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Multi-segmented cylindrical nanowires (NWs) are the most promising systems for 3D racetrack memory
devices, where information is stored as in-line magnetic domains. However, reading and writing informa-
tion is still a challenge, as external reading/writing heads have to be implemented near the tracks. The
writing component should be made of a bilayered soft/hard coupled magnetic system, so that informa-
tion could be easily written by external magnetic fields. Here, we demonstrate the feasibility of using
a NigpCuyo/Fe;0Cogp segmented NW as the writing element, in which magnetic information is written
by applying external magnetic fields. Using low-cost template-assisted electrodeposition methods, sin-
gle, bi- and multi-segmented NW hexagonal arrays of NiCu and FeCo/Au were fabricated. A throughout
magnetic characterization using magnetic hysteresis loops, ferromagnetic resonance and first-order
reversal curves (FORCs) revealed that the soft segment (NiCu) induced the reversal of the hard segment
(FeCo) in a two-step process, reducing its coercive and effective anisotropy fields when coupled. Finally,
micromagnetic simulations certified the experimental observations of a multi-step reversal process. This
work demonstrates the important role of interface interactions for the future implementation of an in-

line writing component in a 3D racetrack memory device, enhancing their potential applicability.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The tremendous growth of information needed to be stored in
devices that are becoming smaller, constitutes a challenge for the
scientific community. Conveniently, the latest advances in nanos-
cale fabrication and characterization techniques have promoted a
boost in the study of metallic, semiconducting and isolating nano-
materials [1-5]. A novel type of storage device, called racetrack
memory (RM), has already been proposed as a viable candidate
to store non-volatile memory. This device uses magnetic domains
to stack the information along magnetic nanostructured stripes,
acting, therefore, as bits [6]. The device mechanism relies on the
supervised displacement of the pinned magnetic domain walls
(DWs) by the application of spin-polarized current pulses, allowing
the bit propagation along the track [6-8]. The main advantage of a
racetrack device is its potential to achieve performances as high as
a conventional solid-state memory device, but at the same low
price of a flash drive [9]. However, some limitations still have to
be defeated, such as the Walker breakdown and the local Joule
heating [10]. It has been shown that the Walker breakdown disap-
pears in cylindrical wires and the use of chemical constraints
avoids Joule overheating [11]. Among the prospective candidates,
multi-segmented cylindrical magnetic nanowire (NW) arrays using
materials with different magnetic properties are interesting not
only for RM but also for spintronic and biomedical applications
[12-14,4]. Besides their low-cost and simple methods of fabrica-
tion, arrays of NWs have successfully demonstrated to be able to
overcome the previously mentioned limitations concerning their
implementation in RM devices [15-17].

Several authors have already studied multi-segmented cylindri-
cal NWs composed of different materials, such as CoNi/Co [18], Co/
Cu [19], FeCo/Cu [20-22], Fe/Cu [23,24], FeCoCu/Cu [25,26], Ni/Co
[27,28,25,29] and Ni/Cu [30,31]. Concerning practical applications,
the accurate understanding of the role of each layer with distinct
structural and magnetic properties is an important path to avoid
further issues, such as system overheating or Walker breakdown
in RM devices, as previously mentioned. In addition, multi-
segmented NWs offer the possibility to integrate a writing element
along the storage track (hard segments), made of a bilayered soft/
hard coupled magnetic system. Micromagnetic simulations have
already demonstrated that this approach promotes a faster way
of writing information in 3D RM devices [15]. The magnetic state
of the integrated writing heads can be tuned all at once by applying
low external magnetic fields. The respective written information
can then be selectively recorded into the 3D RM by applying
spin-polarized currents through pre-selected tracks. Although
these evaluations seem promising, thorough experimental
research of multi-segmented NWs with low and high anisotropy
components still needs to be performed. This work presents a
detailed analysis of the magnetic coupling interactions in soft/hard
multi-segmented NWs, aiming their application as integrated writ-
ting heads in future 3D RM devices.

The magnetic requirements of the recording components in
such devices are high uniaxial magnetic anisotropy and high satu-
ration magnetization [32]. Cylindrical magnetic NWs with small
diameters (< 100 nm) and aspect ratios (length/diameter) higher
than 1.5 are known to exhibit high uniaxial magnetic anisotropy
along the wire axis [33]. FeCo is the binary alloy presenting the
highest saturation magnetization and, consequently, higher associ-
ated shape anisotropy field [34-37]. Therefore, FeCo with 20% of Fe
and 80% of Co will be used as the hard magnetic material (for the
recording segments)[38]; while NiCu with 90% of Ni and 10% of
Cu will be used as the soft magnet (to be implemented in the writ-
ing heads along the racetrack), due to its low parallel coercivity
[39]. The choice of these compositions were based on their
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optimized electrodeposition process, since it was already shown
that the stoichiometry can be held almost constant along the tem-
plate length [38,40]. Previous works on Co/Ni bilayered NWs
already demonstrated that the interface interactions lead to a
two-step magnetization reversal, where the soft phase induces
the switching of the hard element.[28] This coupling between
the segments is translated into a fingerprint on the first-order
reversal curve (FORC) diagrams, where two clear coercive fields,
one for each segment, can be detected although not observed in
major magnetic hysteresis loops.[27] In this work, we have intro-
duced two materials with a higher (FeCo) and lower (NiCu) satura-
tion magnetization than Co and Ni, respectively, aiming to increase
the soft/hard interface interaction and thus promote a more effi-
cient writing process.

