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Novel Magnetic Properties in Curved Geometries

Cristina Bran

Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC), 28049 Madrid, Spain; cristina.bran@icmm.csic.es

The expanding of planar magnetic structures into three dimensions (3D) creates the
possibility of tuning the conventional magnetic textures or producing novel effects and
functionalities by tailoring their curvature [1]. The effect of curvature in the magnetic
systems is an emerging topic of research because of the novel magnetization textures and
dynamics related to topology as compared to planar geometries. The interesting capabilities
of 3D magnetic structures with curved geometry come in the first place from the enormous
increase in the active surface for storage, as well as from their versatile geometrical forms,
resulting in complex 3D magnetic configurations with great potential for manipulation [2].

One of the most promising magnetic structures with curved geometry are cylindrical
magnetic wires, as they offer multifunctional responses to electric/ magnetic fields, electric
current, mechanical stress, or thermal gradients and thus can be used for the interconversion
between different functionalities.

Their circular symmetry determines multiple topologically non-trivial magnetization
structures, such as Bloch-point domain walls, which are faster and more stable than domain
walls in planar structures, or helical magnetic configurations, vortices, and skyrmion
tubes [3,4].

Exploiting these unusual three-dimensional magnetic configurations and their dynam-
ics can lead to advanced applications such as new-generation spintronic-based magnetic
recording, bio-magnetics, robotics, sensors, and actuators devices [5].

This Special Issue of Nanomaterials covers the recent advancements in the fabrication,
characterization, and potential technological applications of magnetic wires, as single
magnetic structures or as part of 3D ordered architectures, in magnetic sensors and data
storage, microwave devices, or thermomagneto-electric devices.

The first review [6] of the Special Issue presents many examples of how the magnetic
structure can be tailored and controlled in cylindrical nanowires by geometry and magne-
tocrystalline anisotropy or manipulated by magnetic fields and spin-polarized currents.
The nanowires are prepared by electrochemical methods into the porous pores of alumina
templates, allowing the fabrication of magnetic nanowires with precise control over geome-
try, morphology, and composition. The diameter modulations change the typical single
domain state present in crystallographic cubic nanowires, providing the possibility to con-
fine or pin circular domains or domain walls in each segment. The control and stabilization
of domains and domain walls in cylindrical wires have been achieved in multi-segmented
structures by alternating magnetic segments of different magnetic properties (producing
alternative anisotropy) or with non-magnetic layers. The results point out the relevance
of the geometry and magnetocrystalline anisotropy to promote the occurrence of stable
magneto-chiral structures and provide further information for the design of cylindrical
nanowires for multiple applications [6].

Similarly, by playing with the architecture of cylindrical magnetic nanostructures,
J. Garcia el al. [7] presents a magnetic study on core/shell nanostructures formed by a
nanowire nucleus (Fe56Co44), grown by electrodeposition and coated by a non-magnetic
SiO2 layer coaxially surrounded by a magnetic Fe3O4 nanotubular coating both fabricated
by means of the Atomic Layer Deposition technique. The magnetic reversal studied by
First Order Reversal Curve methodology reveals a two-step magnetization reversal of the
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core/shell bi-magnetic nanostructure. These results are also confirmed by the hysteresis
loops of individual core/shell nanostructures measured by Kerr effect-based magnetometer.

Gomes et al. [8], present an interconnected 3D nanowire system fabricated by direct
electrodeposition in track-etched polymer templates with crossed nano-channels. This
method allows the fabrication of crossed single element and multilayered nanowires with
controlled morphology and material composition. The interconnected nanowire networks
exhibit high room-temperature Seebeck coefficient and power factors, making them promis-
ing candidates for the next generation of flexible and lightweight thermoelectric devices [8].

An alternative method to produce curved 3D nanostructures with defined and com-
plex geometries is presented in the review paper by C. Magen et al. [9]. Focused electron
beam induced deposition (FEBID) is a single-step additive nanolithography technique
based on the local decomposition of the molecules of an organometallic precursor gas,
adsorbed on the surface of a substrate, thus producing a solid deposit. The review presents
different possibilities for engineering the geometrical, compositional, and magnetic proper-
ties of 3D ferromagnetic nanowires grown by FEBID, focusing on the fine-tuning of FEBID
growth parameters to modify the composition and dimensions, the growth of core-shell
heterostructures, and the purification by thermal annealing.

An important part of this Special Issue deals with the magnetic microwires. The
peculiarities of microwires circular symmetry, outstanding magnetic properties, and the
cheap and accessible fabrication method makes them attractive from sensing applications.

The review article by Chizhik et al. [10] summarizes the results of the magnetic,
magneto-electric, and magneto-optical studies of a series of glass-covered microwires. The
experimental data are complemented by micromagnetic simulations. Different tools for
controlling the reversible and irreversible transformations of the magnetic structure of
glass-covered microwires are evidenced. The irreversible tools are the selection of the
chemical composition, geometric ratio, and the stress-annealing, while a combination of
magnetic fields and mechanical stresses is needed for the reversible tuning. The study is
also focused on the giant magnetoimpedance effect and the velocity of the domain walls
propagation important for the technological applications.

Alekhina et al. [11] propose an indirect method for the estimation of micromagnetic
structure in glass-coated microwires. The cross-sectional permeability distribution in the
microwires was obtained from impedance measurements at different frequencies. This
distribution enables estimation of the prevailing anisotropy in the local region of the wire
cross-section. The results obtained were compared with the findings of magnetostatic
measurements and remanent state analysis. The advantages and limitations of the methods
are also discussed.

The Magnetoimpedance (MI) of Co-based microwires with an amorphous and par-
tially crystalline state are investigated at elevated frequencies by Alam et al. [12]. Two
mechanisms of MI sensitivity related to the DC magnetization re-orientation and AC per-
meability dispersion are discussed. Remarkable sensitivity of impedance changes with
respect to applied tensile stress at GHz frequencies are obtained in partially crystalline
wires subjected to current annealing. Increasing the annealing current enhanced the axial
easy anisotropy of a magnetoelastic origin, which made it possible to increase the frequency
of large-stress MI.

This collection of interesting research papers shows some of the capabilities and
challenges in the preparation, characterization, and possible applications of magnetic wires
with cylindrical geometry.

Both from an experimental and micromagnetic modelling point of view, this Special
Issue present interesting ideas, showing the prospects and exciting developments in the
field of cylindrical magnetic wires.

Finally, I would like to express my gratitude to all the authors for their valuable
contribution to this Special Issue.
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Abstract: Cylindrical magnetic nanowires show great potential for 3D applications such as mag-
netic recording, shift registers, and logic gates, as well as in sensing architectures or biomedicine.
Their cylindrical geometry leads to interesting properties of the local domain structure, leading to
multifunctional responses to magnetic fields and electric currents, mechanical stresses, or thermal
gradients. This review article is summarizing the work carried out in our group on the fabrication
and magnetic characterization of cylindrical magnetic nanowires with modulated geometry and
anisotropy. The nanowires are prepared by electrochemical methods allowing the fabrication of
magnetic nanowires with precise control over geometry, morphology, and composition. Differ-
ent routes to control the magnetization configuration and its dynamics through the geometry and
magnetocrystalline anisotropy are presented. The diameter modulations change the typical single
domain state present in cubic nanowires, providing the possibility to confine or pin circular domains
or domain walls in each segment. The control and stabilization of domains and domain walls in
cylindrical wires have been achieved in multisegmented structures by alternating magnetic segments
of different magnetic properties (producing alternative anisotropy) or with non-magnetic layers.
The results point out the relevance of the geometry and magnetocrystalline anisotropy to promote
the occurrence of stable magnetochiral structures and provide further information for the design of
cylindrical nanowires for multiple applications.

Keywords: cylindrical magnetic nanowires; magnetocrystalline anisotropy; magnetochiral configu-
rations; micromagnetic modeling

1. Introduction

The increasing interest in nanomaterials with curved geometry lies in the novel
magnetic phenomena observed in those magnetic systems [1]. This can lead to multiple
applications which are already being developed currently or are quite promising in the
near future. They include magnetochiral phenomena (a consequence of curvature) and
other novel effects that open new perspectives not only from fundamental aspects but
also in advanced technologies [2,3]. The scientific and technological exploration of three-
dimensional magnetic nanostructures is an emerging research field that opens the path
to exciting novel physical phenomena, originating from the increased complexity in spin
textures, topology, and frustration in three dimensions [4].

A particular case is that of nanowires with a circular cross-section. Among other
possibilities, the electrochemical route to fabricate cylindrical nanowires inside ordered
porous templates is a less-expensive method that offers wide versatility. Ordered arrays of
cylindrical nanowires have attracted much interest due to their broad range of applications
that go from 3D magnetic information and logic devices, to advanced sensors based on
magnetotransport and magnetomechanical responses, spin-caloritronics, microwave, and
magnonics, or as novel permanent magnets [5,6]. Advances in smart electronics, robotics,
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and virtual reality demand electronic skins with both tactile and touchless perceptions for
the manipulation of real and virtual objects; here magnetic microelectromechanical systems
based on cylindrical nanowires can be used to transduce both tactile and touchless sensing
via magnetic fields [7,8]. More recently individual nanowires have been proposed, after
being properly functionalized, for biomedical applications in drug delivery and oncological
applications, or for nanorobots and swimming nano & microdevices conducted by applied
magnetic fields [9,10].

However, most applications are based on the magnetic behavior of individual cylin-
drical nanowires. The magnetic response of these nanowires can be firstly tailored through
their composition (e.g., based on Fe, Co, and Ni as single magnetic elements and their
alloys) that determines the cubic or hexagonal crystal symmetry and consequently the
magnetocrystalline anisotropy. That anisotropy together with the shape anisotropy finally
determines the stable magnetic configurations. In fact, magnetic properties, as domain
structure and specific remagnetization processes, are in the origin of most relevant techno-
logical applications.

Complex magnetic configurations are either observed experimentally or/and pre-
dicted by micromagnetic modeling. Configurations with magnetochiral components are
promoted by cylindrical shapes and include vortex domains with complex 3D transi-
tions between them, helical structures, or skyrmion tubes. The remanent stable mag-
netic domains are determined by the balance between magnetocrystalline and shape
anisotropies. Thus, geometry in the relationship between diameter and length in multi-
segmented nanowires plays an essential role. Similarly, modulations in composition (e.g.,
either ferromagnetic/ferromagnetic segments with differential magnetic characteristics
or ferromagnetic/non-ferromagnetic metal segments, imposing non-magnetic barriers)
significantly influence the domain structure.

Several advanced experimental techniques have been successfully employed to char-
acterize the magnetic state of individual nanowires. That includes magnetic measurements
by Magnetic Force Microscopy (MFM) and Magneto-Optical Kerr Effect (MOKE) sensi-
tive to surface magnetism. Other techniques such as X-ray Magnetic Circular Dichroism
combined with Photoemission Electron Microscopy (XMCD-PEEM) allow including infor-
mation of internal configuration. The distribution of magnetic fields has been successfully
achieved by advanced electron holography techniques while tomography methods are
emerging to visualize their 3D structure [11]. On the other hand, micromagnetic simula-
tions are required to complement and fully understand the complex magnetic structures in
cylindrical nanowires.

As for the reversal process, owing to the large length to the diameter aspect ratio,
the magnetization reversal proceeds directionally along the nanowire when the external
magnetic field is applied parallel to its axis. Thus, the reversal proceeds overall from
one end to the other via the propagation of domain walls. However, most interestingly,
point-like singularities commonly labeled as Bloch points, are typically in the middle of
domain walls separating axially magnetized domains [12].

The aim of this work is to provide a review of the most relevant results obtained by
our group on the fabrication, characterization, and properties of ferromagnetic modulated
nanowires with tailored geometry and anisotropy. The review is organized as follows:
first, the synthesis and fabrication of high-quality nanowires with tailored geometry and
magnetic anisotropy are introduced in Section 2. The experimental and modeling results of
modulated nanowires with low and high magnetocrystalline anisotropy are presented in
Sections 3 and 4, respectively. Finally, Section 5 presents the discussion and conclusions.

2. Materials and Methods

2.1. Alumina Substrates

Anodic aluminum oxide (AAO) templates with pores with diameters between
100–200 nm are prepared by anodization processes from high purity aluminum disks/
foils [13–18]. The disks are degreased by sonication in acetone (for 10 min) and ethanol
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baths (for 15 min). Before anodization, the Al discs are electropolished in a mixed solution
of HClO4:C2H5OH = 1:3 (v/v) under a potential of 20 V for 3–5 min. In order to fabricate
the templates with pores of uniform diameter over 100 nm, the Al disks are anodized by
hard anodization process in oxalic acid 0.3 M solution with 5% of ethanol in volume, at
0–1 ◦C, following the steps illustrated in Figure 1a. First, a constant voltage of 80 V is
applied for 400–600 s (step 1) to produce a protective aluminum oxide layer at the surface
of the disc which avoids breaking or burning effects during the second and third steps. In
the second step, the voltage is steadily increased (0.07–0.08 V/s) until the highest applied
voltage of 120–140 V is reached and kept constant for 3600 s (step 3). The resulting pores
with diameters of about 120–130 nm and lengths of about 60 µm (Figure 1c) are distributed
in a hexagonal order (Figure 1d) [19,20].

μ

 

μ

Figure 1. Illustration of the fabrication process. (a) Voltage–time transients of hard anodization. The inset shows the
current during the anodization, (b) Voltage–time transients of pulsed hard anodization, including the first anodization
step (1), ramping of voltage (2), and the applied pulses (3). The inset shows a close look of both applied voltage and
current transients, during the pulsed anodization, (c) Cross-section Scanning Electron Microscopy (SEM) image of alumina
templates prepared by hard anodization with pores of uniform diameter of 120 nm, (d) Top view SEM image of the bottom
side of alumina template presented in (c,e) Cross-section SEM image of alumina template prepared by pulsed anodization
with modulated pores, (f) SEM image of an Au layer deposited on the bottom of alumina template, (g) cylindrical nanowires
deposited by electrodeposition inside the alumina pores, (h) individual nanowires released from alumina templates by
chemical etching. The scale bar in (c,e–h) is 1 µm.

The modulated pores are fabricated by pulsed anodization [21,22] using the same
acidic electrolyte as for the pores with uniform diameter, where step (3) in Figure 1a is
replaced by voltage pulses (Figure 1b). Depending on the anodization parameters (voltage
pulses, time) different types of modulations can be obtained. The modulated AAO pores
presented in Figure 1e are obtained by applying hard anodization pulses of 100 V and
130 V for 100 s and 5 s, respectively.

An alternative method used in our laboratories for obtaining AAO pores (straight and
modulated) with smaller diameters involves the use of a sulfuric acid solution.

The pulse anodization of aluminum can also be done by replacing the oxide electrolyte
with H2SO4 electrolyte. Periodic pulses, alternating a low and high potential pulse are
applied, where the duration of each pulse determines the length of anodized segments at
the given applied potential. The modulation of nanopores has been achieved by two-step
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anodization of aluminum discs in a 0.3 M H2SO4 at 0 ◦C temperature. The first anodizing
step was performed at a constant potential of 25 V for 16 h [23,24].

After chemical etching of the anodized section, the modulated nanopores are synthe-
sized in the 2nd anodization step by periodically applying pulses of 25 V—mild anodization
(MA) pulses, and 35 V—hard anodization pulses (HA) (Figure 2a). The geometry of the
nanochannels is controlled not only by the anodization time, voltage, or bath temperature
but also by the shape of the HA pulses. The applied voltage pulses with exponential
(Figure 2a1) and square (Figure 2a2) shapes produce slightly different modulation of the
nanochannels (Figure 2a,b). The resulting cylindrical modulated pores are formed by
segments with diameters of around 22 and 35 nm, while the center-to-center inter-wire
distance is kept constant at 65 nm.

 

Figure 2. (a) Schematic illustration of nanowire geometrical features using modulated diameter
within exponential (a1) and squared (a2) pulses template (Adapted with permission from ref. [23].
Copyright 2014 IOP Publishing Ltd.), (b) cross-section SEM image of FeCo nanowires with modulated
pore diameter formed by pulse anodization in H2SO4 electrolyte. The insets show the slight change
in the geometry determined by the shape of the voltage pulse.

