combination with exchange-biased materials an interesting platform
for future experiments and the development of spintronic or catalytic
devices.

The key feature to develop high-performance magnetic systems
is deeper understanding of the mechanism behind the magnetization
reversal process in these materials. Despite the practical importance
of the exchange-biased systems, research on the influence of the in-
terfacial exchange interactions between ferromagnetic and antiferro-
magnetic layers on the switching processes still has plenty of aspects
to explore. The goal of our work is to investigate and characterize an
interplay between the exchange bias effect and perpendicular magnetic
anisotropy, and an impact of a nanopatterning process. To have a broad
context for our research, we performed the experiments on the model
[Co/Pd] multilayer magnetically coupled to a well-known CoO antifer-
romagnet. The focus is aimed at the modifications of the magnetization
reversal mechanisms induced by the exchange interactions between the
components of the system.

The magnetization reversal mechanism is a term which relates to
the way how magnetic moments divert their orientation upon external
stimuli e.g. magnetic field. Two basic reversal mechanisms are the
Kondorsky [37] and Stoner-Wohlfarth [38] models. In the Kondorsky
process, the reversal takes place by the nucleation of magnetic domains
with magnetization orientation pointing in the opposite direction than
the rest of the material. The nucleation of domains is followed by a sub-
sequent movement of their domain wall across the specimen leading to
the reorientation of the overall magnetization direction. The Stoner—
Wohlfarth mechanism concerns uniformly magnetized particles which
rotate their magnetization orientation under the external magnetic field
in a coherent manner. Besides these two essential reversal types there
are also more complex modes like fanning, curling, or buckling [39—
41]. One of the most common yet powerful experimental techniques
to study this magnetic behavior is a hysteresis loop measurement.
Although a single loop cannot explicitly indicate the type of the reversal
process, the identification can be carried out using a series of hysteresis
measurements conducted with the external magnetic field applied at
various polar angles © from the easy axis of magnetization. The domain
wall motion is distinguished by a constant increase of coercivity as
the orientation of the applied field diverges from the easy axis. In the
most common case of the domain wall motion process observed for
thin magnetic films, the angular evolution should follow the Kondorsky
relation 1/cos ©. However, experimental data often deviate from such
simple relations making the correlation between the angular coercivity
dependence and the reversal mechanism present in a magnetic system
a debated and unclear issue [42,43]. Interestingly, instead of a typical
for flat Co/Pd and Co/Pd multilayers Kondorsky-type coercivity depen-
dence, our CoO/[Co/Pd] system shows a different behavior. An initial
angular rise of coercivity associated with the domain wall movement is
followed by its decrease as the orientation of the external magnetic field
moves closer to the hard magnetization axis. The latter process can be
linked to the coherent rotation of the magnetization described by the
Stoner—Wohlfarth model. a crossover between the reversal mechanism
driven by the domain wall motion and the coherent rotation of the
magnetization. Similar angular dependency with a clear maximum
at ® ~ 70° was also obtained for the nanostructured CoO/[Co/Pd]
sample. To gain a deeper insight into the crossover between the two
reversal mechanisms, the angle-dependent hysteresis measurements are
complemented by First Order Reversal Curve (FORC) investigations. To
confirm the two-stage process, the FORCs were measured for © = 0°
where the presence of only domain wall motion mechanism was ex-
pected, and at ©=70° where the wall movement starts to be overlapped
by the coherent rotation. In the paper, we discuss the influence of the
exchange interaction on the appearance of such a double-component
magnetization reversal mechanism.
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2. Experimental

The samples were prepared on flat and patterned substrates by
thermal evaporation in ultra-high vacuum chamber under the pressure
of 1077 Pa at room temperature. On the bottom of the system, the
2 nm thick Pd buffer layer was deposited as a buffer layer to separate
the magnetic multilayer from the substrate. Next, a Co layer with
a thickness of 1 nm was evaporated at the rate of 0.5 nm/min. This
layer was further oxidized for 10 min in the pure oxygen atmosphere
at the pressure of 3x 10? Pa to obtain an antiferromagnetic cobalt oxide
layer. Then, seven repetitions of the Co(0.3 nm)/Pd(0.9 nm) bilayer
were deposited as a ferromagnetic part of the composite. To prevent
the system from further oxidation the multilayer was covered with
2 nm of Pd. The deposition rates for Co and Pd were 0.3 nm/min and
0.5 nm/min, respectively. The Pd/CoO/[Co/Pd],/Pd multilayer was
deposited simultaneously on two types of substrates — a flat Si(100)
single crystal and on a polycrystalline patterned anodized titanium.