In summary, this work aims to experimentally demonstrate the
possibility of using a segmented coupled system as a writing head
in a 3D RM device. The proposed system has several advantages. By
keeping the diameter constant along the wire’s length, it avoids
pinning of magnetic DWs at the interface or local increase in cur-
rent density (when decreasing the diameter), which might lead
to unwanted local Joule heating effects. The selected compositions
correspond to the softest (NigoCu;o) and hardest (Fe;oCogp) materi-
als found in cylindrical wires with similar diameters [39,38],
broadening the range of writing fields one can use. The incorpora-
tion of an in-line writing head will trigger the DW nucleation at
one extremity of the wire as opposed to the stochastic magnetic
reversal behaviour reported in multisegmented magnetic/non-
magnetic NWs [41].

A detailed evaluation of the magnetic reversal mechanisms is
here presented for single, bi- and multi-segmented NigoCu;¢ and
Fe,0Cogg NWs. First, single and bi-segmented NWs are studied by
major magnetic hysteresis loops, ferromagnetic resonance and
FORC analysis, where evidence of soft/hard magnetic coupling
was found. The throughout magnetic characterization together
with micromagnetic simulations revealed that the soft segment
promotes the magnetic reversal of the hard segment for the cou-
pled bi-segmented layer. By introducing thin Au layers as chemical
constraints between the FeCo hard segments, in a multi-
segmented NiCu/[FeCo/Au(20 nm)]; system, the activation of the
reversal is still detected. A significant reduction of the parallel
coercive field is observed and a two-branch FORC fingerprint is still
present. These results demonstrate the strong interaction effect
between NiCu and FeCo segments, revealing that the use of such
a system can overcome some of the existent issues for practical
applications of RM.

2. Experimental details
2.1. Sample preparation

Nanoporous alumina templates were obtained by a two-step
anodization process of electropolished high-purity aluminum foils
(99.999%, Goodfellow GmbH, Hamburg, Germany) following previ-
ous reports [42,1]. First and second anodizations were performed
in 0.3 M oxalic acid at 40 V and 4°C for 24 and 60 h, respectively.
Prior to the electrodeposition process, the Al was chemically
etched in 0.2 M CuCl;, + 0.1 M HCl aqueous solution at room tem-
perature, and the alumina barrier layer at the pores’ bottom
removed by floating the template in 0.5 M H3PO,4 at 40°C for
~40 min. Reagents and solvents were purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany) with a purity range
of 97-99%.

The NW arrays were grown by DC electrodeposition inside the
alumina templates using a three-electrode setup with a Pt elec-
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trode as the counter electrode, Ag/AgCl (in 4 M KCl) as the refer-
ence electrode, and an Au sputtered layer as the working electrode.
Different electrolytes were used for each material deposited: 1)
Orosene E 4 g/L (from Italgalvano SPA, Lodi Vecchio, Italy) for the
Au segments; 2) 0.16 M CoSO4 + 0.04 M FeSO4 + 0.16 M HBO3 +
0.06 M CeHgOg for FeCo [38]; and, 3) 0.35 M NiSO4 + 0.02 M CuSO4
+ 0.3 M HBOs for NiCu [39]. All electrodepositions were performed
at room temperature by applying a constant potential of —1.0 V for
NiCu and Au and -1.8 V for FeCo layers using a Sourcemeter
(Keithley 2400C). A deposition rate of ~200 nm/min and
~700 nm/min were obtained for NigoCu;o and Fe,qCogg alloys,
respectively, as analysed from SEM and EDS measurements. In this
work, five systems were studied and are illustrated in Fig. 1. The
interacting system corresponds to the NiCu/FeCo deposited sam-
ples, while the non-interacting is the stacking of the FeCo and NiCu
single segments on top of each other. To improve the homogeneity
of the magnetic segments, Au was initially grown for 7 min; and to
protect the wires from oxidation, 1 min of Au was deposited at the
end.

2.2. Characterization techniques

The morphology and chemical composition of the produced NW
arrays were analysed by scanning electron microscopy (SEM, FEI
Quanta 400FEG Field Emission) and energy dispersive X-ray spec-
troscopy (EDS). For the structural characterization, X-ray diffrac-
tion (XRD) data were acquired at room temperature using a
Rigaku SmartLab diffractometer with Cu Ko radiation (1.5406 A),
45 kV and 200 mA.