2.2. Samples Deposition

After the anodization process, the remaining aluminum substrate is chemically etched
by a mixed solution of CuCl2·2H2O and HCl. The alumina barrier layer is removed and
the pores are enlarged using a H3PO4 solution (5 wt. %). Before depositing the nanowires
inside the pores, an Au layer is sputtered on the backside of the AAO template (Figure 1f)
to serve as a working electrode for electrodeposition. The magnetic nanowires (Figure 1g)
can be released from the AAO template by using a mixed solution of CrO3 and H3PO4
(Figure 1h).

The magnetic nanowires are grown mainly by potentiostatic electrodeposition into the
pores of AAO templates. The deposition is done at suitable potentials in a three-electrode
electrochemical cell equipped with an Ag/AgCl reference electrode, a Pt mesh counter and
an Au layer sputtered on the backside of the AAO template, acting as a working electrode.
The technique allows controlling the composition of the deposited material, from a single
element to alloys or multi-segmented nanowires [25–29]. The electrolytes and parameters
used in electrodeposition are presented in Table 1.

Following the procedure presented in Section 2.1, four types of nanopores were
obtained. By filling them by electrodeposition, magnetic nanowires mirroring the shape of
the pores were produced.

Figure 3 presents SEM cross-section images of (a) FeCo nanowires with a uniform
diameter of 120 nm (b) bamboo-type FeCoCu nanowires (c) FeCoCu modulated nanowires
with alternating segments of 110 and 130 nm in diameter, and (d) Ni nanowires with
notches along their length.
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Table 1. Materials and parameters used in electrodeposition.

Material Electrolyte Voltage

(1) Fe30Co65Cu5 [24]
0.05 M FeSO4·7H2O, 0.12 M CoSO4·7H2O, 0.16 M H3BO3, 0.01 M CuSO4·5H2O,

0.06 M C6H8O6
−1.8

(2) Fe50Co50 [24]
0.08 M CoSO4·7H2O, 0.08 M FeSO4·7H2O, 0.16 M H3BO3,

0.06 M C6H8O6
−1.8

(3) Ni 0.76 M NiSO4·6H2O, 0.17 M NiCl2·6H2O, 0.65 M H3BO3 −1.0

(4) Co65Ni35 [20]
0.09 M CoSO4·7H2O + 0.063 M CoCl2·6H2O +0.095 M NiSO4·7H2O + 0.084 M

NiCl2·6H2O + 0.32 M H3BO3
−1.1

(5) Co85Ni15 [20]
0.12 M CoSO4·7H2O + 0.084 M CoCl2·6H2O + 0.064 M NiSO4·7H2O + 0.063 M

NiCl2·6H2O + 0.32 M H3BO3
−1.2

−

−

−

−

−

 

Figure 3. SEM lateral view images of (a) uniform (b) bamboo-type (c) modulated in diameter and
(d) notched nanowires.

2.3. Characterization Methods

Magneto-Optical Kerr Effect (MOKE). The single nanowires have been measured
by a Kerr effect magnetometer NanoMOKE TM 2 from Durham Magneto Optics Ltd.
(Durham, UK) under a maximum applied field of ±500 Oe. Each hysteresis loop measured
by MOKE is the result of 1000 averaged loops. Once the nanowires are dispersed on a
silicon substrate, a scan of the surface was carried out by SEM in order to ensure that the
MOKE measurements are focused on individual wires and not on several at once.

Magnetic Force Microscopy (MFM). MFM measurements were performed in a Cer-
vantes system from Nanotec Electrónica (Madrid, Spain). The use of amplitude modulation
(AM) and the two-pass modes with a phase-locked loop (PLL) enabled tracking the reso-
nance frequency of the oscillating cantilevers. BudgetSensors Multi75M (BudgetSensors,
Sofia, Bulgaria) and Nanosensors PPP-MFMR (NANOSENSORS, Neuchatel, Switzerland)
probes were used in these experiments. Parallel topographic images were taken to check
the diameter modulation periodicity.

X-ray Magnetic Circular Dichroism combined with Photoemission Electron Microscopy
(XMCD-PEEM). XMCD-PEEM measurements were performed at the CIRCE beamline of
the ALBA Synchrotron Facility (Barcelona, Spain) using an ELMITEC LEEM III (Clausthal-
Zellerfeld, Germany) instrument with an energy analyzer [30]. The samples were illumi-
nated with circularly polarized X-rays at a grazing angle of 16◦ with respect to the surface,
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at the resonant L3 absorption edges of Fe (708 eV), Co (778 eV), and Ni (851 eV) for the Fe-
CoCu, CoNi, and Ni wires, respectively. The emitted photoelectrons (low energy secondary
electron with ca. 1eV kinetic energy) used to form the surface image are proportional to the
X-ray absorption coefficient and thus the element-specific magnetic domain configuration
is given by the pixel-wise asymmetry of two PEEM images sequentially recorded with left-
and right-handed circular polarization [31].

In this arrangement of the setup (Figure 4a), an amount of X-ray photons is trans-
mitted through the nanowire, generating photoemission from the Si substrate. Since the
transmitted intensity depends on the relative alignment of the nanowire magnetization
and the X-ray helicity, the photoemission from the substrate in the area shadowed by the
nanowire does as well. Therefore, by analyzing the circular dichroic or pseudo-magnetic
contrast formed in transmission in the shadow area, information about the magnetization
configuration in the bulk of the wire can be obtained [21,32]. Notice that dark contrast
in the transmission is equivalent to bright indirect photoemission since the absorbed and
transmitted X-rays are complementary. XMCD-PEEM thus offers the possibility to ob-
tain both the magnetic structure of the surface and the core of the cylindrical structure
(Figure 4b). The projection of the local magnetization on the photon propagation vector
is determined, the domains with magnetic moments parallel or antiparallel to the X-ray
polarization vector appear bright or dark in the XMCD image while domains with magnetic
moments at a different angle have an intermediate grey contrast [20,21,29].

 

Figure 4. Schematic illustrations of (a) the principle of the dual sensitivity of Photoemission Electron
Microscopy (PEEM) to detect direct photoemission and transmission data using X-ray Magnetic
Circular Dichroism (XMCD) as a contrast mechanism, (b) magnetic contrast observed for direct
photoemission and transmission. Adapted with permission from ref. [21]. Copyright 2016 Royal
Society of Chemistry.

2.4. Micromagnetic Simulations

The understanding of 3D magnetic structures and their dynamics requires comple-
mentary micromagnetic modeling. In this work micromagnetic modeling of individual
nanowires has been carried out using a finite-difference discretization scheme implemented
in mumax3 software [33]. The material parameters and the crystal structure are detailed in
Table 2.
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Table 2. Materials parameters used in micromagnetic modeling: saturation magnetization, µoMs, exchange stiffness, Aex,
exchange-correlation length, lex = (2Aex/µoMs2)1/2, crystalline symmetry, first magnetocrystalline anisotropy constant, K1,
and the direction of the magnetization easy axis with respect to the nanowire axis. Saturation magnetization and exchange
stiffness for CoNi alloys have been obtained by linear interpolation with the Co content of the alloy [20].

Material µoMs (T) Aex (pJ/m) lex (nm)
Crystal

Symmetry
K1 (kJ m−3) Magnetization Easy Axis (e.a.)

Fe20Ni80 [34] 1.0 10.8 5.2 - 0 -

Co(111) [34] 1.76 13.0 3.3 Cubic −75 parallel to nanowire axis

Co(100) [34] 1.76 13.0 3.3 Uniaxial 450 e.a. at 75◦–88◦ with nanowire axis

Co-hcp [34,35] 1.76 30.0 4.9 Uniaxial 450 e.a. at 75◦–88◦ with nanowire axis

Fe30Co70 [36] 2.0 10.7 2.6 Cubic 10 polycrystalline textured, e.a. at 45◦ vs.
nanowire axis *

Ni(111) [34] 0.61 3.4 4.8 Cubic −4.8 parallel to nanowire axis

Co85Ni15 [20,35,37,38] 1.60 26.0 5.1 Uniaxial ** 350 e.a. at 65–88◦ with nanowire axis

Co65Ni35 [20,35,37,38] 1.35 15.0 4.5 Uniaxial ** 260 e.a. at 65◦ with nanowire axis

Co35Ni65 [20,35,37,38] 1.01 10.0 5.0 Cubic 2 parallel to nanowire axis

* In each grain, one easy axis (e.a.) is randomly set on the surface of a cone of 45 degrees with respect to the nanowire axis, and the second
e.a. is placed with random orientation in the plane, normal to the first axis [39]. ** Polycrystalline structure was also used with no significant
difference with the uniaxial anisotropy.

3. Magnetic Configurations of Cylindrical Nanowires with Large Shape Anisotropy

3.1. Magnetic Domain Configuration in Nanowires with Uniform Diameter

The magnetism of cylindrical nanowires is determined mainly by their shape (i.e.,
geometry) and magnetocrystalline anisotropy. A full understanding of the magnetization
reversal process of individual nanowires and their arrays is essential to design and develop
novel applications.

The soft magnetic nanowires, with fcc or bcc crystal symmetry, exhibit reduced crys-
talline anisotropy, lower than the axial shape anisotropy [40,41]. The elongated shape of
the wire induces a natural axial anisotropy via the magnetostatic energy which favors a
high stability of axial magnetic states [42]. Due to the strong magnetic shape anisotropy,
these nanostructures present high coercivity and remanence when magnetized along their
long axis.

The magnetic state of nanowires with cubic structures, i.e., Ni, Fe, and Py, is character-
ized by a predominant magnetization component along the nanowire axis with two open
vortices at the nanowire ends (Figure 5a) which minimize the magnetostatic energy. The
magnetization reversal takes place by domain wall propagation. The type of domain walls
by which the nanowire demagnetizes is determined by the nanowire geometry (diame-
ter) and material. While the thin nanowires demagnetize by transverse domain wall, the
large-diameter nanowires demagnetize via Bloch point (previously called vortex) domain
wall [29,42–44].

The incorporation of new elements into the system modifies both the structure and
magnetic response of nanowires. One of the relevant materials is a Co-based alloy which
presents different magnetic configurations as a function of the crystallographic structure,
highly influenced by the preparation parameters (electrolyte, temperature, deposition,
pH) [45]. In the case of NiCo wires, the magnetic properties are tuned through the com-
position of the alloy [38,46,47]. For less than 50% Co, the shape anisotropy predominates,
allowing for a variation of coercivity as a function of composition, while for the content
of Co > 50% the magnetocrystalline anisotropy becomes predominant and the magnetic
properties are mainly determined by the crystallographic phases. A promising nanowire
alloy is FeCo due to its high saturation magnetization and elevated Curie temperature,
magnitudes that make it relevant in most technological applications, and specifically for a
novel family of permanent magnets [36,48].
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Figure 5. (a) Micromagnetic simulation of an individual FeCo nanowire presenting a longitudinal
magnetization with vortices at the ends (top panel). Close-up images of the vortex structures
are presented in the bottom panel, (b) SEM top view image of alumina template filled by magnetic
nanowires, (c) Magnetic Force Microscopy (MFM) image of Ni nanowires embedded into the template
(Reprinted with permission from ref. [49]. Copyright 2007 American Physical Society), (d) SEM
image of a single CoNi nanowire, (e) MFM image of Co35Ni65 nanowire.

The first experimental investigations on shape anisotropy-dominated nanowires were
done by MFM on Ni nanowires with fcc structure, 180 nm in diameter, embedded into
alumina templates. The measurements were done at the top of the alumina template filled
with magnetic nanowires. To remove the roughness at the top of the alumina substrate
which can influence the MFM measurements the samples are mechanically polished. An
example of a mechanically polished alumina template with the ends of the nanowires
reaching the surface is presented in Figure 5b.

The MFM image in Figure 5c was taken after the sample and the tip were saturated
in a negative magnetic field (black contrast). The white/black contrast corresponds to
nanowires with the magnetization oriented up or down, respectively. When the magnetiza-
tion of the nanowires points parallel/antiparallel to the tip field direction, we obtain black
and white contrast, respectively. A simple magnetic phenomenological model allowed
determining the magnetostatic interactions which strongly influence the remanence of the
array [49].

The single-domain state in an individual nanowire (Figure 5d) with low magne-
tocrystalline anisotropy is presented in Figure 5e. The MFM image presents an individual
Ni65Co35 nanowire with 120 nm in diameter where a uniform contrast is observed along the
nanowire length, indicating a single longitudinal domain state. The bright/dark contrast
at the ends of the nanowire is due to the presence of magnetostatic charges.

3.2. Magnetic Configurations in Nanowires with Tailored Geometry

In order to be used in 3D nanotechnological applications, e.g., data storage, sensing,
magnetomechanical actuation, or bio applications, the control of domain wall dynamics,
nucleation, mobility, and pinning is paramount [1,50,51]. To pin the domain walls at certain
positions along the nanowire length, several strategies have been considered. The approach
consists of the creation of potential wells and barriers where the domain wall gets pinned.
To do so, the nanowire geometry is altered creating constrictions along the length, artificial
notches, anti-notches, defects, or diameter modulations that act as pinning sites for the
domain walls.

Here, we discuss two types of geometrical constrictions: anti-notches (bamboo-type
nanowires) (Figure 3b) and modulations in diameter (alternating diameters) (Figures 2b and 3c).
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The considered modulated nanowires are made of FeCo alloys with high saturation mag-
netization (~1.8–2 T).

The first investigations were done by MFM on modulated Fe30Co65Cu5 nanowires
with small diameters deposited in modulated pores prepared by pulsed anodization in
sulfuric acid (Figure 2a2,b).

Figure 6 presents the morphology, the magnetic configuration, and micromagnetic
simulations of an isolated FeCoCu modulated nanowire. The High-Resolution Transmis-
sion Electron Microscopy (HRTEM) images in (a) present the morphology of an isolated
wire formed by alternating segments of few hundreds of nanometers with two distinct
diameters 22 and 35 nm. The HRTEM data also revealed the crystallographic structure of
the two types of segments. The nanostructures present a cubic (bcc) crystalline structure in
both segments, but with higher texture along the (110) direction in the segments with a
larger diameter.

 

Figure 6. (a)-(left), HRTEM images of a modulated nanowire, (right), a close-up image of the area
highlighted with a red square in (a)-(left). (b) MFM image of an isolated FeCoCu modulated nanowire
(c) Simulated configuration at remanence for a modulated wire with two thick and two thin parts,
equivalent to the experimental case. Adapted with permission from ref. [24]. Copyright 2015 IOP
Publishing Ltd.

The magnetic configuration determined by MFM (Figure 6b) presents a single domain
state that gives rise to strong contrast at the ends of the wire as well as at the transition
region between segments of different diameters. The experimental data are supported
by micromagnetic simulations (Figure 6c) where apart from the overall longitudinal con-
figuration of magnetization, a curling effect is obtained at the transition regions between
segments of different diameters. Moreover, the weaker bright/dark contrast, observed
along segments, is correlated with higher roughness observed in modulated nanowires
with smaller diameters [24].

A more detailed and defined geometry has been obtained for the nanowires with
diameters over 100 nm (Figure 3) fabricated in the modulated pores obtained by pulsed
anodization in oxalic acid (Figure 1b). The magnetization reversal of individual FeCoCu
nanowires with diameters over 100 nm and the influence of tailored periodical geometrical
modulations have been studied by the Magneto-Optical Kerr Effect (MOKE) [19].

Figure 7 shows the hysteresis loops for homogeneous diameter (a) and modulated
in geometry (b and c) nanowires measured with the laser spot focused in the center of
the nanowire. For the nanowire with a uniform diameter (a), a square hysteresis loop
is observed with a sharp transition between two stable magnetic states at remanence
through a single giant Barkhausen jump, suggesting the existence of a single domain
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structure with axial magnetization [38,52]. For the bamboo-type nanowires in (b), two
abrupt and symmetric magnetization jumps are observed in each branch of the hysteresis
loop. In the case of the modulated nanowire (c), the hysteresis loop shows the existence
of a main Barkhausen jump together with several additional ones of smaller amplitude.
The presence of several magnetization jumps in the modulated nanowires suggests the
existence of metastable magnetic states during the magnetization reversal that could be
correlated to their particular diameter modulation [19,52]. The MOKE measurements done
at different spots along the nanowire’s length and their angular dependence indicate that
the demagnetization process takes place by the propagation of a single vortex domain wall
which eventually is pinned at given modulations with a slightly higher energy barrier [19].