The patterned substrate was prepared as follows. First, a titanium
foil (thickness of 0.25 mm, purity 99.7%) was chemically polished us-
ing a mixture of hydrofluoric acid (HF, 50%), nitric acid (HNO, 65%),
and deionized water with a ratio of 6:20:74 in volume. The polishing
procedure was carried out for 3 min at room temperature. After that,
the material was dried in a stream of air. Next, the first anodization was
performed in the electrolyte composed of ammonium fluoride (NH,4F,
0,3 wt.%), deionized water (1.0 vol.%) and ethylene glycol for 24 h
using a voltage of 30 V. To obtain well-ordered nanostructures, the
anodized part of the Ti foil was then removed in an ultrasonic bath and
the substrate was subjected to the second 24 h long anodization using
the same electrolyte and voltage. The patterning process was finished
by removing the anodized TiO, volume of the foil in the ultrasonic bath
once again. This resulted in the fabrication of the patterned Ti with
bowl-shaped nanostructures.

The analysis of the layered structure of the system was done for the
flat multilayer by means of X-ray reflectivity technique (XRR), using
PANalytical X’Pert Pro diffractometer equipped with X-ray lamp with
Cu anode operated at 40 kV and 30 mA. Morphology investigations of
the patterned system were performed using scanning electron micro-
scope (SEM) FEI Versa 3D with acceleration voltage of 10 kV in the
secondary electron mode.

Magnetic measurements were carried out using Quantum Design
MPMS XL SQUID magnetometer. Prior to each hysteresis measurement,
the sample was demagnetized at 300 K. Then, to induce the exchange
bias effect, +50 kOe magnetic field was applied and the system was
cooled down to 10 K with a sweep rate of 3 K/min in the presence
of the external field. The hysteresis measurements were carried out at
a constant temperature of 10 K in the external magnetic field range
+50 kOe. Similarly, First-Order Reversal Curves (FORC) were investi-
gated at 10 K after field cooling from 300 K in the +50 kOe external
field. However, in this case, before starting the measurement the field
was switched between +50 kOe and —50 kOe fifteen times to exclude
the influence of the training effect associated with the exchange bias
effect [44,45]. The FORC investigations were performed as follows —
first, the external field was set to +10 kOe to fully saturate the magnetic
system. Then, the field was changed to the reversal field H, and the
measurement of the magnetization M as a function of the external
field H was started. After reaching initial +10 kOe the measurement
was stopped, the external field was changed to the succeeding reversal
field, different than the previous one, and next magnetization curve
was recorded. The instrumental increment of H and H, fields was set
to 100 Oe. The hysteresis and FORC measurements were carried out
for various polar angles © between the external field direction and the
normal to the surface of a system. The direction perpendicular to the
surface was set to 0° as the reference orientation.
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Fig. 1. (a) XRR measurement and the numerical fit for the flat Si(100)/CoO/[Co/Pd] system. (b) SEM image of the CoO/[Co/Pd] system deposited on the patterned Ti substrate.
The picture was taken with the electron beam aimed at 45° to the surface normal for better exposure of the nanostructures. Black regions are bowls created by the anodization
process. Red and green lines mark different orientations of the patterned hexagonal structures. The blue line indicates the boundary between two structural domains. (c) Distribution
of the distances between centers of the nanostructures. The solid line is the log-normal fit. (d) Magnified SEM image of the patterned CoO/[Co/Pd] system. The blue hexagon
marks the ridges around a bowl. The inset shows a single bowl-shaped structure. The image was taken with the electron beam aimed at 45° to the surface. (e) Representative
cross-section across the nanostructures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion

The XRR measurement for the flat Pd/CoO/[Co/Pd],/Pd sample
deposited on the Si(100) substrate (Fig. 1a) confirmed desirable thick-
nesses of the Co and Pd layers in the [Co/Pd]; stack and the thicknesses
of the buffer and capping Pd layers. The Co layer, which was subjected
to the oxidation, had a thickness of 2.5 nm and density of 6.3 g/cm3.
The thickness swallow of this layer is an expected behavior since
the oxygen atoms are being incorporated in the Co layer [46,47].
The density of the layer is close to the bulk value of CoO equal to
6.4 g/cm? which suggests that this type of cobalt oxide was formed as
a result of the oxidation procedure. Therefore, it can be expected that
the oxide layer has appropriate antiferromagnetic properties for being
magnetically coupled to the ferromagnetic [Co/Pd] stack and to give
rise to the exchange bias effect. As both flat and patterned samples were
produced in one deposition process with the same growth conditions,
the system on the anodized titanium is expected to have an analogous
composition to the flat one.