Major magnetic hysteresis loops were measured in a vibrating
sample magnetometer (VSM, LakeShore Controller Model 7304)
at room temperature by applying the magnetic field parallel and
perpendicular to the NW’s length. First-order reversal curves
(FORCs) were acquired in an alternating gradient force magne-
tometer (AGFM, PMC MicroMag 2900 Series AGM) at room tem-
perature with the magnetic field applied parallel to the NW’s
axis. Saturation fields (Hs,) of 8, 2, 3, 4.5 and 5 kOe were used
for the FeCo, NiCu, bi-segmented NiCu/FeCo (interacting),
NiCu + FeCo (non-interacting) and NiCu/[FeCo/Au]s (multi-
segmented) samples, respectively. 251 curves were extracted

Single segment Bi-segmented

N [IHIIIIlI

1) NigsoCuio 3) NiCulFeCo

R \\lon -interacting

11111 | ST

2) Fe20Coso ml ]
4) NiCu+FeCo

5) NiCu/[FeColAu]s

Fig. 1. Illustration of the samples studied in this work: (1) NigoCu;o and (2) Fe;oCogo
single segments; (3) bi-segmented NiCu/FeCo NW arrays (interacting system); (4)
non-interacting system composed of the superposition of the two different single
segments; and (5) multi-segmented NiCu/[FeCo/Au]; NW arrays. (For simplicity,
the samples’ composition will not be written from this point.).
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between H™" = —Hs,, and H™ = Hg,, for each sample, with an
integration time of 300 ms and a waiting time of 1 s between each
curve.

Ferromagnetic resonance (FMR) spectra were recorded at room
temperature using a commercial electron spin resonance spec-
trometer (Bruker ELEXSYS E500) operating at 9.87 GHz (X-band).
Measurements were performed in the range of angles
0° < 0y < 90° between the external magnetic field and the NWs’
long axis, using a computer controlled goniometer.

2.3. Micromagnetic simulations

The magnetic behaviour of the fabricated NW arrays was simu-
lated using the Objected Oriented MicroMagnetic Framework
(OOMMF) project [43]. Hexagonal arrays of 7 NWs with 48 nm in
diameter and 100 nm of center-to-center distance were created
with a cubic mesh size of 4 x 4 x 4 nm®. The NigoCu;o and Fe,oCosgg

saturation magnetization values used were M{™™ = 400 x 10> A/m

and M =1650 x 10° A/m, respectively, evaluated from the
Slater-Pauling curve [44] and confirmed by the FMR measure-

ments. The values for the stiffness constant (AM* = 8 x 1072 J/m

and A™® =28 x 107"? J/m) were estimated from the bulk Co, Fe,
Ni values and the respective stoichiometries measured by EDS.
The length of each magnetic segment was set to 148 nm in order
to ensure large aspect ratios, following our previous work [33].
All simulations considered a stopping condition of |dm/dt| =1
deg/ns and a damping factor of 0.015.

3. Results and Discussion
3.1. Bilayered NWs as Writing Elements

3.1.1. Morphological, chemical and structural characterization

SEM cross-sectional images of single and bilayered NW arrays
are depicted in Figs. 2(a-c), where a good and close-to-
homogeneous electrodeposition was reached for all samples. The
NiCu and FeCo NW arrays presented a 6.0 £ 0.4 um and 3.5 +0.2
um NWSs’ length, respectively. Bilayered NWs were composed of
2.4+0.2 umand 4.4 + 0.2 um in length of NiCu and FeCo, respec-
tively. This configuration aims at replicating a racetrack writing
element made of a shorter soft layer coupled to a longer hard seg-
ment. Inset in Fig. 2(a) confirms the ordered hexagonal array of
NWs with 47 &+ 3 nm in diameter and center-to-center distances
of 100 £ 5 nm.

The chemical composition was measured along the wires’
length by EDS (Fig. 2(d)). The desired composition of 88 4 2% Ni
and 12 4+ 2% Cu in NiCu alloys, and 194+ 2% Fe and 81 +2% Co
in the FeCo segments has been obtained, presenting a uniform dis-
tribution for all samples.

Finally, the crystallographic structure was measured by XRD
and identified using the ICSD database. The resulting pattern (not
shown) revealed the formation of a face centered cubic (fcc) struc-
ture for both FeCo and NiCu arrays with the (110) and (111) tex-
tures, respectively, in agreement with previous reports [39,37].
According to Zhang et al. [45] duplication of the structure of the
piling layer favours good connection and therefore a smooth inter-
face between the different layers.

3.1.2. Magnetic hysteresis loops

Magnetic hysteresis loops were measured at room temperature
with the magnetic field applied parallel and perpendicular to the
NWs’ axis (Figs. 3(a-c)). All samples exhibited higher coercivities
and remenance values when applying the magnetic field parallel
to the wire axis, illustrating a magnetization easy axis lying along
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Fig. 2. Cross-sectional SEM images of (a) NiggCu, (b) Fe;oCogo, and (c) bilayered NiggCu,o/FeoCogo coupled NW arrays, with the depicted compositions as obtained through
EDS analysis, shown in (d). Inset in (a) shows a bottom view of the filled template after chemical etching of the Au contact layer.
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Fig. 3. Normalized magnetic hysteresis loops (a-d) experimentally measured and (e-g) simulated by applying the magnetic field parallel (black solid line) and perpendicular
(red dashed line) to the NWs’ axis for the (a,e) Fe;oCosgo, (b,f) NigoCuso, (c,g) interacting NiCu/FeCo and (d) non-interacting NiCu + FeCo samples. The hysteresis loop in (h)
corresponds to the weighted superposition of the simulated loops in (e) and (f) as explained in the main text. The estimated normalized anisotropy field distributions (AFD)

are represented by a blue solid line in (a-d).

the wire length, as expected. This is ascribed to the strong shape
anisotropy provided by the high aspect ratios of the wires (length
> diameter).