Figure 7. Magneto-Optical Kerr Effect (MOKE) hysteresis loops for uniform diameter (a) bamboo-type (b) and modulated
diameter (c) nanowires. The insets show the SEM images of individual nanowires. Adapted with permission from ref. [19].
Copyright 2015 IOP Publishing Ltd.

A clear picture of the magnetic configurations in these two types of modulated in
geometry nanowires was obtained by employing advanced microscopy techniques like
Magnetic Force Microscopy (MFM), X-ray Magnetic Circular Dichroism combined with
Photoemission Electron Microscopy (XMCD-PEEM), and Electron Holography. XMCD-
PEEM offers the possibility in the cylindrical geometry of nanowires to obtain a full
mapping of magnetic configuration. Due to the partial transmission of the X-ray beam
through the wire, the magnetic state of the nanowire core is mapped onto the substrate,
providing simultaneous information of the magnetization distribution at the surface (direct
photoemission from the wire) and inside the nanowires (photoemission from the substrate)
(Figure 4a).

In addition, electron holography (EH) supplies information on the magnetic flux
distribution of the internal magnetic structure and the stray fields outside the nanowires.
The technique provides a quantitative analysis of both the crystallographic structure and
the magnetic properties obtained on the same area, and at the nanoscale [22,53,54].

Figure 8a,b present the morphology and XMCD-PEEM measurements of a bamboo-
type FeCoCu nanowire with anti-notches placed at about 400 nm along the nanowire axis.
The X-ray diffraction data revealed that the FeCoCu wires present a bcc polycrystalline
structure. The XMCD image in Figure 8b is characterized by a modulated profile along the
entire length. The intensity profile in the surface region contains bright/dark local contrasts
matching the position of each modulation along the length. Between those local regions,
the surface shows a reduced grey contrast, characteristic of a longitudinal magnetization
orientation perpendicular to the X-ray propagation vector. The enhanced magnetic contrast
can be observed at the end of the wire and at given modulations, as shown in the insets of
Figure 8 (i), (ii), and (iii) suggesting vortex-like domain walls pinned at the anti-notches. In
the shadow, we get information about magnetization orientation inside the nanowire. A
uniform grey contrast is observed in the main region of the shadow along the whole length
of the nanowire. The vanishing grey contrast of the main region of the shadow reveals the
longitudinal orientation of the magnetization inside the nanowire [21,55].
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Figure 8. (a) SEM image of a bamboo FeCoCu nanowire, (b) XMCD-PEEM image of bamboo-type FeCoCu nanowire (a)
oriented perpendicular to the incident X-rays (Adapted with permission from ref. [21]. Copyright 2016 Royal Society of
Chemistry). The insets show a closer view at the local magnetic configuration marked in (b) by green dashed squares,
(c) SEM image of a modulated FeCoCu nanowire, (d) magnetic flux images of modulated FeCoCu nanowire (c) reconstructed
from the magnetic phase shift images, (e) MFM image of a modulated FeCoCu nanowire. Adapted with permission from
ref. [22]. Copyright 2016, American Chemical Society.

A quantitative magnetic characterization has been performed on individual diameter-
modulated FeCoCu nanowires with alternating segments of 100 and 140 nm (Figure 8c)
by electron holography and MFM [22]. The analysis shows that the diameter-modulated
geometry of the wires induces the formation of vortex-like structures and magnetostatic
charges at the border between segments with different diameters, modifying the axial align-
ment of the magnetization in large-diameter segments. Furthermore, the magnetostatic
charges influence the stray field distribution, inducing a flux-closure stray field configura-
tion around large-diameter segments and keeping the demagnetizing field parallel to the
nanowire’s magnetization around small diameter segments (Figure 8d). The holography
data complements the MFM data unveiling the origin of bright and dark contrast observed
along the nanowire (Figure 8e).

A similar study was performed on two sets of Ni tri-segmented modulated nanowires,
with two different diameters of D1 = 160 nm (145 nm) and D2 = 130 nm (100 nm) and lengths
of L1 = 9.7 µm (6 µm) and L2 = 1.6 µm (5.5 µm) [56]. The experimental and modeling data
revealed that the vortex domain wall nucleates and propagates along the nanowires. In the
case of the nanowire formed by a thin segment encapsulated between two larger segments,
the domain wall is trapped at the junction between the large and narrow diameter.

By employing a combination of Atomic Layer Deposition (ALD) and anodization,
Prida et al. [57,58] synthesized alumina templates with hexagonally ordered pores having
one well-defined geometrical modulation in the diameter (Figure 9a). Ni and Fe50Co50
nanowires were grown into the tailored alumina membranes by electrodeposition to repli-
cate the geometry of the alumina templates with bi-segmented pores (Figure 9b). The
nanowires with two distinct diameters (30 and 80 nm) show a polycrystalline crystal-
lographic cubic structure, fcc (220) for Ni nanowires and bcc (110) for FeCo nanowires,
respectively (Figure 9b-inset).

A uniaxial magnetization easy axis was determined for the bi-segmented nanowires
with the magnetization reversing through the propagation, in steps, of a domain wall
due to the geometrical modulation. This can be seen in the hysteresis loops and in the
First-Order Reversal Curve (FORC) data (Figure 9c,d) of Ni nanowire arrays. The FORC
diagram obtained for bi-segmented Ni nanowires (Figure 9c) shows a FORC distribution
shape associated with a magnetic nanowire array with predominant shape anisotropy.
The diagram is characterized by a single branch, which spreads widely parallel to the
interaction field axis. However, due to the sharp modulation, this branch splits in two at
different values of coercive field (see the red markings in Figure 9c). A FORC diagram for
nanowires with a homogeneous diameter (80 nm) was also obtained (Figure 9d) showing
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only one branch parallel to the interaction field axis. The magnetic experiments show the
two-step magnetization reversal process, ascribed to the segments of different diameters,
in both Ni and FeCo nanowire arrays [57,59].

 

Figure 9. (a) Schematic view of highly ordered alumina template with modulated pores, (b) HRTEM
image of a bi-segmented Ni nanowire. The insets show the Selected Area Electron Diffraction (SAED)
patterns corresponding to the wide and narrow segments of the nanowire shown in (b,c) First-Order
Reversal Curve (FORC) distribution diagram for the bi-segmented Ni nanowire arrays. The inset
shows the hysteresis curves used for calculating the respective FORC diagram (d). FORC distribution
diagram for the Ni nanowire arrays with 80 nm in diameter (Adapted with permission from ref. [57].
Copyright 2019 Springer Nature.).

3.3. Micromagnetic Simulations of Nanowires with Tailored Geometry

Micromagnetic simulations are the necessary tool to assist the design of the geometry
and material properties of nanowires with the aim to induce the pinning/unpinning
processes of domain walls and to understand the mechanisms behind them. In this section,
we discuss several possibilities of geometrical constrictions in FeCo cylindrical nanowires
based on anti-notches (Figure 10a) and modulations in diameter (alternating segments with
different diameters) in Figure 10b. The micromagnetic parameters are listed in Table 2.

The geometry and the remanent state of an individual FeCo nanowire with anti-
notches (bamboo-type) are shown in Figure 10a. Overall, the magnetization adopts an
axial orientation (except for the regions close to the anti-notches) determined mainly
by the shape anisotropy of the nanowire which is orders of magnitude larger than the
magnetocrystalline anisotropy of FeCo. In addition, this magnetic configuration shows
open vortices at each end of the nanowire. Along the nanowire surface, the magnetization
shows a smooth curling that reduces the formation of magnetostatic charges at the positions
of each anti-notch (marked by green arrows). This deviation of the magnetization from its
axial orientation agrees with the periodic contrast reported by MFM [55] and XMCD [21]
data for FeCo-based bamboo nanowires.

Figure 10b presents the magnetization configuration, prior switching, at the surface
of a single modulated polycrystalline FeCo nanowire with alternating segments of larger
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diameter, 130 nm, and minor diameter (d = 40–100 nm) [39]. The demagnetization process
in this nanowire begins in the segments of the larger diameter by means of the nucleation
of the open vortex structures with arbitrary vorticity at the constrictions. These structures
unpin from the constriction and propagate first inside the wide diameter segments and
later inside the small diameter segment. When the difference between diameters is small
the propagation in both segments, although consequent and not simultaneous, takes place
at the same field value (“weak pinning”).

Figure 10. (a) Geometry of a FeCo nanowire with anti-notches (bamboo-type nanowire) on the left
side and, a snapshot of one end of the nanowire at the remanent state on the right (Adapted with
permission from ref. [21]. Copyright 2016 Royal Society of Chemistry.). The green arrows indicate
the position of the anti-notches. The dashed lines show the location of the cross-sections. (b) (1) The
magnetization at the surface of a modulated nanowire with segments of 130 nm in diameter and a
smaller diameter d in a magnetic state before magnetization switching. The cross-section taken at the
positions marked by arrows shows the skyrmion tube state. (2) The core of the skyrmion describes
a helicoidal curve inside the segments of larger diameter. The segments of minor diameter remain
uniformly magnetized. (3) magnetization configurations in the cross-sections of the segments with
larger diameters in nanowires with segments of smaller diameters. Adapted with permission from
ref. [39]. Copyright 2018 Royal Society of Chemistry.

For a larger difference in diameters between the two segments, i.e., strong pinning of
magnetic vortex structures nucleated at constrictions, the first stage of the demagnetization
process consists only in the propagation of the structures inside the segments of larger
diameter. At a second stage (at more negative fields), the vortex structures de-pin from
the constrictions and propagate inside segments of small diameter, i.e., the magnetization
switches its axial orientation.

Importantly, the open vortex structures at the constrictions between large and small
segments are formed with arbitrary chirality. As the magnetic field is increased further,
the magnetic moments in the outer nanowire shell rotate towards field direction forming
a spiral skyrmion tube (see Figure 10b-(1)). This also can be seen from the magnetiza-
tion configurations in large segment cross-sections in Figure 10b-(1), the magnetization
structure is formed by a magnetic skyrmion with the core pointing against the direction
of the magnetic field and the shell pointing parallel to it. Once the demagnetization is
completed in the large-diameter segments, the skyrmion structure remains pinned at the
constrictions. Importantly, the skyrmion center along the segment is not located in the cen-
ter of the nanowires but describes a spiral (see Figure 10b-(2)), a corkscrew magnetization
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pattern [39]. The formation of spiral for vortex/skyrmion tube center is a consequence
of the minimization of magnetostatic charges (magnetic poles) at the constriction. These
charges are typically created at the constrictions and are redistributed along the nanowire
length to minimize the energy. Arrot et al. [60] argue that these charges are proper to
all magnetic nanowires but they should be particularly visible in nanowires with large
saturation magnetization where the minimization of magnetostatic energy is favorable.
Similar topologically protected structures and the core-screw surface structure have been
recently reported in FeNi nanowires with chemical barriers and microwires [61–63].

3.4. Magnetic Configuration of Individual Nanowires with Chemical Notches

A controlled magnetization reversal can be achieved apart from geometrical constric-
tions, by chemical notches placed along the nanowire’s length (Figure 11a).

− −

μ

Figure 11. (a) SEM image of a multisegmented FeCo/Cu nanowire. Sequences of X-ray Absorption
Spectroscopy (XAS) (above, with an indication of the beam direction: dashed white arrows) and
PEEM images of (b) multisegmented FeCo/Cu nanowire with a variable length of FeCo segments,
and (c) multisegmented FeCo/Cu nanowire with constant length of FeCo segments. The scale bar is
1 µm.

The engineering of the magnetic properties can be done not only through the architec-
ture of the nanostructure (combination of materials-layers) but also by controlling their
crystallography or composition and interfaces. Their fabrication is usually achieved by two
methods: a sequential deposition where two electrolytic baths are involved or by using
a single electrolytic bath and varying the electrodeposition potential or current density
to obtain a different composition in each layer [64]. The first method allows full control
over the composition of individual layers/segments, while the second one produces better
interfaces between additional layers.

FeCo(x)/Cu (30 nm) nanowires were grown by electrodeposition in a three-electrode
cell, at room temperature, from a single electrolytic bath (electrolyte (1) in Table 1). The
pH value of the electrolyte was maintained at about 3.0. The applied potential, versus
the Ag/AgCl reference electrode, was alternately pulsed between −0.6V to deposit Cu
and −1.8 V for different time periods to deposit the FeCo layers [65,66]. To be measured
individually, the nanowires were released by chemical etching from the template.

Figure 11 displays the magnetic configuration, measured by XMCD-PEEM of two
individual FeCo/Cu multisegmented nanowires. Above each stack of XMCD-PEEM
images, we show the direct X-ray Absorption Spectroscopy (XAS) image at the Co L3
absorption edge for chemical identification of the Cu segments. The XMCD-PEEM images
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present contrast both in the wire (dotted lines labeled NW) and in the shadow, due to the
photoemission from the substrate after transmission through the wire core. Figure 11a,b
shows the SEM image (a) and chemical (top panel) and magnetic contrast (bottom panel) (b)
of a FeCo/Cu multisegmented nanowire with 120 nm in diameter, fixed Cu layers of 30 nm,
and increasing length (from left to right) of FeCo segments (~200–1000 nm). The XMCD
contrast along the wire suggests three longitudinal magnetic domains with magnetic
moments pointing along the nanowire axis and separated by two domain walls pinned at
the Cu constrictions as evidenced by green dotted arrows. Furthermore, the homogeneous
contrast of opposite orientations between the nanowire and shadow observed in all the
individual segments indicates a uniform axial magnetization at the nanowire surface
and core.

A different magnetic configuration is presented in Figure 11c where, although the
nanowire composition is similar to that presented in (a), the magnetic landscape is different.
The images presented in Figure 11c present the chemical and magnetic contrast of a
FeCo/Cu nanowire with constant FeCo and Cu segments of 250 nm and 50 nm, respectively,
and 165 nm in diameter.

The top panel in Figure 11c shows the XAS image at the Co L3 absorption edge for
chemical identification of the different segments (modulated contrast on the wire and in the
shadow). The magnetic contrast profile (Figure 11c-bottom panel) presenting bright/dark
on the wire or dark/bright in the shadow matches the position of magnetic layers, suggest-
ing the presence of a single vortex structure in each FeCo layer. The measurements indicate
that the magnetic moments are pointing parallel (white contrast on the wire/dark in the
shadow) or antiparallel (dark/white contrast in the shadow) to the polarization vector.

The examples presented above offer a comprehensive picture of the role played by the
architecture of the nanostructure: on one hand, we have strongly coupled FeCo segments
across the thin Cu layers which orient the magnetization along the long axis of the nanowire
(Figure 11b) while in the second example, the reduced magnetostatic coupling due to the
lower shape anisotropy determined by the short lengths of the segments and larger Cu
spacer, makes each segment behaving as a single nanodot with the magnetization in a
single vortex state (Figure 11c).

3.5. Manipulation of Magnetization Reversal by Magnetic and Electric Fields

The full control over the domains and domain walls in nanowires with circular
cross-sections requires the determination of the conditions for their efficient and minimal
manipulation by magnetic fields and spin-polarized currents.

The magnetization reversal following a ratchet effect was observed in multisegmented
nanowires with increasing segment lengths presented in Figure 12 [65]. The unidirectional
propagation, irrespective of the longitudinal field direction, is experimentally observed and
confirmed by micromagnetic simulations in Fe35Co65/Cu multisegmented nanowires with
fixed Cu layers of about 30 nm and variable lengths of FeCo segments (200–1000 nm). The
magnetization reversal has been observed to proceed in few irreversible jumps at which
magnetization reverses (as observed by MFM sensitive to surface mostly and detected
by MOKE) as well confirmed in the whole nanowire segments as seen in XMCD-PEEM
measurements (Figure 12a,b). The reversal process is always unidirectional, irrespective
of the external field direction, initiating at the end of segments with a shorter length.
Such ratchet effect originates in the broken symmetry induced by the shape anisotropy of
increasing length of the FeCo segments and, like in a domino effect, it is promoted by the
magnetostatic coupling between adjacent segments.
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Figure 12. (a,b) Selected PEEM images under increasing applied field along the leftward (a) and
rightward (b) polarity. The inset in (b) shows the reconstructed hysteresis loop. (c) Simulated
magnetization configurations showing the sequential reversal during the reversal process. (d) Total
and internal magnetic energies in FeCo/Cu nanowire as a function of the longitudinal magnetization
component evaluated by the micromagnetic simulations during the ascending branch of the hysteresis
loop. Adapted with permission from ref. [65]. Copyright 2018 American Chemical Society.