The topography of the CoO/[Co/Pd] system on the patterned Ti was
investigated in various places on the sample confirming that the whole
surface was uniformly covered with nanostructures and the represen-
tative SEM image is shown in Fig. 1b. The anodization process led to
the creation of the pattern of hexagonally arranged bowls fabricated
in the initial Ti foil. The patterned area is divided into regions within
which the hexagonal order of bowls remains unchanged but the overall
orientation of a single structural domain is rotated with respect to the
neighboring ones. This kind of arrangement is shown in Fig. 1b where
the red and green hexagons mark the orientations of the structural
domains and the blue line separates two structural regions. The distri-
bution of the distances D between neighboring centers of bowls follows
a log-normal function with maximum for 118 nm, as presented in
Fig. 1c. Fig. 1d presents a magnified image of the pattern taken within
a single structural domain. The picture in the inset was taken with
the electron beam aimed at 45° from the surface and shows a single
bowl-shaped structure. The bowls are separated from each other by
distinct ridges indicated in the picture by the blue hexagon. The ridges
are clearly visible in the cross-section taken along nanostructures and
presented in Fig. le. The vertical distance between a ridge and a bottom

of a bowl cannot be precisely determined from SEM images. However,
taking into account the shape of the structures observed in the pictures
obtained with angled electron beam we can expect that the depth of
the bowls is comparable with their radius of approximately 120 nm.

The magnetization reversal mechanism for the CoO/[Co/Pd] mul-
tilayers deposited on the flat Si and patterned Ti was studied using
a series of hysteresis loops measured at 10 K after cooling in the
external magnetic field of +50 kOe. The measurements were carried out
for different polar angles © between the external field direction and the
normal to the surface of a system, and the direction perpendicular to
the surface is set to 0°. The orientation of the sample with respect to the
external field remained unchanged during the cooling procedure and
the following hysteresis or FORC measurement. Before a subsequent
measurement for another angle 0, a sample was heated up to the room
temperature and remounted to a new orientation. Exemplary hysteresis
loops for both systems are shown in Fig. 2a while corresponding
dM/dH switching field distributions, calculated from the loops, are
presented in Fig. 2b.

The flat CoO/[Co/Pd] system is single-phase which is reflected in
the dM/dH curves by the presence of one symmetrical maximum
for each upper and lower magnetization branch. The hysteresis loop
measured at © = 0° has a rectangular shape with narrow dM/dH dis-
tributions which implies an abrupt magnetization reversal process. The
magnetic remanence of the loop at @ = 0° is 0.95 of the saturation mag-
netization and decreases gradually as the © angle increases. At the same
time, as the angle becomes larger the dM /dH distributions are broader.
This indicates that the direction perpendicular to the surface is the
easy axis of magnetization which is due to the presence of the Co/Pd
multilayer component with strong out of plane magnetic anisotropy.
The orientation of the easy axis of magnetization is set as the reference
direction © =0° for further angle-dependent measurements as this di-
rection is referred in the models used for describing the magnetization
reversal mechanisms (Kondorsky and Stoner—-Wobhlfarth).

The values of the coercive field H, for each polar angle © were cal-
culated as |H} — H_|/2 where H} and H are dM/dH switching field
maxima positions for the upper and lower magnetization branches of
a particular hysteresis loop. The angular dependency of H_ for the flat
system is displayed in Fig. 2c¢ (upper panel), the data were normalized
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Fig. 2. (a) Exemplary hysteresis loops measured for the CoO/[Co/Pd] system deposited on the flat Si (upper row) and patterned Ti (lower row) substrates. The measurements
were done at 10 K after field cooling in +50 kOe for various polar angles © between the external field direction and normal to the sample surface. For clarity, the loops are
shown only in the +10 kOe range. The cartoons above the loops schematically show the polar angle ©. (b) Switching field distributions dM/dH calculated from the hysteresis
loops. Experimental data (points) were fitted with Gaussian functions (solid lines). Color areas represent the signals coming from the biased phase. The arrows mark the maxima
of the distributions. Gray areas with corresponding arrows indicate the second non-biased magnetic phase observed for the system on the patterned Ti. (c) Angular dependencies

of the coercivity field H, (left scale) and the bias field H,,

(right scale) for the systems deposited on flat Si and patterned Ti. The data sets were normalized to the values of

coercivity H,, and the bias field H,,, obtained for ©® = 0° (the reference level 1 is marked in the figure with horizontal dashed lines). Green and blue dashed lines correspond to
the Kondorsky (K) relation for the domain wall motion and the Stoner-Wohlfarth (SW) model for the coherent magnetization rotation, respectively. Gray solid lines represent the
2-Phase reversal model (2P). The ranges of the angle © where the domain wall motion or coherent rotation mechanisms are dominant are marked with orange and blue areas,
respectively. Error bars for the H, and H,, in (c) were calculated using propagation of uncertainty from numerical errors of the fits and taking into account the instrumental step
in the vicinity of the dM/dH maximum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

to the value H, = 2.4 kOe obtained for ©® = 0°. In the angle-dependent
measurement, coercivity increases gradually to reach its maximum at
70° after which it decreases to a value smaller than for & = 0°. The
shape of the first part of the dependency is similar to the Kondorsky
relation where coercivity is proportional to 1/cos(©) [37] (green dashed
line marked as K in Fig. 2c) while the other, above 70°, is analogous to
the Stoner—-Wohlfarth model (SW, blue dashed line) [38]. Such a result
suggests that for low angles © the magnetization reversal process is
mostly driven by the domain wall motion, and changes to the coherent
rotation mode as the direction of the external magnetic field approaches
the direction parallel to the film plane. What is worth noting, is that
for each loop the magnetization branches are symmetrical in regard to
the exchange bias field and reversing the field sweep direction. This
suggests that the same magnetization reversal mechanism takes place
along the upper and lower magnetization branches.