Fe,0Cogo NW arrays presented the highest parallel coercivity
(Fig. 3(a)), reaching ~ 1.6 kOe, in agreement with previous reports
for NW arrays with 50 nm in diameter [36,37]. As for the NiggCu1g
NWs, the lowest parallel coercive field was observed (~ 0.61 kOe),
while keeping normalized remanence values close to 0.9 (Fig. 3(b)).
These results confirm the successful fabrication of hard and soft
magnets composed of FeygCogg and NiggCu;p NW arrays,
respectively.

By producing a bilayered NiCu/FeCo NW array (interacting sys-
tem), the coupling between the soft and hard magnetic layers leads
to a reduction of the parallel coercivity and normalized remanence
to around 0.85 kOe and 0.6, respectively (Fig. 3(c)). This supports
the feasibility of creating a magnetic writing element along a race-
track wire composed of an interacting soft/hard magnetic system.

To study the importance of the interface between the hard and
soft magnetic layers, the FeCo and NiCu NW array samples were
stacked and measured together. This allowed recreating a non-
interacting bilayered magnetic system where the FeCo and NiCu
NWs were not in contact (NiCu + FeCo system). To ensure an equiv-
alent magnetic signal from each material, and since
ME® ~ 4 x MY the NiCu magnetic volume was set to approxi-
mately 4 times the total FeCo magnetic volume. For that, the area
of the FeCo sample was reduced to half the area of the NiCu sample
(note that the length of the FeCo NWs is almost half the length of

the NiCu NWs). Fig. 3(d) shows the magnetic hysteresis loops
obtained, where a parallel coercivity reduction (to around 0.85
kOe) can be observed, similarly to the interacting sample. How-
ever, in this non-interacting system, the shapes of the hysteresis
loops clearly evidence the existence of a two-step reversal process
[27,46-48]. At low applied magnetic fields, the high differential
susceptibility suggests the reversal of the soft NiCu segment; while
at higher magnetic fields, the susceptibility takes a smaller value,
denoting the reversal of the hard FeCo segment.

To evaluate the magnetic reversal processes of the NW arrays,
micromagnetic simulations were carried out for the FeCo, NiCu
and interacting NiCu/FeCo samples. Good agreement can be
observed between the simulated and experimentally measured
loops (Figs. 3(a-c) and (e-g)), in which large (small) parallel coer-
cive field values can be found for the FeCo (NiCu) NW arrays. Sim-
ilarly, the reduction of the parallel coercive field for the bilayered
NiCu/FeCo interacting system was also reproduced, confirming
once more its feasibility to be used as a writing element.

For the non-interacting system, a weighted superposition of the
magnetic loops of FeCo and NiCu single arrays was performed. To
better replicate the experimentally measured loops,
(M/Mg) N Fe) — 0 5(M/Ms)M + 0.5(M/Ms)™.  Again, good
agreement was obtained between the calculated (Fig. 3)) and the
measured (Fig. 3(d)) magnetic loops, illustrating a two-step rever-
sal process along both directions. At low applied fields, smaller
parallel coercivities and higher differential susceptibilities were
obtained, associated with the reversal of the soft NiCu NWs. While,
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at higher fields, a broadening of the parallel hysteresis loops
occurred together with a decrease in susceptibility, ascribed to
the reversal of the harder FeCo NWs.

3.1.3. Magnetic anisotropy

Elongated ferromagnetic NWs with high uniaxial anisotropy are
known to exhibit narrow anisotropy field distributions (AFD) along
the hard magnetization axis, centered at the effective anisotropy
field (Hey) [49,50,27,51]. Normalized AFD curves, obtained from
o(H) = —H(d*M/dH?), are depicted in blue in Figs. 3(a-d), and
the collected H,” values summarized in Table 1. The higher
(lower) He values obtained for the FeCo (NiCu) NW segments
revealed once more the hard (soft) magnetic behavior of each
material. In the FeCo AFD curve, an additional small bump is also
visible at around 3.8 kOe, which might be arising from a possible
two-step magnetization reversal process, as will be further
explored through micromagnetic simulation analysis.

In the bilayered (interacting and non-interacting) systems, the
AFD profiles present two intense peaks corresponding to the two
different magnetic segments’ anisotropy. As illustrated in Fig. 3
and summarized in Table 1, H)f” for the NiCu layer remains almost
unchanged (2.6 kOe for single arrays and 2.46 kOe for bilayered).
Whereas for the FeCo, it shifts towards lower field values (~ 7.65
kOe) when coupled to the NiCu layer and remains the same
(~ 8.1 kOe) for the non-interacting system, evidencing the strong
magnetic interactions present at the hard/soft interface.