The micromagnetic simulations (Figure 12c,d) reveal a complex process where, al-
though the switching is sequential from one segment to another, the magnetization process
inside each segment takes place by the formation of vortices and skyrmion tubes followed
by the final collapse of the internal core. The formation of skyrmion tubes with opposite
chirality and strong topological protection may constitute the origin of pinned magnetic
states. The plotted energy in Figure 12d displays the ratchet-like potential created by the
increasing shape anisotropy, exchange energy, and pinning sites [65].

Reports on domain wall motion and control by means of electric current and thermo-
magnetic switching in cylindrical nanowires are scarce and their analysis is limited [12,67].

Here, we introduce the results of our micromagnetic modeling on the manipulation
and control of the polarity and vorticity of magnetic vortex structures (originating from
their precursors at the nanowire ends at remanence) in a Fe20Ni80 cylindrical nanowire with
a diameter of 100 nm by the simultaneous application of external fields and spin-polarized
currents (Figure 13a). The remanent state is a uniform axial magnetic domain with open
curled structures (Figure 5a, precursors of vortex domain wall or magnetic domains) with
opposite chirality at each end of the nanowire (Figure 13c with J = 0). In all cases, vortices
consist of an axially magnetized core (its direction defines the polarity of the vortex) and a
curling around the core (whose sense of rotation determines the vortex vorticity) as in the
example in Figure 13b. The product of integer numbers (polarity by vorticity) is known as
chirality. See [68] for modeling and further details.
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−

Figure 13. (a) Schematic illustration of a contacted nanowire in an experiment on magnetization
dynamics. A spin-polarized current J flowing through the nanowire generates an Oersted field Hoe

which adds to the external field Hext. (b) The polarity and vorticity of a vortex are respectively defined
by the directions of the magnetization in the inner core, and the sense of the rotation around this core
(anticlockwise (A) or clockwise (C)). Their product determines the chirality which is equivalently
determined by right/left-hand rule as right/left-handed vortex or anticlockwise/clockwise vortex.
(c) Left side—a diagram of vortex stationary states as a function of the applied field and current.
C/A stands for clockwise/anticlockwise vorticity. The threshold for the switching field of the axial
component is indicated by the dashed line. Below this line (yellow-shaded region) no magnetization
switching occurs, i.e., the shaded and non-shaded regions correspond to vortices with polarity +1 and
−1 respectively. On the right side, three representative configurations of the magnetization for
Hex = 0 and vortex states AA, CA, and CC. Adapted with permission from ref. [68]. Copyright
2020 American Physical Society.

The diagram of stationary states is presented in Figure 13c and demonstrates the
possibility for manipulation and control of the resulting vortex structures (i.e., both magne-
tization at the core and shell) with fields and currents. The axial magnetization component
is only switched (at a critical value of the field) with the assistance of both the external
field and current. For magnetic fields below the switching field, only the vorticities can
be controlled by the current density and magnetic field. For the currents and fields for
which the switching of the magnetization at the inner core occurs (above the dashed
line), the sense of rotation (vorticity) of both vortex structures is regularly reversed from
anticlockwise/clockwise (AC) to CA and vice versa for low currents. Since the Oersted
field is not large enough to set the rotation sense in this case, they are determined by the
direction of the magnetization and the resulting torque, and therefore the reversed pattern
is found. In addition, there are some low currents for which CC and AA are found when
the magnetization is switched. This ambiguity is not observed for higher current values, for
which the chirality is fully determined by the Oersted field, either CC or AA. Conveniently,
setting the current and field to zero values does not alter the vortex pattern and hence it
is completely controlled. Notice that below the dashed line the chirality is determined by
the vorticity, whereas above the dashed line the polarity is reversed, and the chirality is
therefore determined by both the polarity and the vorticity. The switching of both polarity
and vorticity, preserves the chirality of the initial remanent state, whereas the switching of
only one of them leads to the chirality switching. Furthermore, the whole process takes
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place in a few nanoseconds, consequently, excessive Joule heating could be prevented by
the use of short field and current pulses of this duration.

4. Magnetic Configurations of Cylindrical Nanowires with Large
Magnetocrystalline Anisotropy

While in the case of nanowires with a cubic crystalline structure the shape anisotropy
and magnetostatic interactions mostly determine the overall magnetic response [34,69],
in the case of Co-based nanowires with a hexagonal crystallographic structure the mag-
netocrystalline anisotropy plays an important role as its easy axis can orient at different
angles with respect to the nanowire axis. In Co nanowires, the crystalline structure can
be tuned by varying the growth parameters such as applied voltage, pH, dimensions
(diameter, length), or annealing and deposition under external magnetic fields. It has been
shown that pH-controlled electroplating enables the switching between fcc- and hcp-Co
phases, which modifies the magnetization easy axis from parallel to perpendicular to the
wires [45,70,71]. Furthermore, the magnetic properties of Co nanowires can also be tuned
by adding different materials to the Co system. One of these materials, CoNi, allows the
design of the crystalline structure and magnetic configuration in the nanowire through the
composition of the alloy [20,38].

Figure 14a shows the XMCD image of a Co85Ni15 nanowire taken at a nearly perpen-
dicular configuration of the X-ray propagation vector with respect to the nanowire axis.
The marked regions in the images labeled “wire” and “shadow” correspond respectively
to photoemission from the nanowire surface and that from the substrate after transmission
through the wire volume. The surface (wire, marked by white arrows in (a)) consists of
a sequence of segments with an azimuthal magnetic configuration of opposite contrast,
i.e., vortex-like structures with alternating chirality. The contrast observed in Figure 14a is
interpreted by the schematic illustrations in Figure 4. Due to the cylindrical geometry of the
nanowire and the grazing angle of the X-ray with respect to the sample surface (Figure 4a)
only a certain region of the nanowire surface (the bright contrast region) is directly exposed
to the X-rays while the rest is only sensitive to the transmitted beam (the dark contrast
region) [21]. This contrast, arising from the transmitted beam at the wire’s surface can
be seen in Figure 14a, marked by red arrows. The second type of contrast is found in
the shadow area due to the transmitted X-rays through the volume of the nanowire. The
uniform grey contrast in the middle of the shadow (corresponding to the core of the wire)
is an indication of the magnetization pointing perpendicular to the beam, i.e., along the
nanowire axis. Notice that for the same magnetic moment orientation, opposite contrast is
expected between direct and transmitted signals [20,21].

 

μFigure 14. XMCD-PEEM images of (a) Co85Ni15 and (b) Co65Ni35 nanowires. The scale bar is 1 µm,
and the arrows (dash white) indicate the incident X-ray beam, (c) micromagnetic simulations of
Co85Ni15 (left) and Co65Ni35 (right) nanowires. Adapted with permission from ref. [20]. Copyright
2017 American Physical Society.
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A more complex magnetic configuration is found in Co65Ni35 nanowires (Figure 14b).
The XMCD-PEEM image taken at Co L3-edge shows two types of magnetic structures. On
one hand, on the right side of the wire, a sequence of segments with opposite contrast
similar to those in Figure 14a is observed. The increased contrast in the shadow indicates
that the circular/vortex structures with ~1 µm in length, observed at the surface of the
wire, penetrate into the volume, reducing the width/diameter of the longitudinal core. On
the other hand, on the left side of the wire, a sequence of segments with shorter periodicity
and alternating contrast (bright/dark at the surface, dark/bright in the core) is observed.
The contrast in the shadow is opposite to that at the surface and remains constant in
the transversal direction, showing that the magnetization state is homogenous along the
circular cross-section of the wire. This is interpreted to correspond to alternating periodic
transverse domains with the component of magnetization in the perpendicular direction to
the nanowire axis. The width of the observed transverse domains is estimated to be about
150 nm and is very regular [20].

The coexistence of the metastable hybrid states in CoNi wires is confirmed by mi-
cromagnetic simulations which, furthermore, offers a better understanding of the mag-
netization processes. The simulations of Co85Ni15 nanowire are shown in Figure 14c (left
side) where the equilibrium state is formed by a series of vortex and transverse domains
along the nanowire. The magnetic landscape shows mainly vortex domains with opposite
chirality and different lengths separated by shorter transverse domains with opposite
directions close to the ends of the nanowire. For the Co65Ni35 nanowire (Figure 14c (right
side)) a more complex domain structure is obtained. Again, a hybrid magnetic structure of
transverse and vortex domains is observed along the nanowire. However, the transverse
domains occupy a larger fractional volume, while the vortex domains mostly appear close
to the ends.

Magnetic Nanowires with Modulated Anisotropy

The control and stabilization of domains and domain walls have been observed in
multi-segmented nanowires [61,62,72,73] by alternating magnetic segments of different
magnetic behavior or with non-magnetic metallic layers. These nanostructures can provide
active channels for domain wall pinning or spin-wave manipulation. The multilayers
formed by non-magnetic/magnetic layers can be used for domain wall pinning or confine-
ment of specific domains [65]. The nanostructures formed by ferromagnetic/ferromagnetic
segments offer the possibility to produce a system with alternating magnetocrystalline
anisotropy which can pin domain walls between the segments or nucleate and stabilize
them due to the influence of the neighboring material [72–74].

In this context, Co-based alloy nanowires are good candidates for tailoring designed
magnetic anisotropies and consequently, magnetic behavior. The low magnetocrystalline
anisotropy of cubic materials combined with the high anisotropy of the hexagonal symme-
try of Co allows tailoring the magnetic properties of the system.

Multi-segmented CoNi/Ni nanowires with tailored alternating magnetic anisotropy
have been fabricated and investigated with the aim to control the occurrence of different
states by using the effect of confinement and interaction between segments. While in the
case of Ni segments, due to the lack of magnetocrystalline anisotropy a single axial domain
state is expected due to the predominant shape anisotropy, in the case of CoNi, due to the
strong magnetocrystalline anisotropy energy constant of Co, the magnetic configurations
can be tuned with respect to the composition (the strength of magnetocrystalline anisotropy
and its easy axis) [73].

Co85Ni15/Ni wires with 140 nm in diameter, 1000 nm long Ni segments, and CoNi
segments between 600 and 1400 nm in length were synthesized via electrochemical route.
HRTEM data reveal that the Ni presents an fcc structure while the Co85Ni15 segments
show an hcp crystalline structure oriented along the [010] direction. The magnetic config-
uration was imaged by XMCD-PEEM in the demagnetized state and at remanence after
magnetizing the wires axially and perpendicularly.
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Figure 15 presents the XMCD-PEEM images taken at the Co-edge, of CoNi/Ni mul-
tisegmented NWs with lengths of the CoNi segments of 600 nm (a), 1200 nm (b), and
1400 nm (c) after the previous demagnetization in a perpendicular magnetic field. In the
shorter CoNi segments (600 nm) the image presents two types of contrasts: bright (dark in
the shadow) or dark (bright in the shadow) suggesting single vortex states with different
chiralities in different segments. In the CoNi with 1200 nm in length up to three vortices
with alternating chirality (contrasts) are formed inside each segment (Figure 15b) while in
the NWs with the longest CoNi segments (1400 nm), we observe the occurrence of either
vortices or periodic transversal domains (Figure 15c). The inset of Figure 15c shows the
XMCD profile over the CoNi segment marked by a dashed green square in (c). At the left
side of the CoNi segment, first a vortex domain with a length of about 250 nm is formed
(1) followed by the periodic transversal domains (2). The width of the transverse domains
is estimated from the XMCD contrast profile across the wire (at the position of the green
dashed line) to be about 105 nm (inset Figure 15c) [73].

 

μ

Figure 15. Chemical contrast (upper images) and XMCD-PEEM (lower images) contrast at Co
L3-edge of CoNi(x)/Ni(1000 nm) multisegmented NWs with (a) x = 600 nm, (b) x = 1200 nm and
(c) x = 1400 nm. The inset in (c): XMCD profile of the CoNi segment at the right side in (c) presented
at the position marked by the dashed horizontal green line. (d) Micromagnetic simulations of multi-
segments with the applied magnetic field perpendicular to both, nanowire and magnetocrystalline
easy axis (e.a.). (e) Micromagnetic simulations of multi-segments with the applied magnetic field
parallel to the magnetocrystalline easy axis and perpendicular to the nanowire. Scale bar: 1 µm.
Adapted with permission from ref. [73]. Copyright 2020 American Chemical Society.

The micromagnetic simulations (Figure 15d,e) reveal the origin of different magnetic
configurations in the multisegmented nanowire. Although the Ni segment is a nearly
single domain state, its magnetization presents a small magnetization curling at the surface.
Its magnetic state is formed prior to the formation of magnetic structures in CoNi and
determines the state of it. Interacting Ni segments (separated by short CoNi segments)
prefer the same vortex chirality while the almost non-interacting ones (separated by longer
CoNi segments) prefer the formation of the alternating chirality. As seen in Figure 15d, the
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vortex chirality observed in CoNi domains mimics the chirality formed in the Ni segment
in order to avoid magnetostatic charges at the transition. Furthermore, the remanent
states of CoNi segments depend on the direction of the previously applied field. For the
magnetic field applied perpendicular to both the nanowire and the anisotropy easy axis,
the vortex domains expand inside the segment following the structures formed at the
interfaces and result in one vortex domain for short segments and two or more vortex
structures for longer segments. When the field is applied perpendicular to the nanowire
but along the anisotropy easy axis, transverse domains are formed (Figure 15e-(1), (2)).
They are separated by vortex domain structures with the core at the surface pointing
perpendicular to it (Figure 15e-(3)) [73]. This configuration can also be considered as a
chain of multi-vortex domains with the cores pointing perpendicular to the nanowire axis
and transverse domain walls in between [54].

In a similar CoNi/Ni system, the strength of magnetocrystalline anisotropy of CoNi
segments was lowered by reducing the Co content in the alloy. Figure 16 presents Co65Ni35
2.1 µm long segments separated by Ni segments with 800 nm in length. The diameter of
the multisegmented structure is 130 nm. The Co65Ni35 segment composition, the quality
of interfaces, and the crystallographic structure were determined by HRTEM, confirming
that Ni segments crystallize in fcc structure along (110), while CoNi alloy seems to grow
epitaxially onto Ni segments [75].

μ

Figure 16. Chemical contrast of a multisegmented Co65Ni35/Ni nanowire (top panel). (a) XMCD-
PEEM image of a Co65Ni35/Ni nanowire and (b) the contrast profile of CoNi segments in (a), labeled
(1) to (4), with different magnetic structures. (c–e) XMCD-PEEM images of Co65Ni35/Ni nanowires
showing different magnetic configurations. (f) MFM images taken in remanence (adapted from [75]),
after applying a magnetic field of 1.8 T in the axial direction (top panel) and perpendicular to the
nanowire (bottom panel).