The initial increase of H (0) followed by its steep decline above
70° can be also described using the two-phase model, developed for
multidomain crystals [48-50]. In this model, decreasing the external
magnetic field below the nucleation field causes the domain walls to
appear and move freely in the material. From this point, the system
can be considered two-phase. At the same time, the external field also
rotates the magnetic moments inside the domains. When the external
field approaches negative saturation, the magnetic domains within the
material consolidate and the system can be treated as single-phase.
This model combines two reversal branches — coherent rotation of
magnetization vectors taking place when a system is in the single-phase
state, and the domain wall motion following Néel’s phase theory [51].
Mathematically, the model is expressed as

H?P —ope (Ny + Ny)cos O
H(0) N, sin” @ + (N, + Ny)cos? ©

where N, and N,(=N,) are demagnetizing factors associated with the
shape anisotropy and Ny = H,/M, is the effective demagnetization

(€Y

factor related to the magnetocrystalline anisotropy present in a system.
Here, H, and M, denote the anisotropy field and saturation magnetiza-
tion, respectively. It is worth noting that the N, and N, are the factors
for the direction corresponding to the easy axis of magnetization which,
in our case, is perpendicular to the sample surface. Since in the limit
of N, =0 Eq. (1) transforms into typical Kondorsky relation « 1/ cos 0,
the presence of a clear maximum in the H (0) data indicates that the
out-of-plane demagnetization factors are sufficiently large to affect the
magnetization reversal mechanism. The two-phase model, applied to
the data obtained for the flat CoO/[Co/Pd] multilayer, is shown in
Fig. 2c¢ (gray solid line marked as 2P). Usually, in flat thin films and
multilayers, the magnetization switching preferably takes place only
by the domain wall motion resulting in the increase of coercivity with
angle 0. Such behavior was shown for Co/Pd and Co/Pt films [24—
26,52] as well as for L1, FePd and FePt [53,54], CoCrPt [55], or
Co-Tb alloys [56]. Both of the approaches — the crossover between the
Kondorsky and Stoner—Wohlfarth relations and the two-phase model —
reproduce the H.(0) angular results and provide a qualitative picture
for describing the magnetization reversal mechanism present in our
system.

The hysteresis loops are shifted from zero position towards negative
field values which is a sign that the exchange bias effect is present in the
samples. The appearance of this shift proves that the oxidized layer of
CoO is an antiferromagnet which is exchange coupled to the ferromag-
netic Co/Pd multilayer. The exchange bias field H,, was calculated as
|H + H_ |/2 using the upper and lower branch dM /dH switching field
maxima positions and its angular dependence for the flat film is shown
in Fig. 2¢ (upper panel). The H,, field rises gradually as the direction of
the external field deviates from the easy axis of magnetization, reaches
a maximum for 70° and then decreases. It is observed that the shape
of the H,(0) and H (O) dependencies is qualitatively similar. The
ferromagnet-antiferromagnet exchange coupling effectiveness can be
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expressed as the H,, /H_ ratio [57]. In this context, a synchronic growth
and decline of both H, and H,, suggests that the coupling strength does
not change significantly with the angle at which the external magnetic
field is applied during the measurement.

Hysteresis loop measurements with the external magnetic field ap-
plied at various polar angles © were also performed for the CoO/[Co/
Pd] system deposited on the patterned anodized titanium substrate,
and the results are depicted in Fig. 2a (lower panel). A distinctive
kink observed in the loops, especially pronounced for low © angles
suggests the presence of two magnetic phases in the patterned system.
The appearance of a second magnetic phase is confirmed in the cor-
responding dM /dH switching field distributions as a set of additional
pair of signals (gray areas in Fig. 2b) as compared with the dM/dH
distributions for the flat sample. The inner pairs of maxima (marked
with gray arrows) display coercivity ranging from several Oe observed
for ©=0° up to approximately 1 kOe for 90°. Additionally, these max-
ima show no horizontal loop shift associated with the presence of the
exchange bias effect. The appearance of this soft unbiased phase is due
to the anodization of the TiO substrate surface which caused increased
disorder in the system. Part of the oxidized cobalt did not form the
antiferromagnetic oxide and, therefore, did not establish a basis for the
magnetic exchange coupling with the ferromagnetic part of the system.
Additionally, the jaggedness of the substrate caused the intermixing of
Co and Pd atoms and led to softening magnetic properties observed
in the initial [Co/Pd] multilayer. A similar effect of altering magnetic
properties on the edges of structures upon patterning resulting in the
creation of a soft magnetic phase was previously reported in other
works [18,36,58-60]. Likewise the loops for the multilayer on the flat
Si, the loops recorded for the patterned system are symmetrical around
the exchange bias field indicating that a similar switching process takes
place for both upper and lower magnetization branches.