FMR measurements were also used to extract the Hyy values for
all samples following the procedures previously reported [52-55].
Angular dependence of the resonance field was fitted using simpli-
fied Kittel equations with only two fitting parameters: H};"* and the
gyromagnetic ratio y (see Ref. [56] for more details).

For the array of NiCu NWs, a single resonance peak was
observed in the whole range of applied field angles (04). The best
fit was obtained for Hjif® = 1.65 kOe and /27 = 3.1 MHz/Oe, rea-
sonably close to the reference value 3.12 MHz/Oe for the bulk Ni
[57]. Using the modified Kittel’s equation for a columnar granules
and the parameters from the SEM images, Ms of NiCu was deter-
mined to be 400 x 10> A/m (value used in the micromagnetic
simulations).

The situation for FeCo NWs was quite different. Due to the
much higher M;s of FeCo, it was impossible to observe the FMR
spectra in the whole 0y range, as the resonance field for 0y = 0°
(parallel to the wires’ axis) moves to negative values. Thus, Hy;"
was extracted from detailed measurements around 0y = 90° (per-
pendicular to the wires’ axis). For simplicity, y/2m was fixed at
the bulk Co value of 3.14 MHz/Oe and Hjjf* was found to be 7.15
kOe. Using the same NW array diameter and center-to-center dis-
tance as for NiCu NWs, we obtained Ms = 1650 x 10> A/m (value
used in the micromagnetic simulations). Although smaller Hiy®

Table 1
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values were obtained in comparison to the AFD measurements
(see Table 1), the soft and hard magnetic behavior of NiCu and
FeCo, respectively, was still present.

For the bilayered NW arrays, two FMR peaks were observed in
the vicinity of 6y =90° and only one at 0y = 0°. For the non-
interacting system, since the arrays are physically separated, the
values of HJif® are very similar (within the accuracy range) to the
ones of individual NW arrays (1.6 and 7.15 kOe for the NiCu and
FeCo uncoupled segments, respectively). The significant change
in the HJ/® values occurs for the interacting system, where 0.55
and 7.0 kOe were obtained for the NiCu and FeCo interacting seg-
ments, respectively. The simple Kittel model should not be used to
measure directly effective anisotropy in interacting multi-
segmented NWs due to the dynamic coupling between different
magnetic materials. Our results thus show that there is a strong
interface coupling between the soft and hard segments, thus hin-
dering the correct estimation of the H{i® values. Nonetheless, it
should be highlighted that the FMR results present higher accuracy
than the AFD method. This is due to the high dipolar interactions
that reduce the single domain character of the NWs required for
a more reliable AFD analysis [49].

3.1.4. Magnetic interactions

To understand the role of each magnetic layer in the writing
process of a racetrack memory device, FORCs [M(H,H;)]) were
measured for all samples with the magnetic field applied parallel
to the wires’ long axis (insets in Fig. 4). The FORC diagrams, repre-
sented as color contour plots in Fig. 4, were obtained by calculating
the second-order mixed derivative of M(H, H;) [27]. From the FORC
diagram one can extract the switching and interaction field distri-
butions by analysing the profile distribution width along the
H.=(H-H;)/2 and H, = —(H + H,)/2 axis, respectively [58,59],
and the coercive field (H°®) as the maximum of the switching
field distribution profile.

For the FeCo and NiCu single segments, the FORC diagrams
illustrate a “T-shape” profile (Figs. 4(a) and (b)), typical of ferro-
magnetic NW arrays with negative mean interaction fields
[60,61]. However, much stronger magnetic interactions (larger
span along the H, axis) and higher coercivities (~ 1.61 kOe) can
be found for the FeCo NW arrays when compared to NiCu
(~ 0.53 kOe), in good agreement with the H. values obtained from
the parallel hysteresis loops (see Table 1). These results evidence
once more that the FeCo NWs are magnetically harder than the
NiCu NWs, with stronger magnetostatic interactions due to the
higher saturation magnetization of FeCo (1650 x 10°> A/m) with
respect to NiCu (400 x 10 A/m).

The FORC diagram of the bilayered non-interacting system
(Fig. 4(d)) illustrated a simple superposition of the individual FORC
diagrams of NiCu and FeCo NW arrays (Figs. 4(a) and (b)). Similar
results were reported for decoupled Ni/Co bi-magnetic systems,

Summary of selected parameters extracted from the magnetic characterization techniques for the single, bilayered and multilayered NW arrays, namely: parallel coercive fields
obtained from the hysteresis loops (H{"””) and from the FORC diagrams (H{**°); and the effective anisotropy fields acquired from the AFD curves (H”) and FMR analysis (H/®).
Measurement uncertainties correspond to approximately 5% of the respective estimated field values.