Figure 16 shows the chemical contrast (top panel) and magnetic images ((a)–(f))
of Co65Ni35/Ni nanowires taken in remanence state. Figure 16a presents the XMCD-
PEEM image of a CoNi/Ni nanowire measured at Co L3-edge with the beam (marked
by the dashed white arrow) at about 20 deg. with respect to the nanowire axis. The
presented nanowire is formed by four main CoNi segments displaying two types of
magnetic configurations visible at the surface of the nanowire. Due to the orientation of
the beam to the nanowire axis, the XMCD is sensitive to the single longitudinal domain
state as imaged in segments (2) to (4) and (c) with the magnetization oriented parallel
(bright contrast) or antiparallel (dark contrast) to the X-rays (i.e., along the nanowire
axis). In the other segments (1), we observed a periodic alternating contrast, similar to
the transversal domains presented in Figures 14b and 15c. However, in this orientation
of the X-ray propagation vector, almost parallel to the nanowire axis, only the magnetic
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moments oriented in the direction of the beam (along the wire axis) are observed which
excludes the possibility of imaging transversal magnetic domains in the CoNi segments.
Figure 16b presents the contrast profile taken along the red dotted line in the nanowire
presented in (a): periodic magnetic structures with 140 nm in length (left side) followed
by longitudinal single domains with different orientations. Figure 16c,d show closed up
XMCD-PEEM images of different parts of the multisegmented nanowire presenting either
longitudinal single domain structure (c) or a mixture of vortex and periodical domains
(d). The same type of mixed magnetic configuration is presented in Figure 16e, this time
measured with the beam oriented almost perpendicular to the nanowire axis. This specific
orientation of the X-rays, almost perpendicular to the wire, gives us access to the “shadow”
which allows us a second set of information about the core of the measured wire. From the
alternate bright/dark contrast on the wire (dark/bright on the shadow) we conclude that
the magnetization in CoNi segments consists of a series of periodic transversal domains
with about 90 nm in length, similar to those observed in Co85Ni15 segments. As revealed
by micromagnetic simulations (Figure 15e) the magnetization between transversal domains
consists of vortices with the core oriented perpendicular to the nanowire axis (the so-called
“surface vortices”). This is in agreement with the XMCD data presented in Figure 16a-(1),d
where the observed alternating dark/bright contrast at the surface of the wire is consistent
with the surface vortices predicted by simulations (Figure 15e-(3)), black dotted squared
area) and observed experimentally by Electron Holography in CoNi [54]. By varying the
direction of the X-ray propagation vector with respect to the nanowire axis, XMCD-PEEM
allows us to get information about both transversal magnetic domains (X-rays oriented
perpendicular to the wire, Figure 16e) and the domain walls in between, surface vortices
(X-rays oriented along the wire axis, Figure 16a,d).

The same magnetic configuration, i.e., single or periodic domains, was observed by
MFM [75]. Here, the magnetic configuration of Co65Ni35 could be tuned by magnetic
fields (saturating or demagnetizing) applied parallel or perpendicular to the nanowire
axis [75]. Figure 16f presents the MFM pictures of the same multisegmented nanowire (two
Ni segments and one CoNi segment), taken after the magnetic field was applied parallel
(Figure 16f-upper panel) or perpendicular (Figure 16f-bottom panel) to the nanowire axis.
Depending on the field history, the magnetization state of Co65Ni35 changes either in a
single domain state (Figure 16f-upper panel) or periodic domains (Figure 16f-bottom panel).

The multisegmented wires with modulated anisotropy presented in this section show
a complex interplay of different energetic contributions and geometry determining the
resulting magnetic structures. This determines the different factors which should be taken
into account for the design of magnetic nanowires with a certain magnetic configura-
tion: geometry (diameter, length), the combined materials (interplay between shape and
magnetocrystalline anisotropy), and field history.

5. Discussion and Summary

Multiple cylindrical modulated magnetic nanowires with different materials and
geometries were prepared by electroplating filling the pores of anodic aluminum oxide
(AAO) membranes. The AAO membranes with modulated pores and various diameters
were obtained by pulsed anodization in sulfuric or oxalic aqueous solution. The single
element and alloy nanowires, as well as multisegmented ones, were grown inside the
nanopores, at room temperature, by electrodeposition using different electrolytes.

The results show that in the case of nanowires with uniform diameter and small
magnetocrystalline anisotropy the magnetic configuration at remanence consists of a single
domain with open vortices at the ends. These nanowires (Ni and Fe-based) are interesting
candidates to study the motion of domain walls.

Large magnetic anisotropy nanowires show a more complex behavior in terms of
magnetic configurations. Co-based nanowires with an hcp crystallographic structure can
be prepared with magnetocrystalline anisotropy almost perpendicular to the nanowire
axis and typically present vortex domains with alternating chirality. The combination of
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an almost perpendicular to nanowire anisotropy and the circular symmetry promotes the
spontaneous development of vortex domains with magnetic moments following a circum-
ferential path at the surface but staying longitudinal in the core. Furthermore, the use of
different alloys with tailored compositions can alter the magnetic configuration going from
axial domains to a combination of vortex and transverse domains, as shown in the exam-
ple of CoNi alloy nanowires with different compositions. The control between different
structures in some cases can be achieved by perpendicularly applied magnetic fields.

Multisegmented/multilayered nanowires offer an additional route to control the mag-
netization pattern via confinement and pinning. Particularly, further engineering of the
nanowires can be provided by creating modulations/constrictions in diameter with the
aim to achieve the pinning of domain walls at the constrictions. By altering the geometry
of the nanowire, imprinting geometrical modulations (notches/anti-notches, alternating
segments with different diameters) along the nanostructure’s length the magnetic configura-
tion changes. Although the inner magnetization stays unchanged (i.e., along the nanowire
axis) surface chiral structures get pinned at the geometrical modulations distributed along
the nanowire’s length.

Both micromagnetic simulations and imaging revealed that in the case of modulated
in geometry wires with high saturation magnetization, the magnetic configuration and
pinning can be tailored further by playing with the diameter of the segments. Moreover,
micromagnetic simulations show that when the diameter difference is large, we observe
the formation of topologically protected structures, where the magnetization of the large-
diameter segment forms a skyrmion tube with a core position in a helical modulation
along the nanowire. This leads to an increase in the coercive field, as compared to the
nanowires with uniform diameter, associated with the occurrence of a novel pinning type,
i.e., “corkscrew” mechanism.

The nanowires also can be prepared with a well-controlled multilayer structure with
alternating magnetic or magnetic/non-magnetic materials. The former allows the modula-
tion of the magnetic anisotropy, while the latter can be used for domain wall pinning or
confinement of different domains.

Engineering the nanowires with alternating magnetic/non-magnetic segments pro-
vides a way to control magnetization confinement and interactions by tailoring the lengths
of the ferromagnetic segment and the thickness of the non-magnetic layer. Indeed, the
magnetization structure in nanowires of high saturation and short segments can change
from the longitudinal domains in a single material nanowire to vortex configurations con-
fined in the segments. Moreover, the magnetization can be easily controlled by magnetic
fields as shown in FeCo segments. If the length of FeCo segments, separated by 30 nm
Cu layers, is gradually increased a ratchet system is formed where the magnetization
reversal in neighboring segments propagates sequentially in steps starting from the shorter
segments, irrespectively of the applied field direction. For FeCo segments with a constant
length, separated by 50 nm Cu layers, the segments present a single vortex state with
alternating chirality.

On other hand, the magnetic anisotropy was modulated in cylindrical nanowires by
alternating two ferromagnetic materials with different magnetocrystalline anisotropy. This
strategy shows a rich and complex behavior. The XMCD-PEEM imaging of multisegmented
Ni/CoNi nanowires reveals that the magnetic structure in the Ni segment is in a dominantly
axial magnetic state while in CoNi segments it depends on their length. Although in an
almost single domain configuration, Ni state appeared to have an important impact on the
CoNi, through magnetic interaction and magnetochiral effects, as revealed by micromag-
netic simulations. The field history is revealed as another important factor, responsible for
the appearance of different domain patterns (vortex domains or perpendicular/transversal
domains separated by vortices on the surface) in large CoNi segments.

Future applications will require efficient manipulation of magnetic structures in indi-
vidual nanowires. In this review, we presented many examples of how magnetic domain
structure is changed by geometry, magnetocrystalline anisotropy, and applying field direc-
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tion. At the same time, future energy-efficient applications will require the use of current,
which is scarcely investigated. Here we presented the results of micromagnetic simulations
in a Py nanowire under the simultaneous action of the magnetic field and spin-polarized
currents. The results show that the current alone enlarges or reduces the open vortex
structures formed at the ends of the nanowire depending on the rotational sense of the
associated Oersted field. Large current densities can set the vorticity along the whole
nanowire in the desired direction. The switching of magnetization in the core is solely
achieved by the application of a simultaneous external field, lower than the coercive field
of the nanowire.

In conclusion, our results demonstrate a complex interplay of different energetic
contributions and geometry determining the resulting magnetic configurations. We stress
the importance of different factors which should be taken into account for the design of
magnetic nanowires. Their tunability makes them excellent candidates for new applications
where full control over the magnetization reversal is mandatory.

Author Contributions: Conceptualization, C.B., investigation C.B., J.A.F.-R., R.P.d.R., A.A., O.C.-F.,
M.V.; resources, O.C.-F., M.V.; writing—original draft preparation, C.B., J.A.F.-R.; writing—review
and editing, C.B., J.A.F.-R., R.P.d.R., A.A., O.C.-F., M.V.; funding acquisition, O.C.-F., M.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Regional Government of Madrid under the framework of
the project S2018/NMT-4321 NANOMAGCOST-CM and by the Spanish Ministry of Science and Inno-
vation through the projects MAT2016-76824-C3-1-R and PID2019-108075RB-C31/AEI/10.13039/50110
0011033.

Acknowledgments: We acknowledge the service from the MiNa Laboratory at the Institute of Micro
and Nanotechnology (IMN). The PEEM experiments were performed at the CIRCE beamline of
the ALBA Synchrotron with the collaboration of ALBA staff. For their contribution to the PEEM
experiments, we especially thank L. Aballe, M. Foerster and A. Fraile Rodriguez.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Streubel, R.; Fischer, P.; Kronast, F.; Kravchuk, V.P.; Sheka, D.D.; Gaididei, Y.; Schmidt, O.G.; Makarov, D. Magnetism in curved
geometries. J. Phys. D Appl. Phys. 2016, 49, 363001. [CrossRef]

2. Braun, H.-B.; Charilaou, M.; Löffler, J.F. Skyrmion lines, monopoles, and emergent electromagnetism in nanowires. In
Magnetic Nano- and Microwires, 2nd ed.; Vázquez, M., Ed.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 381–401,
ISBN 978-0-08-102832-2.

3. Fischer, P.; Sanz-Hernández, D.; Streubel, R.; Fernández-Pacheco, A. Launching a new dimension with 3D magnetic nanostructures.
APL Mater. 2020, 8, 010701. [CrossRef]

4. Donnelly, C.; Scagnoli, V. Imaging three-dimensional magnetic systems with X-rays. J. Phys. Condens. Matter 2020, 32, 213001.
[CrossRef]

5. da Câmara Santa Clara Gomes, T.; Marchal, N.; Abreu Araujo, F.; Piraux, L. Spin Caloritronics in 3D Interconnected Nanowire
Networks. Nanomaterials 2020, 10, 2092. [CrossRef]

6. Guzmán-Mínguez, J.C.; Ruiz-Gómez, S.; Vicente-Arche, L.M.; Granados-Miralles, C.; Fernández-González, C.; Mompeán, F.;
García-Hernández, M.; Erohkin, S.; Berkov, D.; Mishra, D.; et al. FeCo Nanowire–Strontium Ferrite Powder Composites for
Permanent Magnets with High-Energy Products. ACS Appl. Nano Mater. 2020, 3, 9842–9851. [CrossRef]

7. Pierrot, A.; Béron, F.; Blon, T. FORC signatures and switching-field distributions of dipolar coupled nanowire-based hysterons. J.

Appl. Phys. 2020, 128, 093903. [CrossRef]
8. Zamani Kouhpanji, M.R.; Ghoreyshi, A.; Visscher, P.B.; Stadler, B.J.H. Facile decoding of quantitative signatures from magnetic

nanowire arrays. Sci. Rep. 2020, 10, 15482. [CrossRef] [PubMed]
9. Alsharif, N.A.; Aleisa, F.A.; Liu, G.; Ooi, B.S.; Patel, N.; Ravasi, T.; Merzaban, J.S.; Kosel, J. Functionalization of Magnetic

Nanowires for Active Targeting and Enhanced Cell-Killing Efficacy. ACS Appl. Bio Mater. 2020, 3, 4789–4797. [CrossRef]
10. Sharma, A.; Zhu, Y.; Thor, S.; Zhou, F.; Stadler, B.; Hubel, A. Magnetic Barcode Nanowires for Osteosarcoma Cell Control,

Detection and Separation. IEEE Trans. Magn. 2013, 49, 453–456. [CrossRef]
11. Wolf, D.; Rodriguez, L.A.; Béché, A.; Javon, E.; Serrano, L.; Magen, C.; Gatel, C.; Lubk, A.; Lichte, H.; Bals, S.; et al. 3D Magnetic

Induction Maps of Nanoscale Materials Revealed by Electron Holographic Tomography. Chem. Mater. 2015, 27, 6771–6778.
[CrossRef] [PubMed]

28



Nanomaterials 2021, 11, 600

12. Schöbitz, M.; De Riz, A.; Martin, S.; Bochmann, S.; Thirion, C.; Vogel, J.; Foerster, M.; Aballe, L.; Menteş, T.O.; Locatelli, A.; et al.
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Abstract: Nowadays, numerous works regarding nanowires or nanotubes are being published,
studying different combinations of materials or geometries with single or multiple layers. However,
works, where both nanotube and nanowires are forming complex structures, are scarcer due to
the underlying difficulties that their fabrication and characterization entail. Among the specific
applications for these nanostructures that can be used in sensing or high-density magnetic data
storage devices, there are the fields of photonics or spintronics. To achieve further improvements in
these research fields, a complete understanding of the magnetic properties exhibited by these nanos-
tructures is needed, including their magnetization reversal processes and control of the magnetic
domain walls. In order to gain a deeper insight into this topic, complex systems are being fabricated
by altering their dimensions or composition. In this work, a successful process flow for the additive
fabrication of core/shell nanowires arrays is developed. The core/shell nanostructures fabricated
here consist of a magnetic nanowire nucleus (Fe56Co44), grown by electrodeposition and coated by
a non-magnetic SiO2 layer coaxially surrounded by a magnetic Fe3O4 nanotubular coating both
fabricated by means of the Atomic Layer Deposition (ALD) technique. Moreover, the magnetization
reversal processes of these coaxial nanostructures and the magnetostatic interactions between the
two magnetic components are investigated by means of standard magnetometry and First Order
Reversal Curve methodology. From this study, a two-step magnetization reversal of the core/shell
bimagnetic nanostructure is inferred, which is also corroborated by the hysteresis loops of individual
core/shell nanostructures measured by Kerr effect-based magnetometer.

Keywords: nanoporous anodic alumina template; electrodeposition; ALD; magnetic nanowire and
nanotube; core/shell nanostructure; FORC analysis; MOKE; magnetization reversal; spintronics

1. Introduction

Cylindrical coaxial nanostructures can exhibit novel phenomena due to their unique
size- and shape-dependent physico-chemical properties, as compared to their bulk counter-
parts, making them enormously attractive as innovative multifunctional materials, for both
fundamental and technological applications, such as photonics, drug delivery, and cell
separation for proteomics research, hierarchical core/shell heterostructured electrodes for
high-performance Li-ion batteries, or highly anisotropic ferromagnetic-antiferromagnetic
core/shell nanomaterials exhibiting tunable magnetic properties [1–4]. These peculiar,
elongated hybrid nanostructures are coaxially combining two or more components with
several phases of distinct properties that could originate additional effects compared with
single-phase nanomaterials, which outfit them with enhanced multifunctional properties.
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For example, core/shell ferromagnetic nanowires (NWs) and nanotubes (NTs) comprising
hybrid metallic/non-metallic core and shell materials usually offer the specific advantages
of mixed properties by combining both contributions to convey with tailored multifunc-
tional capabilities, such as the high magnetization and magnetic anisotropy values present
in transition metals (TM = Fe, Ni, Co, and their alloys), with the outstanding biocompati-
bility and enhanced chemical stability exhibited by oxide layers (SiO2, TiO2, Fe3O4, NiO,
CoO, etc.) [5–8].

Several methods have been successfully developed up to date to synthesize these cylin-
drical coaxial hetero-nanostructures. Among them, the low-cost template-assisted method
can be easily combined with other techniques for the fabrication of hybrid core/shell
functional nanomaterials, such as electrochemical deposition [9,10], wet-chemical route
and coprecipitation [11,12], atomic layer deposition (ALD) [13–17], and chemical vapor
deposition (CVD) [18]. For this reason, as well as for its high reproducibility and simplicity,
this additive fabrication strategy constitutes one of the most widespread methods for the
synthesis of one- and two-dimensional (1D and 2D) coaxial nanostructures. At the same
time, three-dimensional (3D) core/shell magnetic nanostructures are nowadays appealing
for novel applications in magnetic recording, biotechnology, nanoelectronics, plasmonics,
and spintronics devices [6,19–22]. Among the vast variety of magnetic heterostructures,
bimagnetic core/shell nanocomposites, where both the core and shell couple magnetically
hard and soft phases, have recently increased their significance due to the novel physical
phenomena they can exhibit. These bimagnetic core/shell nanostructures could efficiently
tune their magnetic properties such as the thermal stability of saturation magnetization,
high magnetocrystalline anisotropy, and coercivity, through the control of the core/shell
parameters, including their shape, size, and chemical composition, showing peculiar and
unique features such as large exchange bias, tailored blocking temperatures, tunable coerciv-
ities, and stepwise switching of magnetization reversal process [23]. The peculiar features
emerging from geometrically curved magnetic nanostructures, including 2D nanowires
or 3D curved shells and nanotubes, are strongly related to the size- and shape-dependent
effects driven by the interplay between the nanomaterial geometry and topology of each
magnetic sub-system [24]. The broad range of emergent physical properties makes these
three-dimensional curved nanostructures appealing in view of fundamental research on,
e.g., skyrmionic systems, photonic and magnonic crystals, or spintronics architectures, also
exhibiting these 3D shaped nanomaterials potential applications in photonic, plasmonic,
and for energy-efficient racetrack magnetic memory devices [25].