The outer high-field pairs of dM /d H maxima (color areas in Fig. 2b,
lower panel) observed for each hysteresis loop have larger coercivity
than the soft component. Despite the presence of the magnetically soft
part of the system originating from the patterning procedure, the hard
component shows the coercive and exchange bias fields analogous to
those observed for the flat layer. This similarity leads to the conclusion
that in both cases of the flat and patterned systems, the same exchange
coupling mechanism between CoO and [Co/Pd] is responsible for its
appearance. A noticeable difference between hysteresis loops for the
flat and patterned systems, especially prominent for low © angles,
is the broadening of the dM/dH distributions for the system on the
anodized Ti. This is due to the curved shape of the substrate which
caused larger spatial dispersion of the orientation of the easy axis
of magnetization. The angle dependencies of the coercive and bias
fields for the pattern sample (Fig. 2c, lower panel) have similar shapes
to those observed for the flat system. Therefore, the magnetization
reversal can be interpreted as the crossover between domain wall
motion observed for low © angles and coherent magnetization rotation
above © = 70°, or, in terms of the two-phase model, by considering
a simultaneous existence of both of these mechanisms. However, in
comparison the flat film, a significant decrease in the relative peak
height H*(@ =70°)/H (0 = 0°) is observed for the pattern sample.
This reduction from 2.9 to 1.4 can be associated with the substrate
patterning which made the distribution of the orientation of the easy
axis broader, as it is observed in increased dM /dH widths, resulting in
the more isotropic magnetic behavior of the system.

Although the simultaneous existence of the domain wall motion and
coherent magnetization rotation during the magnetization reversal of
a flat thin film is intriguing by itself, the preservation of this behavior
for the system deposited on a patterned substrate makes our results
even more uncommon. Interestingly, Rahman et al. [25] and Piraux
et al. [26] studied Co/Pt films deposited on anodized alumina oxide
in the form of holes or bumps and did not report the coercivity angle
dependence with the shape observed in our studies. In those cases,
the transformation from the initial Kondorsky’s domain wall motion
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model for a flat film to a situation comparable to the Stoner-Wohlfarth
coherent rotation in the case of a patterned system was ascribed to
the variations of the anisotropy axis orientation. Likewise, Brombacher
et al. [55] observed a similar effect for granular CoCrPt-SiO, films
deposited onto SiO, nanoparticles with different sizes. These effects
is also present in our results as we discussed the broadening of the
dM/dH distributions and decline of the H*/H, ratio for the pat-
terned sample, however, they have a minor influence on the reversal
mechanism.

Factor which differs our results from the above-mentioned research
concerning magnetization reversal in flat and patterned systems is
the presence of the interface exchange interaction between the an-
tiferromagnetic CoO and ferromagnetic [Co/Pd], responsible for the
exchange bias effect and the hysteresis loop shift. The appearance
of the bias effect is associated to the presence of grains within the
antiferromagnet which form domains, as it was postulated in the model
formulated by Nowak et al. [61] These domains are created during
cooling the antiferromagnet through Néel and blocking temperatures
and their appearance is due to structural defects inside a polycrys-
talline layer [61,62]. An incremental evolution of the domain walls
in exchange-coupled ferromagnet/antiferromagnet bilayers was inves-
tigated by C. L. Chien et al. [63]. It was shown using magneto-optical
indicator film technique that during the magnetization reversal process,
domain walls within the ferromagnetic layer relocate, while the do-
mains in the antiferromagnet are motionless. It was also reported that
for the case of the FM-AFM interfacial exchange coupling interaction
that the domain structure of the antiferromagnet imposes splitting
neighboring ferromagnet into domains which are smaller than those
which would appear in a purely ferromagnetic system [64]. Addition-
ally, M. Merkel et al. [65,66] investigated antiferromagnetic thin films
using Atomic Force Microscopy combined with MOKE magnetometry.
They reported on the time-dependent magnetic anisotropies and mag-
netically effective antiferromagnetic grain size distributions as the key
factors influencing the exchange bias effect.