Sample Segment HPP (kOe) H (kOe) HP (kOe) HE® (koe)
NiCu 0.61 0.53 2.60 1.65
FeCo 1.60 1.61 8.10 7.15
Interacting NiCu 0.85 0.57 2.46 0.55
FeCo 0.85 7.65 7.00
Non-interacting NiCu 0.85 0.57 2.46 1.60
FeCo 1.61 8.14 7.15
Multi-segmented NiCu 1.00 0.83 2.00 0.55
FeCo 1.15 8.00 7.05
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Fig. 4. First order reversal curves (insets) and respective FORC diagrams measured by applying the magnetic field parallel to the NWs’ long axis for (a) FeCo, (b) NiCu, (c) bi-

segmented NiCu/FeCo (interacting) and (d) non-interacting NiCu + FeCo NW arrays.

where the soft segments dominated the FORC diagram while the
hard segments appeared as a “shadow” at higher H. fields [27].
The coercive field values extracted from the FORC diagram were
similar to the ones obtained for the individual arrays (see Table 1).

Finally, for the NiCu/FeCo bilayered interacting NW array, a
complex FORC diagram was obtained (Fig. 4(c)), illustrating a
two-step magnetization reversal fingerprint as previously reported
for nanostructured hard/soft coupled systems [27,47,62,63]. This
effect results from the large difference between the hard and soft

coercive fields (H® ~ 3HN™). The two branches in this FORC dia-
gram thus demonstrate that the switching of the soft segments (at
~ 0.57 kOe) induced the reversal of the FeCo hard segments at
much lower coercive fields (~ 0.85 instead of ~ 1.61 kOe). These
results indicate that although a two-step reversal process occurs,
the switching field of the hard segments is reduced to almost half
its value due to the strong interactions at the hard/soft magnetic
interface, and thus a writing element of such composition is still
feasible.

3.1.5. Magnetic reversal modes

Given the FORC results, a more detailed study on the magneti-
zation reversal processes in individual and bilayered interacting
NW arrays was performed. Parallel magnetic hysteresis loops were
simulated and the respective spin configurations analysed during
the reversal process (Fig. 5).

For the array with 7 NiCu NWs, complete reversal occurred at
applied field values between 0.8 and 1.0 kOe. First, two transverse

(a) (b)

domain walls (T-DWs) were nucleated at the extremities of each
NW. These then propagated along the wire length transforming
into asymmetric T-DWs (also known as vertical vortices) during
reversal [33], as depicted in Fig. 5(a).

Distinctly, for the FeCo array, reversal seemed to have occurred
by a two-step process (Fig. 5(b)). Already at remanence (zero
applied field), two vortex DWs (V-DWSs) were nucleated at both
ends of all NWs. However, only at an applied field value of 0.8
kOe, one of the V-DWs of the central NW started to evolve into
one skyrmion tube with increasing length. Complete reversal of
the central wire then occurred by the creation of one hedgehog-
antihedghog pair (or Block point) at the skyrmion tube core that
rapidly moved along the wire [29]. At higher applied field values
(between 1.6 and 2.4 kOe), the external NWs completed their
reversal by forming asymmetric T-DWs (vertical vortices).

Finally, in the coupled system, a multi-step reversal process
occurred. The interface between NiCu and FeCo appears to facili-
tate the propagation of V-DWs and difficult the nucleation of T-
DWs in NiCu (and also the propagation of T-DWs across the inter-
face, as will be seen later). When analysing the separate FeCo and
NiCu segments, the nucleation of V-DWs in FeCo NW arrays was
found to occur at lower applied fields (zero) than the nucleation
of T-DWs in NiCu NW arrays (0.8 kOe). This effect induced the
reversal of the coupled system at 0.2 kOe by the nucleation of a
V-DW at the central FeCo segment (see upper time snapshots in
Fig. 5(c)). During reversal, the V-DW increased its size forming a
skyrmion tube that rapidly reversed the magnetization of the FeCo

(c)

T
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Fig. 5. Simulated parallel hysteresis loops with selected 2D cross-sectional time snapshots along the yz-plane, and summarized timeline with the respective xy-plane 2D
cross-sectional views of the NW arrays after different applied fields for (a) NiCu, (b) FeCo and (c) coupled NiCu/FeCo systems. All 2D cross-sections were taken at the center of
the wires. The color scale is red (M,/Ms = 1), white (M,/Ms = 0) and blue (M,/Ms = —1), where Ms = M5 /3.3 = My /0.8 = 500 x 10° A/m.
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segment and transformed into a V-DW at the NiCu/FeCo interface.
This V-DW then propagated towards the external end of the cen-
tral NiCu segment changing chirality from clockwise to counter-
clockwise several times during reversal.

At 0.8 kOe two external NWs completed their reversal. First, the
V-DWs formed at the FeCo segments’ extremities started propagat-
ing forming asymmetric T-DWs in the FeCo region (see corre-
sponding time snapshots in Fig. 5(c)). These induced the
nucleation of a T-DW at the FeCo/NiCu interface, which then prop-
agated along each NiCu segment, completing their reversal.