Different types of ferromagnetic biphasic nanomaterials have already been reported,
including soft/hard and hard/soft core/shell bimagnetic nanostructures, respectively [26,27].
However, few works report on three-layered core/shell cylindrical NWs systems recently
investigated, where the magnetization switching processes in these hybrid nanostructures
remain yet unexplored [13,28–33].

In this study, we investigate the switching process of ferromagnetic/non-magnetic/
ferrimagnetic core/shell nanocomposite made of Fe56Co44(core)/SiO2(interlayer)/
Fe3O4(shell). This hybrid core/shell nanocomposite was experimentally synthesized by a
template-assisted additive fabrication strategy based on nanoporous alumina membranes.
The external NT shell of magnetite and the subsequent non-magnetic SiO2 thin interlayer
were deposited by atomic layer deposition (ALD), coupled with the electrochemical deposi-
tion technique in order to grow the inner NW core of metallic FeCo alloy. Magneto-optical
Kerr effect (MOKE) measurements allow to access the switching process of individual NWs
and core/shell nanostructures in order to determine the switching of each layer, either the
external shell or the inner core of the whole wire/tube nanomaterial. Moreover, the mag-
netic properties exhibited by these core/shell nanostructures as well as the magnetostatic
interactions between the two magnetic contributions of the bimagnetic nanocomposite
were investigated by vibrating sample magnetometry (VSM). However, due to the com-
plexity of the system, the core/shell nanowires have to be characterized while they are
still embedded in the matrix array. For this purpose, analysis of magnetization reversal
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curves by means of First Order Reversal Curves (FORC) was also performed for the FeCo
NW core, the shell magnetite NT, and the core/shell NW/NT, respectively, with the aim of
complementing hysteretic studies regarding the magnetostatic dipolar interaction of the
systems, thus allowing us to extract the individual magnetic properties of each nanostruc-
ture from the global magnetic behavior of the samples. Our results established that the
magnetization of the FeCo core and the magnetite shell may switch at different switching
field values during the magnetization reversal of the core/shell NW/NT nanostructure.
This confirms the reversal mechanism of our experimental core/shell NWs is uniquely
promoted through magnetostatic dipolar coupling between the NT and NW ferromagnetic
layers, because of the direct exchange decoupling between both magnetic layers. These
results set an appealing strategy for the design of novel 3D magnetic storage and spintronic
devices based on core/shell cylindrical NWs that has not been clearly envisaged up to now.

2. Materials and Methods

In this section, all steps for FeCo/Fe3O4 core/shell nanowires fabrication are ex-
plained in detail. The complete process flow followed for sample preparation is sum-
marized in Figure 1. First, anodized alumina membranes were fabricated and used as
templates for further steps (Figure 1a). The process continues with deposition of the trilayer
SiO2/Fe2O3/SiO2 by means of atomic layer deposition, thus forming nanotubes inside
the pores of the alumina membranes employed as templates (Figure 1b). After the deposi-
tion of a sputtered (and thickened by electrodeposition) Au seed layer on one side of the
membrane (Figure 1c), Fe56Co44 nanowires were electrodeposited inside the former NTs,
constituting then the magnetic core of the core/shell nanostructure (Figure 1d). Once the
core/shell structure is formed, it is necessary to perform a further thermal treatment to
reduce the external layer made of Fe2O3 (hematite) into Fe3O4 (magnetite), therefore, the
shell becomes ferrimagnetic (Figure 1e).

 

Figure 1. Scheme of the additive fabrication process process to obtain SiO2/Fe2O3/SiO2/FeCo
core/shell nanotubes/nanowires, and further thermal treatment for Fe2O3 (hematite) reduction into
Fe3O4 (magnetite). (a) Nanoporous alumina template, (b) deposition of nanotubes shell by ALD,
(c) gold contact layer deposition by sputtering, (d) electrochemical deposition of metallic nanowire
core, (e) thermal annealing under reducing atmosphere.

2.1. Nanoporous Alumina Membrane Template Fabrication

Hard-Anodized Nanoporous Alumina Membranes (HA-NAMs) were fabricated from
electropolished (perchloric acid in ethanol at a rate of 25:75 under an applied voltage of
20 V) high purity aluminum foils (Al 99.999%) using the known process of hard anodiza-
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tion [34–36]. The Al substrates were anodized using 0.3 M oxalic acid (C2H2O4) at 4 ◦C
for 1.5 h, under an applied voltage of 140 V. After this process, the remaining aluminum
substrate was removed using a solution of 36 g/L of CuCl2·2H2O and 500 mL/L of HCl at
37%. As a final step, the alumina membrane undergoes a process of wet chemical etching
to open the barrier layer of the pores using 5% wt. phosphoric acid (H3PO4) at 30 ◦C for
2.5 h leading to a mean pore diameter of 180 nm and a mean interpore distance of 300 nm.

2.2. Fabrication of the Nanotubes Shell by Atomic Layer Deposition

The shell of the nanowires, consisting of a three-layered structure is composed of
an external layer of silicon dioxide (SiO2), a central layer of iron oxide (III) (Fe2O3), and
an internal layer of SiO2, which were grown using the Atomic Layer Deposition (ALD)
technique [37].

The silica layers were grown employing three different precursors: (3-aminopropyl)
triethoxysilane (H2N(CH2)3 Si(OCH2CH3)3) kept at a temperature of 100 ◦C; water (H2O)
at 60 ◦C and ozone (O3). The reaction temperature in the chamber was fixed to 180 ◦C. Each
layer was deposited in a total of 170 ALD cycles, which results in a thickness of around
10 nm, according to the estimated deposition rate of 0.06 nm/cycle [38].

The iron oxide (III) layer uses ferrocene (Fe(C5H5)2) as precursor along with ozone,
with a reaction temperature in the chamber of 230 ◦C. The layer was deposited after a total
of 1150 cycles, resulting in a thickness for the layer of 25 nm, according to the estimated
deposition rate of 0.022 nm/cycle.

2.3. Fabrication of the Nanowires Core by Electrodeposition

The core of the nanowires, composed of an FeCo alloy, is grown by electrochemical
deposition. Prior to the electrodeposition, a conductive gold layer, which will act as an
anodic electrode during the process, is sputtered and electrodeposited from a commercial
electrolyte (Orosene 999). The FeCo electrolyte is composed of 0.16 M (CoSO4) + 0.09 M
(FeSO4) + 0.06 M (C6H8O6) + 0.16 M boric acid (H3BO3). The CoSO4, C6H8O6, and H3BO3
are mixed together and dissolved in 200 mL of H2O, heating the dissolution to 40 ◦C
while bubbling it up with N2. The bubbling helps with the removal of oxygen present
in the system, after which FeSO4 is added (it would oxidize easily otherwise). After the
dissolution is completed, it is left to cool down before use. The electrodeposition has been
performed at a potentiostatic voltage of −1.8V vs. Ag/AgCl reference electrode for 5 min.

In order to recrystallize hematite (Fe2O3) in the nanotubes into magnetite (Fe3O4)
phase, a new batch of samples underwent a thermal reduction treatment procedure in a fur-
nace by annealing at 350 ◦C in a controlled H2 (5%) + Ar (95%) atmosphere for 3 h [39,40].
The temperature of the thermal reduction treatment is lower enough to modify the struc-
tural and magnetic properties of the FeCo inner core of the core/shell heterostructure.

2.4. Characterization Techniques

Scanning electron microscopy (SEM, JEOL 5600, JEOL, Akishima, Tokyo, Japan)
equipped with an energy dispersive X-ray microanalysis system (EDX, Inca Energy 200,
Oxford Instruments, Abingdon, UK) was employed to perform a morphological and com-
positional characterization of the samples. Transmission electron microscopy (TEM, JEOL
JEM 2100, JEOL, Akishima, Tokyo, Japan) suited with an EDX detector (X-MAX, Oxford
Instruments, Abingdon, UK) and operating in scanning transmission mode was employed
for the EDX linescan analysis of the layered core/shell nanowires hetero-structure.

The magnetic study is performed using a vibrating sample magnetometer (VSM-
Versalab, Quantum Design, San Diego, CA, USA) under a magnetic field up to ±3 T and
temperatures ranging from 50 K to 400 K. Furthermore, hysteresis loops of individual
core/shell nanowires have been measured at room temperature (RT) by means of the
magneto-optical Kerr effect using a NanoMOKE®3 from Durham Magneto Optics Ltd.
(Cambridge, UK).
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2.5. First Order Reversal Curve (FORC) Method

FORC methodology is a powerful tool for the study of magnetic properties of materials
and it is used to complement the magnetostatic study of the samples that the hysteresis
loops would offer by themselves. Although it is not a purely standard characterization
technique, the FORC method is increasingly being applied to unravel complex magnetic
behaviors. An introduction to this methodology is available in many scientific reports of
articles [41,42], reviews [43–46], books [47], and references therein. Very briefly, the idea of
this method consists in assuming that the global magnetic hysteresis loop of the sample is
composed of different magnetic contributions coming from different sections, elements,
or materials that form the sample. The magnetic switching of an individual element is
not exclusively dependent on the applied magnetic field but on the magnetic state of its
neighboring surroundings which modifies the effective magnetic field that affects it. In
order to apply the FORC method, a specific measurement protocol must be followed. After
bringing the sample to magnetic saturation, the applied magnetic field is reduced to a
certain reversal field Hr, after which the magnetization is recorded along the way back to
saturation. Repeating this measurement protocol for several reversal fields (Hr), evenly
spaced between positive and negative saturation fields, the FORC distribution ρ(Hb, Hr)
can be calculated as the mixed derivative of the magnetization (m) with respect to the
reversal field, Hr and the applied magnetic field along the way back to positive saturation,
Hb, as shown in Equation (1). This distribution is frequently represented as a contour plot
where one can detect a hysteretic process taking place in the Hr, Hb space.

ρ(Hb, Hr) = −1
2

∂m
∂Hb∂Hr

(1)

3. Results and Discussion

3.1. Samples Fabrication

In order to obtain information regarding the intrinsic magnetic behavior of the different
components (magnetic core and magnetic shell) and investigate the different magnetic
interactions that may exist among them, different samples were synthesized and studied
in this work. All the samples, together with their acronyms are summarized in Table 1.
First of all, two HA-NAM templates were coated just with the SiO2/Fe2O3/SiO2 trilayer,
corresponding then to those samples where only the nanotube shells are present. The as-
deposited (AD) sample does not contain any magnetic phase whilst the sample thermally
treated (TT) is formed of ferrimagnetic magnetite nanotubes. In two additional samples, a
FeCo core nanowire is electrodeposited inside the NTs of SiO2/Fe2O3/SiO2 coated pores
of the alumina membranes. In this case, the as-deposited sample is just the one where
only the core is ferromagnetic. After following an appropriate thermal reduction treatment
under a controlled atmosphere, both the core and the shell turn into magnetics, being the
characterization of this bimagnetic sample the main objective of this study.

Table 1. Designations used for the different samples’ terminology employed during this work.

Acronym Nanotubes (Shell)
Nanowire

(Core)
Thermal

Treatment

Magnetic

Shell Core

NT-AD SiO2/Fe2O3/SiO2 None No × ×
NT-TT SiO2/Fe3O4/SiO2 None Yes (5% H2 + 95% Ar)

√ ×
NWNT-AD SiO2/Fe2O3/SiO2 FeCo No × √

NWNT-TT SiO2/Fe3O4/SiO2 FeCo Yes (5% H2 + 95% Ar)
√ √
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The geometry of the samples has been analyzed by SEM. Figure 2a displays a top view
SEM image of the NWNT-AD array, where the different parts that compose the system are
identified according to the scheme illustrated in Figure 2b, with an external diameter of
the nanotubes shell of around 180 nm and an inner-core of FeCo nanowire with 90 nm in
diameter. It is worth mentioning that the apparent elliptical cross-section displayed by the
NWNT-AD core/shell nanowires in Figure 2a should be ascribed to artifacts during image
acquisition at high magnifications in SEM. The cross-section of the NTNW embedded
in the HA-NAM is shown in Figure 2c. The trilayered structure of the core/shell NWs
can also be observed in the EDX linescan analysis performed by TEM on a single NW
and shown in Figure 2d, where the peaks corresponding to the outer iron oxide shell, the
SiO2 interspacing, and the metallic FeCo nucleus are clearly detected. After a deposition
time of 5 min, the mean length of the nanowires is around 8 µm. An EDX analysis was
performed on a test sample without the deposition of the Fe2O3 shell (it would false the
nanowires composition otherwise), which confirmed that the average NWs composition
was Fe56Co44.

√
√

√ √

μ

Figure 2. (a) Top-view scanning electron micrography of the nanowire/nanotube core/shell system.
(b) Scheme of the dimensions of the core/shell elements grown in this work. (c) Cross-sectional
view scanning electron micrography of the nanowire/nanotube system and the mean length of the
elements. (d) STEM image and EDX linescan analysis performed of a single core/shell NW showing
its layered heterostructure.

3.2. Magnetic Properties of the Magnetite Nanotubes

In order to confirm the magnetic phase transformation into magnetite of the hematite
nanotubes after the thermal reduction treatment under a controlled atmosphere, a ther-
momagnetic, M(T), study has been performed. In Figure 3a, the Zero-Field-Cooling, Field
Cooling, Field Heating (ZFC-FC-FH) protocol M(T) curves measured at a constant magnetic
field of 100 Oe is displayed, unmistakably identifying the presence of magnetite phase in
the NT shell system due to the detection of the Verwey transition appearing at 125 K [48,49].
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100 𝑂𝑒

𝐻 = 24 𝑂𝑒 𝐻 = 427 𝑂𝑒

Figure 3. (a) ZFC-FC-FH magnetization curves for the shell of Fe2O3 NT-AD (black) and Fe3O4

NT-TT (red), respectively. (b) Normalized VSM hysteresis loops measured by applying the magnetic
field along the parallel direction to the hematite (black) and magnetite (red) nanotubes length.

To study the relevance of the shell magnetite phase in the nanotube system, we
withdrew some samples from the fabrication process after the ALD procedure but before
the nanowires were electrodeposited. It is important to note that for sake of clarity, due
to the prevalence of the shape anisotropy for these kinds of systems, the magnetostatic
characterization has been restricted to the particular case when applying the external
magnetic field along the longitudinal axis of the core/shell nanostructure, which is, in
fact, the easy magnetization axis of both, nanowires and nanotubes. A comparison of
the magnetic hysteresis loops measured on the nanotube system, before (NT-AD) and
after (NT-TT) undergoing the thermal treatment for the hematite phase transformation
into magnetite, can be seen in Figure 3b. After performing the thermal treatment under a
controlled atmosphere, the resulting shell of magnetite nanotubes has a higher coercivity
value, increased from HC = 24 Oe for hematite NTs to HC = 427 Oe for magnetite NTs.

3.3. Study of the Core/Shell System

The main study of this work has been performed to compare the magnetic behaviour of
three samples. We designated the samples in the following way: a first sample which only
has the magnetic nanotubes (NT-TT), a second sample with magnetic nanowires but non-
magnetic nanotubes (NWNT-AD), and a third sample that has both magnetic nanotubes
and nanowires (NWNT-TT). The magnetic behavior of the nanotube and nanowire systems
has been characterized individually through the study of the hysteresis loop measured
along the axial direction for each sample and then, the corresponding hysteresis loop for
the coupled bimagnetic core/shell system was also analyzed.