According to these findings, the magnetization reversal process
present in our flat system may take place in the following manner.
A schematic picture of the reversal mechanism taking place for the
angle O from 0° to 70° is shown in Fig. 3a. Initially, as the external mag-
netic field starts to be lower than the saturation field, the nucleation
process is initiated. Then, driven by the changes of the external field,
the movement of the domain walls develops in accordance with the
Kondorsky reversal model. This process is responsible for the increase
of the H (0©)/H, ratio observed in our results. Above ©=70° (Fig. 3b)
the coherent magnetization rotation mechanism starts to overshadow
the domain wall motion. The domain structure of the antiferromagnet
constricts the size of the ferromagnetic domains and prevents further
domain wall movement. In this way, the completion of the reversal
process as the external field reaches saturation magnetization takes
place by the rotation of the magnetization within now static ferro-
magnetic domains which causes the decrease of the H (0)/H, ratio
above 70°. It is also worth pointing out that O’Grady et al. [67]
suggested the reversal mechanism of unstable antiferromagnetic grains
is similar to Stoner-Wohlfarth coherent magnetization rotation. This
may be another factor contributing to the switching mechanism ob-
served in our systems and be partially responsible for the transition
from domain wall motion to coherent rotation. The preservation of
the H.(©)/H,, curve shape for the pattern sample suggests that the
reversal mechanism present is this system is similar to the hypothesized
for the flat multilayer. The influence of the structurization procedure is
observed predominantly as dispersion of the easy axis orientation but
it does not qualitatively affect the magnetization reversal mechanism.

To acquire a broader overview on the magnetization reversal in our
systems, we performed a series of First-Order Reversal Curve (FORC)
measurements. The experiments were carried out at 10 K after field
cooling the sample under the external field of +50 kOe, large enough to
magnetically saturate the material. The measurements were performed
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Fig. 3. Schematic depiction of the proposed magnetization reversal mechanisms for the CoO/[Co/Pd] system. (a) Reversal dominated by the domain wall motion for the polar angle
© from 0° to 70° and (b) for ©>70° where the coherent rotation starts to play an important role in magnetization switching. F and AF denote ferromagnetic and antiferromagnetic

components of the system, respectively.

with the external field applied at 0° (out of plane geometry), and
at 70° to investigate the reversal mechanism when the H.(©)/H,
ratio reaches its maximum value. The families of magnetization curves,
dependent on the external field H and the reversal field H,, obtained
for the flat and patterned CoO/[Co/Pd] systems are presented in Fig. 4
(first column). The M(H, H,) curves were recalculated into FORC
distributions p(H, H,) using second-order mixed derivative [68]
1 &M

P Ho) = =5 S HoH,

and the results are shown in the middle column of Fig. 4. In such
representation, any nonzero signal is associated with an irreversible
magnetization switching, eliminating reversible components for p =0.
The FORC distribution is also given in the A -h, coordination system
(Fig. 4, right column) defined by

H-H, H + H,
cT T2 0 T,

In this case, i, describes the local coercive field of each hysteron, while
h, is the local interaction field which moves the hysteron’s center from
its zero position [69].

The hysteresis loop for the flat CoO/[Co/Pd] multilayer measured
for © = 0° shows the steep transition between positive and negative
magnetization which is mirrored in the narrow dM/dH distributions
(see Fig. 2). This result is typical for a multilayer with strong out
of plane magnetic anisotropy and indicates an abrupt magnetization
switching. In the FORC results (Fig. 4a—c), this process is reflected by
the pair of signals centered around H and H, fields corresponding
to lower and upper switching field maxima H; and H; observed in
the hysteresis loops. The presence of the positive-negative pair can be
associated with the magnetization reversal taking place by the nucle-
ation of reversed magnetic domains followed by the subsequent domain
wall motion and their final annihilation. Both of the FORC features
are narrow indicating a rapid switching process which is consistent
with the observations from the hysteresis loop measurement. In the A,
domain, the positive-negative pair is centered around —2.4 kOe which
corresponds to the switching field maximum for the lower hysteresis
branch H. The center of the negative FORC signal is shifted by
—0.2 kOe along the h, axis (blue arrow in Fig. 4c) which indicates
the presence of the exchange interaction in the system. The value stays
in agreement with the exchange bias field found in the corresponding
hysteresis loop.