Only at 1.2 kOe the nucleation and propagation of T-DWs in the
external NiCu segments became more favourable than the propa-
gation of the (nucleated) V-DWs in the external FeCo segments
(that would occur at 1.6 kOe if decoupled). Therefore, at 1.2 kOe
nucleation and propagation of T-DWs in the remaining 4 external
NiCu segments occurred. Two of these DWs then induced the
reversal of the respective coupled FeCo segments at lower applied
fields, forming asymmetric T-DWs (see respective time snapshots
in the hysteresis loop of Fig. 5(c)). However, as can be seen in the
timeline in Fig. 5(c), the other two T-DWs got pinned at the
NiCu/FeCo interface, and could only be depinned at 1.8 kOe, com-
pleting the reversal process of the coupled system.

In summary, micromagnetic simulations confirmed the multi-
step reversal process previously depicted in the FORC diagram of
the coupled system. In addition, the soft/hard magnetic interface
was found to influence the type of DW nucleated as well as the
propagation, pinning and depinning processes of the different
DW-types across it. Nonetheless, even though a few DWs got
pinned at the soft/hard interface, the overall magnetic field needed
to complete the reversal of the wires was smaller in the coupled
system (1.8 kOe) than in the hard FeCo NW array (2.4 kOe), con-
firming its feasibility as a writing element.

3.2. Multisegmented NWs as Racetrack Memories

From the results discussed above, it has been shown that the
NiCu/FeCo bi-magnetic segment can be used as the writing compo-
nent of a 3D racetrack memory device [15,25]. To further evaluate
the effect of assembling the writing section into a racetrack ferro-
magnetic NW, two FeCo magnetic storage segments were grown
on top of the writing NiCu/FeCo system. Thin Au layers (~ 20
nm) were used to separate the FeCo hard segments thus obtaining
a multi-segmented NW array similar to the racetrack NWs previ-
ously proposed and simulated by Rial and Proenca [15].

Fig. 6(a) shows the multi-segmented NiCu/[FeCo/Au]; NW array
successfully produced, with NiCu and FeCo segments’ length of ~ 1
and ~ 4um, respectively, and 20 nm non-magnetic Au constraints
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between the FeCo storage segments, as intended. The choice of Au
as the non-magnetic constraint was due to its better visualization
in the SEM images; however, according to simulations, any non-
magnetic spacing layer can be used in these systems [15].

The magnetic hysteresis loops presented in Fig. 6(b), show again
higher coercivities and remanence values along the parallel direc-
tion, evidencing a dominant shape anisotropy effect. Although the
amount of FeCo is much higher than the NiCu one, a reduced par-
allel coercivity is again observed when compared to single FeCo
NW arrays (from 1.6 to 1.0 kOe). Similar to the behavior of the
bilayered NiCu/FeCo interacting system, the strong magnetic cou-
pling between the hard and soft layers reduces the overall coerciv-
ity of the multilayered sample (see Table 1). These observations
suggest that, even with three hard FeCo layers, the soft NiCu seg-
ment is still able to induce the switching of the writing element
at lower applied fields. The chemical constraints (20 nm-thick Au
layers) between the hard FeCo segments could then be used as
DW pinning sites, and the magnetic domains (information bits)
be pushed into the storage sections and along the racetrack
multi-segmented NW using short pulses of spin-polarized current
[15,28,64,17]. Magnetoresistance measurements have already
revealed the pinning and depinning processes using current pulses
through the multi-segmented wires (following the experimental
set-up described by Proenca et al. [65]). However, these are still
under development and the results will be addressed in a future
work.

The magnetic anisotropy field of the multi-segmented NW array
was also studied by both FMR and calculations of the AFD (blue
curve in Fig. 6(b)). The Hey values extracted from the FMR mea-
surements are very similar to the ones obtained for the bilayered
coupled system (0.55 and 7.05 kOe for the NiCu and FeCo seg-
ments, respectively). These results demonstrated once more the
strong magnetic coupling effect present at the soft/hard interface,
which hindered the correct estimation of the Hey values from
FMR data.

Analysing the AFD profile in Fig. 6(b), well-pronounced peak
centered at 8.0 kOe can be observed for the FeCo segments and a
very small peak at 2.0 kOe for NiCu. In this system, both He; values
were reduced, indicating that, in one hand, the magnetic hard/soft
coupling at the interface is still strong enough to reduce the Hy of
the FeCo segments, but, on the other hand, the increased amount of
FeCo in the overall sample is pushing the Hy of the NiCu segments
to smaller values due to the stronger interactions between neigh-
bouring wires. This increase in the magnetostatic interactions
can also be seen by the reduction of the remanence values in the
major parallel hysteresis loop (Fig. 6)) and in the following analysis
of the FORC diagram.