From the axial hysteresis loops plotted in Figure 4, we can extract a basic idea regarding
the magnetic events that take place in each system [50]. By analyzing the slope of the
histeretic curves, one can deduce that the NT-TT sample, which only contains the magnetite
nanotubes, is a magnetic system where the individual elements which constitute the sample
do not magnetically interact so much among them, as its hysteresis loop appears to be
straight and relatively parallel to the vertical axis. However, for the NWNT-AD sample,
which only contains the Fe56Co44 ferromagnetic nanowires, the loop displays a sharper
slope than the NT-TT one. This fact indicates that the magnetic elements involved in the
system are magnetostatically interacting with each other to a higher degree than in the
previous sample. Therefore, the switching fields needed to reverse the magnetization of the
magnetic elements of the NWNT-AD sample are altered, making the switching happen at a
lower or higher field value (depending on each individual element) than those required to
switch them when they are isolated by separately. Lastly, the NWNT-TT sample, which is
composed of the core/shell bimagnetic nanostructures, shows an even gentler and steeper
slope than the nanowires sample (NWNT-AD), indicating that the two magnetic elements
of the core/shell sample turn into even much more interacting between them after the
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magnetite nanotubes have been added to the system. The individual magnetic elements of
the sample are switching their magnetization state at even lower or higher external field
values due to the more intense neighboring magnetic field.

Figure 4. Comparison of the normalized hysteresis loops measured at 300 K for the NT-TT, NWNT-
AD and NWNT-TT samples by applying the external field along the parallel direction with respect to
the nanowire/nanotube longitudinal axis.

In order to further expand this concept, we rely on the more complex FORC method-
ology by obtaining the FORC distributions of the samples at 300 K, all of them measured
by applying the magnetic field parallel to the nanowires/nanotubes long axis. The FORC
distributions for all three samples are collected in Figure 5. Figure 5 (left panel) repre-
sents the FORC distribution corresponding to the NT-TT sample which denotes a single
distribution along the coercivity axis, Hc, thus indicating a weakly interacting system
as it was also inferred from the corresponding hysteresis loop, where the wide FORC
distribution indicates the broad switching field values of each NT. In contrast to the pre-
vious one, the FORC distribution for the NWNT-AD sample, shown in Figure 5 (middle
panel), displays an elongated distribution along the interaction axis, Hu, which indicates a
strongly interacting system where each FeCo nanowire influences the magnetic state of
its neighbors. Finally, in Figure 5 (right panel) the NWNT-TT FORC distribution displays
a quite similar elongated distribution along the Hu axis to the NWNT-AD, but there are
visible differences in the shape of the distribution. Although apparently, it could resemble
the linear superposition of the two previous FORC distributions, i.e., direct superposition
of contributions from NWs and NTs, a deeper look into it suggests otherwise. Instead of
a FORC diagram comprising the superposition of two independent FORC distributions,
it looks that the central distribution along Hu = 0, which is in a first instance ascribed to
the magnetite nanotubes, shifts the whole magnetization reversal processes of the FeCo
nanowires to higher and lower values of the interaction field. This could be explained by
considering that the magnetization reversal of the nanotubes, which occurs completely at a
certain value of the applied field, introduces a jump or an offset in the effective magnetic
field that affects the whole sample and thus to the nanowires.
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Figure 5. FORC distributions for (a) NT-TT sample with only magnetite nanotubes; (b) NWNT-AD
sample with only FeCo ferromagnetic nanowires; and (c) NWNT-TT bimagnetic core/shell sample.

Previous analyses point out that the difference between the nanowire and core/shell
systems is the delay of the switching process of the nanowires, represented by a shift
towards higher values of the external magnetic field. The presence of the magnetic nan-
otubes in the core/shell nanowire system, increased the magnetostatic interaction felt by
the nanowires, so that the antiparallel coupling between the core and shell is favored.
However, magnetostatic interaction among neighboring nanowires is still dominant, as
inferred from hysteresis loops and also from FORC analyses. In order to better clarify the
magnetization reversal process of individual core/shell nanowires, magneto-optical Kerr
effect measurements have been performed with the applied magnetic field parallel to the
core/shell longitudinal axis. In Figure 6, the VSM and MOKE parallel hysteresis loops are
compared for several samples. The NT-TT VSM and NWNT-AD VSM parallel loops are
included as a reference for the magnetization reversal of the nanotubes and the nanowires,
respectively. As it can be appreciated from the comparison between the respective VSM
and MOKE measurements, the switching field of the single nanowire (NWNT-AD sample
with no magnetic shell measured by MOKE, in purple color) matches well with the coercive
field value of the FeCo nanowires array measured by VSM (dark yellow color). Further-
more, the blue-colored loop in Figure 6, corresponding with the MOKE hysteresis loop of a
single core/shell bimagnetic nanostructure, presents two well-differentiated magnetization
jumps. The first one seems to correspond to the ferromagnetic FeCo nanowire in the core,
as compared with the one observed for the NWNT-AD sample (purple and dark yellow
colors), whilst the second reversal of magnetization is ascribed to the shell of magnetite
nanotube, as it is located near the coercive field value of the NT-TT sample obtained from
the corresponding VSM hysteresis loop (red color).
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Figure 6. VSM hysteresis loops of the NT-TT (red) and NWNT-AD (dark yellow) arrays. MOKE
hysteresis loops of individual Fe56Co44 nanowires (purple) and core/shell bimagnetic nanowire
(blue). All hysteresis loops are measured by applying the external field along the parallel direction
with respect to the nanowires/nanotubes longitudinal axis.

4. Conclusions

A cylindrical coaxial bimagnetic core/shell structure composed of Fe56Co44 nanowires
and SiO2/Fe2O3/SiO2 multilayered nanotubes were successfully fabricated and magneti-
cally characterized. Aiming to design a more complex magnetostatic system, some samples
containing SiO2/Fe2O3/SiO2 nanotubes underwent further thermal treatment in an H2-
controlled atmosphere (5% H2 + 95% Ar) to crystallize the hematite (Fe2O3) phase into
magnetite (Fe3O4) one. From the comparison between the hysteresis loops of the nanotube,
nanowire, and nanowire/nanotube systems it was found that the nanotube system does
not display a highly magnetic interactive behavior while the nanowire system displays
higher magnetostatic dipolar interaction between its elements. Additionally, the bimag-
netic nanowire/nanotube system showed an even higher degree level of magnetostatic
interaction among their constituting elements. However, in order to fully understand
the different magnetization processes occurring in the samples, the First-Order Reversal
Curves methodology was introduced. The FORC analysis performed on the shell nanotube
samples showed a weakly magnetostatic interaction system, whereas the nanowire and
nanowire/nanotube samples’ magnetic behavior was dictated by a system with strongly
magnetostatic interacting elements. A deeper analysis of the core/shell nanowire/nanotube
sample shows evidence of the magnetostatic coupling of dipolar origin between the two
magnetic parts, the core, and the shell, of the bimagnetic nanostructure, in such a way
that their magnetic interactions cause the delay in the switching of their magnetic state as
compared to their individual magnetic behaviors separately. Finally, the two-step switch-
ing of the magnetization reversal process for the bimagnetic nanowire/nanotube system
was confirmed by MOKE measurements performed on several individual elements of the
core/shell sample.
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Abstract: Recently, interconnected nanowire networks have been found suitable as flexible
macroscopic spin caloritronic devices. The 3D nanowire networks are fabricated by direct
electrodeposition in track-etched polymer templates with crossed nano-channels. This technique
allows the fabrication of crossed nanowires consisting of both homogeneous ferromagnetic metals and
multilayer stack with successive layers of ferromagnetic and non-magnetic metals, with controlled
morphology and material composition. The networks exhibit extremely high, magnetically modulated
thermoelectric power factors. Moreover, large spin-dependent Seebeck coefficients were directly
extracted from experimental measurements on multilayer nanowire networks. This work provides a
simple and cost-effective way to fabricate large-scale flexible and shapeable thermoelectric devices
exploiting the spin degree of freedom.

Keywords: 3D nanowire networks; spin caloritronics; thermoelectricity; spintronics; giant
magnetoresistance multilayers

1. Introduction

Spin-dependent transport mechanisms are expected to play a crucial role in the development
of next generation of thermoelectric devices [1]. Therefore, a central focus of the rapidly emerging
field of spin caloritronics is combining heat-driven transport with spintronics [2,3]. Previous studies
on nanoscale metal structures, magnetic tunnel junctions and magnetic insulators have led to the
observation of various spin-enabled mechanisms that may differ significantly from conventional
thermoelectrics effects, including spin Seebeck effects [4,5], thermally driven spin injection [6] and
thermal assisted spin-transfer torque [7,8]. However, dimensions in magnetic nanostructures lead to
major experimental issues such as insufficient power output capability and lack of reliable methods to
obtain key spin caloritronic parameters, and have limited the application of spin caloritronic devices
based on these effects [9,10].

In this context, recently developed interconnected magnetic nanowire (NW) networks embedded
within porous polymer films provide a simple and cost-effective pathway to fabricate flexible
and shapeable, macroscopic-scale spintronic nanoarchitectures with advantageous thermoelectric
properties. They combine the macroscopic dimension required for large thermoelectric power output
with the nanostructuration required to enable spintronic effects, and meet the mechanical, electrical and
thermal stability required for practical applications. Indeed, ferromagnetic transition metals exhibit
large diffusion thermopowers because of the pronounced structure of the d-band and the high energy
derivative of the density of states at the Fermi level [11], while they also exhibit significant magnon-drag
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contribution to the thermoelectric power within a wide temperature range [11,12], leading to both
positive and negative large Seebeck coefficient S at room temperature (RT). Moreover, due to their
large electrical conductivity σ, they can exhibit very large power factors PF = S2σ, which is the
physical parameter that relates to the output power density of a thermoelectric material, that remain in
interconnected NW structures made of ferromagnetic metals. Therefore, interconnected magnetic NW
networks allow to obtain both p-type and n-type light, robust, flexible and shapeable thermoelectric
elements, which are both required for practical thermometric devices. Besides, interconnected networks
made of multilayered NWs, with a succession of ferromagnetic metal (FM) and normal metal (NM)
layers, allow for large magnetic control of thermoelectric transport and for the precise and direct
extraction of spin-dependent Seebeck coefficients from experimental measurements. Therefore,
such NW-based spin caloritronics devices overcome the insufficient power generation capability
inherent to the custom-patterned nanoscale magnetic structures reported previously and constitute
promising candidates for heat management applications [13,14].

2. Materials and Methods

Three-dimensional (3D) nanoporous templates were obtained by a track-etched technique with a
sequential multi-step exposure of energetic heavy ions, at various angles with respect to the normal of
polycarbonate (PC) film surface [15,16]. It allows to obtain 20 µm thick template films with distinct
porosities and pores sizes, as illustrated in Figure 1a. In the present study, the as-prepared polymer
membranes containing networks of interconnected cylindrical nanopores were designed with pores of
well-defined diameter of about 80 nm and with porosity P ≈ 3%. Then, the PC membranes were filled
with 3D metallic NWs by direct electrodeposition at RT in the potentiostatic mode using a Ag/AgCl
reference electrode and a Pt counter electrode, which allows for a very high degree of replication
of the nanopores [16–18]. For this, the PC templates were coated on one side with a Au/Cr bilayer
using an e-beam evaporator to serve as cathode during the electrochemical deposition. Interconnected
homogeneous NW networks, as illustrated in Figure 1b, made of several ferromagnetic pure metals
(Ni, Co) and alloys (NiFe, CoNi, NiCr, CoCr) were grown by electrodeposition from home-made
electrolyte solutions with fine-tuned metallic ions concentration and pH acidity at calibrated constant
potentials [16–20]. In addition, FM and Cu layers were electrochemically stacked in the host 3D
porous templates to make interconnected FM/Cu multilayered NW networks, with FM = Co, Co50Ni50,
Ni80Fe20 and Ni, as illustrated in Figure 1c. They were grown by electrodeposition from single
home-made electrolyte solution using a pulsed electrodeposition technique [13,14,21,22].

The interconnected NW structure was characterized using a field-emission scanning electron
microscope (FE-SEM) after complete chemical dissolution of the cathode and the template. The crossed
NW networks are mechanically robust and self-standing, as shown by Figure 1d,e where SEM
images of the networks are presented. As seen, the NW networks exhibit the replicated complex
branching morphology of the porous template. The inset in Figure 1d shows the typical size
as well as the mechanical robustness of the macroscopic self-supporting networks. In order to
perform magnetoresistance (MR) and magneto-thermoelectric power (MTP) measurements on the
interconnected NWs embedded into the PC film (schematically shown in Figure 2a), the Au cathode
was locally etched by plasma to pattern two Au electrodes with low contact resistance, as illustrated in
Figures 2b–d. The Seebeck coefficient was measured by inducing a temperature difference ∆T using
a resistive element and measuring the induced thermoelectric voltage ∆V, following the procedure
described in refs. [13,22]. MR and MTP were measured by applying an external magnetic field along
the out-of-plane (OOP) and in-plane (IP) directions of the NW network films, with a maximum applied
field of ±10 kOe. The measurements were made at temperatures from 10 K to 320 K. Other benefits
of the 3D interconnected nanowire network system are its light weight and flexibility. For instance,
the density of Co NWs fully filling a PC membrane was estimated to be about 1.4 g/cm3. The flexibility
of the network films is shown in Figure 2e. As seen, the film can be easily twisted without damaging
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its electrical properties. The electrical resistance was measured during several successive torsions of a
network of interconnected nanowires, revealing only a marginal variation in resistance, less than 0.2%.

100 nm 1 μm10 μm

a b c

d e

Figure 1. (a) Schematics of the 3D nanoporous polymer template, (b) crossed nanowire and
(c) crossed nanowire network with alternating magnetic and non-magnetic layers. (d,e) SEM images of
self-supported interconnected nanowire network with different magnifications. (d) Low-magnification
image showing the 50◦ tilted view of a macroscopic nanowire network film with 105 nm diameter and
∼20% packing density. The inset displays an optical image showing the size and mechanical robustness
of the macroscopic self-supporting network. (e) Low magnification image showing the top view of the
NW network with 80 nm diameter and ∼3% packing density. The inset shows the nanowire branched
structure at higher magnification.

Au cathode µ
m
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2
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Figure 2. 3D interconnected nanowire networks and experimental set-ups for measurement of transport
properties. (a) Schematic of 3D interconnected nanowire network film grown by electrodeposition
from a Au cathode into a 20 µm thick polycarbonate template with crossed-nanopores. (b) Two-probe
electrodes design obtained by local etching of the Au cathode. (c,d) Device configuration for successive
measurements of the resistance and the Seebeck coefficient. (c) The voltage differential ∆V induced by
the injected current I between the two metallic electrodes is measured while the two electrodes are
maintained at an identical and constant temperature. (d) Heat flow is generated by a resistive element
at one electrode while the other electrode is maintained at desired temperature. The temperature
difference ∆T between the two metallic electrodes is measured by a thermocouple while thermoelectric
voltage ∆V settles. (e) Photograph of a flexible device made of 3D interconnected nanowires embedded
in a polycarbonate matrix and with the two gold electrodes design. The inset SEM image shows the
nanowire branched structure with diameter of 80 nm and ∼3% packing density.
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3. Results and Discussion

3.1. Homogeneous Nanowire Networks

The resistance and Seebeck coefficient of homogeneous NW networks were measured for
T = 10–320 K. Table 1 provides the Seebeck coefficients of homogeneous NW networks made of
several metals and alloys at RT. Both n-type and p-type thermoelectric NW networks with large
absolute thermopower values were obtained. The results are consistent with reported bulk Seebeck
coefficients [23–26]. Moreover, the value reported for the Co50Ni50 NW network is also consistent
with the ones reported for parallel arrays of NiCo NWs [27,28]. The resistivity of the homogeneous
NW networks were estimated assuming that the Matthiesen’s rule holds for the different metallic
NW networks. In that case, the resistivity at RT is given by ρRT

NWs = ρRT
FM + ρ0

NWs, where ρRT
FM is the

resistivity of the FM that composes the NWs at RT due to thermally excited scatterings and ρ0
NWs

is the residual resistivity of the NWs due to impurities along with surface scattering within the
NW network and internal grain-boundary scattering. For NW diameter not too small (φ ≥ 40 nm),
the thermally induced scattering effects are independent on the sample dimensions, nanostructuration
and defect concentration [29]. Therefore, ρRT

FM can be taken as the ideal resistivity values at RT
reported for bulk materials in the literature (from refs. [30–33]). Moreover, because the resistivity
due to thermally excited scatterings tends to 0 at low temperatures, the resistivity at 10 K of the
NW networks can be approximated to ρ10 K

NWs ≈ ρ0
NWs. Finally, using the residual resistivity ratio

RRR = RRT
NWs/R10 K

NWs ≈ (ρRT
FM + ρ0

NWs)/ρ0
NWs, the RT resistivity of the NWs can be estimated as

ρRT
NWs ≈ ρRT

FMRRR/(RRR − 1). The calculated resistivity are provided in Table 1. Slightly larger
resistivity compared to the bulk materials have been obtained, as expected for electrodeposited
nanostructured materials. Indeed, electrodeposited materials display a relatively large amount of
defects, leading to defect scattering into the NWs, while the NW transverse nanoscale dimensions lead
to surface scattering effect. This engenders larger residual resistivity of the NW networks compared to
bulk materials.