The FORC results obtained for the flat sample with the external field
applied at 70° (Fig. 4d—f) are more complex than in the out of plane
case. The irreversible magnetization switching process (p(H, H,) # 0)
starts for the external field H of approximately —0.4 kOe and the
reversal field H, of 6 kOe, and ends after H and H, reach —5.5 kOe
and 3.6 kOe, respectively. Within this relatively large range, two re-
markable regions can be distinguished — the low-field spot for H €
(—0.4 kOe; —1.8 kOe) and H, € (3.6 kOe; 5.3 kOe) (marked as (1)
in Fig. 4d—f), and the high-field spot for H € (-3 kOe;—5.5 kOe)

@

h 3

and H, € (3.6 kOe; 6 kOe) (spot (2) in Fig. 4d-f). Both regions are
interconnected by the negative horizontal ridge centered around the
reversal field H, equal to the positive switching field H}. The high-
field spot can be associated with the irreversible magnetization reversal
taking place in the vicinity of the switching field maximum H_. It is
worth pointing out that the low-field region has no direct counterpart
in any evident feature observed in the M(H) or dM/dH curves. The
contrast of the positive-negative signal is stronger for the high-field
spot than for the low-field region which suggests that the reversal
mainly takes place near the H .. The presence of two separated stages
of reversal for @®=70° is in agreement with the angular measurements
showing the crossover between the domain wall motion and coherent
rotation processes appearing around this angle. These two-stage process
is also reflected in the h.-h, coordination system where the low-field
component is observed for h, of approximately 2.5 kOe and A, of
1.5 kOe and the high-field element for s, and h, around 4.5 kOe and 0,
respectively. The p minimum in the FORC signal near the coercive field
is shifted towards lower A, value than in the previous case (Fig. 4c
and f) which is compatible with the increase of the bias field and
coercivity in the angular measurements (see Fig. 2).

A similar result, where the dM/dH distribution obtained from
a hysteresis loop branch has only one maximum while the FORC mea-
surement shows two reversal components, were reported by Miyazawa
et al. [70]. The authors associated the low-field FORC spot with the
reversal of a multidomain structure while the appearance of the high-
field region was assigned to the switching of single-domain objects.
Complementary studies were presented by Roberts et al. [71] and Xu
et al. [72] where the subject of the multidomain and (pseudo)single-
domain influence on FORC distributions was discussed. Following this
line of reasoning, the low-field spot in our results may be assigned to
the domain wall motion mechanism observed in the angle-dependent
results (Fig. 2) originating from the multidomain structure of the
ferromagnet. Accordingly, the high-field signal can be correlated with
(pseudo)single domain ferromagnetic objects which reverse their mag-
netization by the coherent rotation. Their presence in the system may
be caused by a split of the ferromagnetic layer into small domains
whose size is extorted by the domain structure of the antiferromagnet.
In the course of the magnetization reversal process, some ferromag-
netic parts of the system remained unswitched due to their strong
exchange coupling to the antiferromagnet. When the external field
become sufficiently high, they coherently reversed their magnetization
giving a characteristic fingerprint in the angular H. measurements and
providing additional FORC signal.

The FORC result obtained for the patterned system at angle © =
0° (Fig. 4g-i) is qualitatively similar to that measured for the flat
multilayer. A single irreversible spot contains a positive-negative signal
centered around the external field equal to the negative switching field
H_. This suggests that the magnetization reversal mechanism for the
external field applied in the out of plane direction is analogous in both
cases of the flat and patterned systems. In comparison to the p(H, H,)
distribution for the flat sample (Fig. 4b and h), for the patterned system
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Fig. 4. FORC measurements for the CoO/[Co/Pd] system deposited on the flat Si (upper two rows) and patterned Ti (lower two rows) substrates obtained with the external
magnetic field applied at angle ©=0° and 70°. The first column presents the families of FORC curves within the hysteresis loops measured before the FORC studies. The p(H, H,)
distributions are given in the second column while the third column shows the p distributions in the A -h, coordination system. Dotted red lines mark the positions of the upper H}
and lower H_ switching field maxima obtained from the hysteresis loops. Color ovals mark corresponding regions with irreversible magnetization switching. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

the positive and negative signals are distinctly spread apart along the
vertical H, axis. The negative spot is located right below the H, = H}
line, similar to the flat sample, while the positive signal appears for
larger H, values. This signifies that the creation of reversed domains
takes place at an earlier stage of reversal. The effect is complementary
to the broader dM/dH switching field distributions observed in this
system and is related to the dispersion of the easy axis orientation
arising from the patterning procedure. The negative signal in the A -
h, coordination system (Fig. 4i) is shifted below h, = 0 line for
approximately the same amount as the signal for the flat sample. This
stays in agreement with the angular H, measurements and the FORC
measurements described yet. It is also worth noting that the central
signal in the hysteresis loop (H close to zero, gray arrow in Fig. 4g),
observed as the inner maxima in the dM /dH distribution (see Fig. 2b),
does not give an irreversible signal in the FORC (arrow in Fig. 4h).
The lack of this feature in the FORC measurement may be due to the
instrumental step in the H and H, fields during the measurement which
is too large to mirror the properties of the weak ferromagnetic material
in the p distribution.