AFD

Fig. 6. (a) SEM cross-sectional image and schematic illustration of the multi-segmented NiCu/[FeCo/Au]; NWs produced. Inset shows a magnified view evidencing the 20 nm-
thick Au layers (brighter segments). (b) Normalized magnetic hysteresis loops of the multi-segmented NW array measured by applying the magnetic field parallel (black solid
line) and perpendicular (red dashed line) to the NWs’ long axis. The estimated normalized anisotropy field distribution (AFD) is represented by a blue solid line. (c) FORCs
(inset) and FORC diagram of the multi-segmented sample measured with the applied field parallel to the NWs’ length.
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FORC measurements were also performed for the multi-
segmented system when applying the magnetic field parallel to
the NWs’ axis. Fig. 6(c) shows the FORCs (inset) and respective
FORC diagram obtained, illustrating a two-step reversal process
similar to the one observed in the bilayered coupled system
(Fig. 4(c)). In this case, the interaction field (span along the H, axis)
is much higher for the branch at higher coercivities, indicating
much stronger interactions between the FeCo segments. This can
be ascribed to the higher amount of FeCo present in this sample,
which increased the magnetic interactions between neighbouring
wires, as also observed when analysing the M(H) and AFD profile.
From the two peaks in the FORC diagram, two coercive field values
were extracted: around 0.83 kOe for the soft segments and 1.15
kOe for the harder ones (see Table 1). Again, a reduction of the FeCo
H. value occurs (from 1.61 to 1.15 kOe), evidencing the strong cou-
pling between the soft and hard segments, which promoted the
reversal of the writing element at lower applied fields, even when
attached to a racetrack storage NW. However, the reversal of the
NiCu soft segment occurred at higher fields than in the single or
bilayered systems (increased from 0.53 to 0.83 kOe). This can be
associated with the increase of magnetic FeCo hard segments along
the wires, which interact with the soft segments pushing the NiCu
coercivity to higher values.

To summarize, Fig. 7 shows a comparative analysis of the paral-
lel (H!) and perpendicular (H>) coercive values for the single, bilay-
ered (interacting) and multilayered systems. At a first glance, Hﬂ is
always higher than Hy, evidencing the uniaxial anisotropy typi-
cally present in elongated magnetic NWs. Regarding the H! values,
the FORC method provided an additional degree of magnetic char-
acterization by distinguishing the parallel coercivities of each mag-
netic element (NiCu soft and FeCo hard segments) present in the
bi- and multi-segmented arrays. Finally, the reduction of H! for
the mixed systems revealed the importance of interlayer interac-
tions. The slightly higher value for the multi-segmented NWs
was related to the larger amount of hard segments in comparison
to the bilayered (interacting) NWs. Nonetheless, a successful
reduction of H! was obtained when introducing a soft/hard inter-

Multi- i
segmented Interacting
5 o [ [T
= ——H® ||
—O—HS™ L
157 9 Hzom FeCo
- o- H°*° NiCu
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FeCo NiCu/ NiCu/ NiCu
[FeCo/Au];3 FeCo

Fig. 7. Coercive field (H.) values obtained for the FeCo, NiCu/[FeCo/Au]; (multi-
segmented), NiCu/FeCo (interacting) and NiCu NW arrays when applying the field
parallel (]|) and perpendicular (L) to the NWs’ long axis. The values were extracted
from the major hysteresis loops (H) and from the parallel FORC diagram (H*)
and are summarized in Table 1. Lines are gu.ides to the eye.
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face along the racetrack NW, further proving the feasibility of inte-
grating an in-line writing element.

Furthermore, bilayered NWs can also be fabricated by changing
the diameter of each segment or their crystallographic properties,
as chemical composition, morphology and crystallographic struc-
ture are know to affect the magnetic behavior of cylindrical NWs
[15,66-68,40]. In addition, considering practical applications,
smaller track sizes (diameter and length) are preferable for
reduced devices, which can be easily achieved through template-
assisted electrodeposition methods[1]. This work thus provides
an important pathway to implement a variety of adjustable bilay-
ered writing elements in 3D racetrack memory devices, hence
increasing their functionality and applicability.

4. Conclusions

Interacting bilayered magnetic systems composed of NiCu/FeCo
NW arrays have been demonstrated as possible candidates to be
applied as writing components in 3D racetrack memory devices.
Morphological, chemical and structural characterization revealed
the formation of single, bi- and multi-segmented NW arrays with
tuned dimensions and uniform compositions by template-
assisted DC electrodeposition in nanoporous alumina templates.

Magnetic hysteresis loops, FMR measurements and FORC dia-
gram analysis confirmed the hard and soft magnetic properties of
the FeCo and NiCu single arrays, respectively. In the interacting
NiCu/FeCo bi- and multi-segmented systems, a significant reduc-
tion of the parallel coercive field occurred, while keeping the mag-
netization easy axis lying parallel to the wires’ long axis. FORC
diagrams also demonstrated a two-step reversal process in both
bi- and multi-segmented NWs, illustrating a FORC fingerprint typ-
ically present in soft/hard magnetic interacting bilayered systems.
Using micromagnetic simulations we were also able to confirm and
visualize such a multi-step reversal process, which revealed the
importance of the strong interactions present at the soft/hard
interface.

This work provides a new pathway for the fabrication of 3D
racetrack memory devices with incorporated writing heads along
the track. The writing elements were made of soft/hard materials
with different chemical compositions. Other parameters (diameter,
length, crystallographic structure) can also be tuned to create a
wider variety of writing sections, thus increasing the applicability
of such devices.
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