In the FORC measured for the patterned system at the angle 70°
(Fig. 4j-1) the signal coming from the soft phase (marked as S in the
figure) is visible as the pair of minimum and maximum of p in the
H-H, coordination system (Fig. 4k). Its explicit appearance is related
to the apparent ferromagnetic behavior revealed by the soft phase
and observed as the coercive field in the hysteresis loop (see Fig. 2).
This signal is mirrored in the h.-h, plot (Fig. 41) as the positive—
negative pair centered around the h, = 0 line. The vertical shift of
this pair with respect to the 2, =0 level suggests that there is a local
interaction field which causes the move of hysterons center from the
reference zero position. However, due to the lack of the horizontal
hysteresis loop shift observed in the measurements (Fig. 2) this effect
cannot be directly associated with the presence of the exchange bias
effect within the soft phase. The FORC signal recorded for the hard
exchange-biased phase (marked as H in the figure) is less pronounced
and blurred than its counterpart measured at 70° for the flat system
which can be associated with nanostructurization of the system which
causes broadening the distribution of orientation of the easy axis of
magnetization. While the maximum of p is in a form of a plateau, there
are two separated FORC minima (red crosses in Fig. 4j-1) observed
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for nearly the same H, value, but separated along the H axis. Such
situation is similar to the flat system measured at 70° and suggest the
presence of two magnetization components responsible for the two-step
magnetization reversal process. As previously, the low-field signal can
be associated with the domain wall motion component of the reversal
while the high-field spot is linked to coherent rotation of (pseudo)single
domain ferromagnetic objects. The vertical shift of the p minimum of
the high-field spot in the A-h, coordination system (Fig. 41) is difficult
to determine due to blurring of the signal. However, it is located below
the h, =0 line which agrees with the previous results and indicates the
presence of the ferromagnet-antiferromagnet exchange interaction in
the system.

The angle-dependent hysteresis and FORC results are qualitatively
comparable and show the presence of the two-step magnetization re-
versal mechanism which suggests that the process in both flat and
patterned exchange-biased CoO/[Co/Pd] multilayers is similar. When
the external magnetic field is applied along the easy axis of magneti-
zation the system switches its magnetization through the domain wall
motion. For increasing deviation of the external field direction from the
easy axis, the influence of the coherent magnetization rotation becomes
progressively compelling up to 70° where it starts to dominate over the
wall motion. Interestingly, the patterning procedure resulting in the
creation of periodically arranged bowl-shape nanostructures does not
change the switching process significantly as it was observed for thin
films without the exchange bias effect. Additionally, it is observed that
the patterned system consists of two magnetic phases — the biased hard
phase, and the softer component without the exchange bias effect. The
presence of the second phase was observed in the hysteresis loops as
well as in the FORC result. However, despite its appearance the angular
dependencies of H, and H,, and the FORC distributions for the hard
phase are similar for the flat and patterned systems. This indicates the
influence of the soft phase on the reversal of the biased component
is minor or negligible. As it was indicated in other works, domains in
the antiferromagnet are motionless while the ferromagnet switches its
magnetization orientation. In our case, the orientation of the domains
within the CoO layer was extorted by the external field during the
cooling procedure. The exchange interaction of these frozen domains
with the ferromagnetic part of the systems determined the way in which
the magnetization reversal took place. This points to the exchange
bias effect as the main driving force dominating the reversal and
overshadowing other factors such as the influence of the nanopatterned
surface or the presence of the second non-biased magnetic phase in the
system.

4. Conclusions

In this paper, we studied the magnetization reversal mechanism
of the exchange-biased CoO/[Co/Pd] multilayer with the out of plane
magnetic anisotropy deposited on the flat and patterned substrates.
The research was conducted using angle-dependent hysteresis loop
measurements and first order reversal curve technique. Typically, for
flat ferromagnetic thin films, including Co/Pd and Co/Pt systems, the
reversal takes place through the domain wall motion while the co-
herent magnetization rotation process is more common for assemblies
of nanoparticles. The most important factor that distinguishes our
research is the presence of the magnetic exchange interaction between
the ferromagnetic Co/Pd and antiferromagnetic CoO leading to the
appearance of the exchange bias effect. This also led to an alteration
of the magnetization reversal and caused the mechanism to be the
crossover between the domain wall motion and the coherent rotation
which was observed in the angle-dependent hysteresis measurements
as the gradual increase of coercivity followed by its steep decline. The
existence of the two-stage process was also confirmed by the First-Order
Reversal Curve studies where we observed a single reversal region with
the external field applied out of plane and two separated reversal pro-
cesses when the field was directed at 70° from the normal to the surface.

Acta Materialia 276 (2024) 120129

Such magnetic behavior may be assigned to the domain structure of
the ferromagnet influenced and arranged by the static domains in the
antiferromagnet. The characteristic two-stage process was observed for
the flat film and preserved for the system deposited on the patterned
substrate. The main contribution of the patterning procedure was the
spatial broadening of the easy axis orientation distribution.
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