Table 1 also provides the power factors PF = S2/ρ together with the figure of merit ZT for the
NW networks at RT. Due to the slightly larger electrical resistivity of the NW networks compared to
bulk materials, slightly lower PF values have been found with respect to the bulk values. However,
the PF values obtained are similar an even larger than to that of widely used thermoelectric material
bismuth-telluride (in the range 1–6 mW/K2m) and at least one order of magnitude larger than the ones
reported for flexible thermoelectric films based on optimized conducting polymers [34,35]. Large RT
value of PF of about 11.0 mW/K2m have been obtained in interconnected Co NWs, which is almost as
good as the bulk Co that display the largest PF value of about 15 mW/K2m [36]. Moreover, regarding
p-type materials, the RT PF estimated for the Fe and Ni96Cr4 NW networks are close to the largest
PF at RT of about 9 mW/K2m found for CePd3 [37,38]. Therefore, electrodeposited magnetic NW
networks are suitable for both n-type and p-type thermoelectric modules, in particular for active
cooling applications as it has been recently shown that such application requires materials exhibiting
large PF [38,39]. The efficiency of a material’s thermoelectric energy conversion is determined by its
figure of merit ZT = S2σT/κ, with κ the thermal conductivity. In a previous study, M. Ou et al [40]
have measured the thermal conductivity of a suspended Ni NW for T = 15–300 K. While the Lorenz
ratio L = κ/σT departs from the Sommerfeld value (L0 = 2.45 · 10−8 V2/K2) at low temperatures,
L was found to be equal to L0 with a 5% margin of error above T = 50 K. Due to the very low thermal
conductivity of polycarbonate (κ = 0.2 W/Km at RT), the contribution of the polymer matrix to
heat transport is much smaller than that of the metallic NW network. Indeed, assuming that the
Wiedemann–Franz law holds for the NWs, estimations of the RT electronic thermal conductivities
κe = L0T/ρ provides values between 10 and 100 W/Km, hence at least two orders of magnitude
above the thermal conductivity of the PC template. Moreover, in the limits of the Wiedemann–Franz
law, the ZT value can be approximated by ZT ≈ S2/L0. Using this approximation, the ZT values
of the NWs networks at RT have been estimated and are reported in Table 1. Although the figure
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of merit is more than one order of magnitude smaller than those of state-of-the-art thermoelectric
materials (ZT ≈ 1 in BiTe alloys), it is comparable to those of thermocouple alloys (ZT ≈ 6· 10−2 and
ZT ≈ 1.4·10−2 in constantan and chromel, respectively) and can be used in applications for devices
with low energy requirements when the supply of heat essentially is free as with waste heat.

Table 1. Room-temperature Seebeck coefficient S, resistivity ρ, power factor (PF), figure of merit ZT,
magnetoresistance ratio (MR) and magnetothermopower ratio (MTP) of interconnected homogeneous
nanowire networks made of ferromagnetic metals and alloys.

S (µV/K) ρ (µΩcm) PF (mW/K2m) ZT (-) MR (%) MTP (%)

Co −28.0 7.1 11.0 3.2·10−2 1.1 −1.1
Fe +15.0 12.8 1.8 9.1·10−3 0.2 -
Ni −19.6 9.1 4.2 1.6·10−2 1.6 −6.0

Co50Ni50 −18.3 15.4 2.2 1.4·10−2 2.9 −3.8
Ni90Fe10 −34.4 18.6 6.3 4.8·10−2 3.3 −2.1
Ni80Fe20 −36.9 25.0 5.4 5.6·10−2 2.4 −1.5
Ni70Fe30 −40.2 32.5 5.0 6.6·10−2 1.5 −1.3
Ni60Fe40 −46.0 42.4 5.0 8.6·10−2 0.7 −0.8
Ni96Cr4 +15.5 27.3 0.9 9.8·10−3 0.1 -

Besides, magneto-transport measurements have been conducted. Figure 3a–h shows the variation
of resistance and Seebeck coefficient with a magnetic field applied along the IP and OOP direction
for the Co (a–b), Co50Ni50 (c–d), Ni80Fe20 (e–f) an Ni (g–h) NW networks. The MR curves show the
anisotropic magnetoresistance (AMR) effect that leads to a decrease in resistivity as the angle between
the magnetization and current directions is increased. Indeed, the current flow being restricted along
the NW segments, the saturation magnetization in the IP direction makes an average angle of ±65◦ with
the current. By comparison, when the magnetization is saturated in the OOP direction, the average
angle between the magnetization and the current directions is much smaller (±25◦), leading to a
larger resistance at saturation when the field is applied in the OOP direction than when the field is
applied in the IP direction. The lower resistance state expected for the perpendicular configuration
between magnetization and current could not be achieved in such NW networks due to their geometry.
Figure 3a–h also shows that the absolute value of the thermopower increases with increasing angle
between the magnetization and the current flow for the NW networks. At saturation, larger absolute
thermopower is obtained in the IP direction compared to the OOP direction. This is in good agreement
with previous studies performed on single NWs [27]. Moreover, as shown in Figure 3a–h for all NW
networks, the MR and MTP effects exhibit similar behavior, indicating a direct relation between the two
effects, as expected from Mott’s formula for the diffusion thermopower. Table 1 provides the RT values
of the MR and MTP ratio, defined as MR = (Rmax − Rmin)/Rmax and MTP = (Smax − Smin)/Smax,
respectively. Similar amplitudes have been obtained for the Co, Co50Ni50 and NiFe alloys networks.
The slightly larger MTP ratio amplitude compared to the MR ratio amplitude observed in Co50Ni50 is
also consistent with previous studies performed on NiCo alloy NWs [27,28]. In contrast, Figure 3g,h
reveals an enhancement of the MTP ratio up to three times larger than the corresponding MR ratio
amplitude for the Ni NW network, in spite of similar field dependencies. Such definition of the MR
ratios leads to an underestimation of the traditional AMR ratio defined as (R‖ − R⊥)/R⊥, where R‖
and R⊥ are the theoretical resistance states obtained for parallel and perpendicular orientations of the
magnetization and current directions, respectively. However, the AMR ratio can be extracted from
the resistance states measured at saturation in the OOP and IP directions ROOP and RIP using the
analytical model described in refs. [17–19].
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Figure 3. (a–h) Room-temperature variation of the electrical resistance and Seebeck coefficient of Co
(a,b), Co50Ni50 (c,d), Ni80Fe20 (e,f) and Ni (g,h) nanowire networks obtained with the magnetic field
applied along the in-plane (IP—green) and out-of-plane (OOP—purple) directions of the nanowire
network film. (i) Variation of the Seebeck coefficient vs Ni content in NiFe nanowire networks at room
temperature. Values previously reported for bulk alloys [41] are also shown. (j) Magnetoresistance
(MR—blue) and magneto-thermopower (MTP—red) ratios as a function of Ni content in NiFe nanowire
networks at room temperature.

Figure 3i shows the Seebeck coefficients S at RT of the NW networks made of NixFe1−x alloys with
0.6 ≤ x ≤ 1. As seen, the thermopower increases continuously with increasing Fe content, reaching
values between −20 µV/K for pure Ni to about −45 µV/K for Ni60Fe40. These results are in good
agreement with the experimental data obtained on bulk NiFe alloys [24,41]. Therefore, NiFe alloys with
fine-tune composition potentially yield significantly larger Seebeck coefficients than pure ferromagnetic
metals like Co and thermocouple materials like constantan (Cu55Ni45: S ≈ −38 µV/K). The measured
value for Ni80Fe20 NWs (S ≈ −37 µV/K) is also very similar to the reported bulk values in the
literature [25,26]. Figure 3j shows the magnitude of the MR and MTP ratios evaluated at RT for pure
Ni and NixFe1−x alloy NW networks as a function of the Ni content x. It reveals a peak in the MR
ratio for alloying compositions around 90% of Ni, in coherence with previous studies on bulk NiFe
alloys [42,43]. Moreover, it highlights the very different behavior of the Ni NW network, compared to
the NiFe alloys. For the NixFe1−x alloy samples with 0.6 ≤ x ≤ 0.9, the magnitude of the MTP ratio is
either comparable or smaller to the MR ratio. The smaller value of the MTP ratio with respect to the
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corresponding MR ratio for the Ni80Fe20 NW network is in agreement with measurements performed
on Ni80Fe20 thin films [44]. In contrast, the Ni NW network exhibits a MTP effect of −6% much larger
than the MR ratio of ∼1.6%. This result is in good agreement with previous measurements performed
on single Ni NWs and parallel arrays of Ni NWs, where MTP ratios were found up to 2.5–3 times
larger than the corresponding MR ratios [27,28,45] and may be related to the spin-dependent Seebeck
coefficients, S↑ and S↓, of opposite sign [46]. It is interesting to note that for Ni thin films, the observed
anisotropic MTP has approximately the same magnitude than the anisotropic MR (∼1.5%) [44]. Further
studies are needed to understand this unexpected enhanced MTP for Ni NWs.

The addition of transition metal impurities in ferromagnetic metals has been found to have a large
influence on their spin-dependent electronic transport properties (see ref. [47] for a review). It can
be ascribed to a matching/mismatching of the d-electronic states between the host ferromagnetic
metal and the transition metal impurities [48]. Notably, diluted Cr impurities in Co, Fe and Ni
generate stronger scattering in the majority-spin channel in a two-band model. This leads to a
spin-asymmetry parameter α = ρ↓/ρ↑ < 1, which means that minority spin electrons dominate the
electronic conduction, contrasting to that of pure ferromagnetic metals. In this context, NW networks
made of dilute NiCr and CoCr alloys (Cr content ≤ 7 at.%) have been fabricated, and the influence
of impurity concentration on the AMR effect and thermopower has been investigated [20]. Figure 4a
provides the MR ratio as a function of the Cr content for NiCr NW networks at RT and T = 100 K, where
the MR ratio is defined as MR = (ROOP − RIP)/ROOP, with ROOP and RIP the resistance states reached
at H = 10 kOe in the OOP and IP directions, respectively. Although this MR ratio underestimates the
AMR effect, its sign correctly reflects the sign of the AMR effect. Indeed, when the magnetization is
saturated along the OOP and IP directions, it makes respectively average angles of about 25◦ and 65◦

with the current flow that is strictly restricted along the NW segments. Therefore, the case ROOP > RIP

unambiguously indicates a positive AMR effect, as usually observed for ferromagnetic metals and
alloys. As seen in Figure 4a, positive AMR have been found at RT for all interconnected NiCr NW
networks, with a decrease of the MR ratio with increasing Cr content. Conversely, negative AMR effect
at T = 100 K has been observed for NiCr NW networks with Cr content > 4%. This is illustrated in the
inset of Figure 4a that compares the MR curves measured at RT and T = 11 K for the Ni96Cr4 sample.
While the AMR is positive at RT, the Ni96Cr4 NW network exhibits RIP > ROOP at T = 11 K. Similar
results have been observed on the NiCr NWs samples with Cr content > 4%. These observations are in
agreement with previous negative AMR measurements reported at low temperatures in bulk NiCr
dilute alloys [49–51].

Figure 4b shows the MR curves for the dilute CoCr NW networks, where negative AMR have
been observed at RT for Cr concentrations ≥ 3 at.% contrasting to pure Co NWs [20]. Indeed, as seen
in the inset of Figure 4b, the RT MR curves measured for the Co and Co95Cr5 samples show opposite
behaviors (ROOP > RIP and RIP > ROOP for Co and Co95Cr5 NW networks, respectively). Moreover,
all CoCr NWs exhibit negative AMR with similar amplitude for all alloying composition down to
∼1 at.%. Even if the interpretation is still controversial [52], Campbell, Fert and Jaoul have proposed
a model based on a spin-orbit mechanism [50,53] predicting that the AMR ratio is proportional to
(α − 1) at low temperatures, where α = ρ0

↓/ρ0
↑ is the spin asymmetry coefficient with ρ0

↓ and ρ0
↑ the

residual resistivities of the spin down and spin up electrons. When α < 1, negative AMR is thus
expected. Moreover, in this simplified model, α is constant for a given impurity, independently of its
concentration. When the temperature increases, the electron-phonon and electron-magnon scattering
processes induces additional terms in the electrical resistivity. In consequence, as temperature rises,
the AMR ratio of the dilute alloy should tend to that of the host pure ferromagnetic metal, converging
more rapidly as the impurity concentration is lower [53]. The predictions of Campbell, Fert and
Jaoul [50,53] are mostly in qualitatively good agreement with the experimental results obtained for
both interconnected NiCr and CoCr NW networks and the theoretic prediction of spin asymmetry
coefficient α < 1 in these dilute alloys [47,54]. Notably, the negative MR ratios observed at low
temperatures for CoCr NW networks are found to be independent of the Cr content, while the change
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of sign at RT is favored for the lowest Cr concentration (see Figure 4b). However, the fact that the
MR ratio remains negative for Cr content ≥ 3 at.% in CoCr NWs is unexpected because thermally
activated scattering of conduction electrons should significantly weaken the effect. Similar unexpected
negative AMR ratios at RT have already been observed in earlier studies performed on bulk CoIr
alloys [52]. One hypothetical justification for the RT negative MR ratio in the CoCr NW networks is
that the residual resistivity due to impurity scatterings which is proportional to the Cr content becomes
dominant compared to the thermally activated resistivity of the matrix at RT in CoCr alloys with Cr
content ≥ 3%. Thus their influence over the AMR effect remain dominant at RT. This is illustrated by
the residual ratio (R300 K/R10 K) below 2 (1.7 and 1.6 for 3 and 5 at.%Cr respectively) for the samples
with RT negative AMR, up to 2 for the sample with positive RT AMR (5.4 and 2.7 for the Co and
Co99Cr1 samples, respectively).

a b

c d

Figure 4. (a,b) Magnetoresistance (MR) ratio as a function of the Cr content for interconnected NiCr
(a) and CoCr (b) nanowire networks at room temperature (RT—blue) and T = 100 K (red). The gray
areas in (a,b) indicates negative anisotropic magnetoresistance. The inset in (a) compares the MR
curves measured along the out-of-plane (red) and in-plane (blue) directions for the Ni96Cr4 crossed
nanowire network at RT and T = 11 K. The inset in (b) compares the RT MR curves measured
along the out-of-plane (red) and in-plane (blue) directions for the interconnected Co and Co95Cr5

nanowire networks. (c,d) Seebeck coefficient S at zero magnetic field as a function of the Cr content
of for interconnected NiCr (c) and CoCr (d) nanowire networks at RT (blue), T = 200 K (yellow)
and T = 100 K (red). The recommended values for chromel (Ni90Cr10) are indicated by star symbols.
The green and gray areas in (c,d) indicate positive and negative S values, respectively. The symbol
size encompasses the experimental error bars, which are set to two times the standard deviation of
the experimental measurements of the electrical and temperature measurements, gathering 95% of the
data variation.

Figure 4c,d show the Seebeck coefficient as a function of the Cr concentration in the absence of
any external magnetic field for the interconnected NiCr and CoCr NW networks at RT, T = 200 K
and T = 100 K. As seen in Figure 4c, the thermopower of NiCr NWs abruptly changes sign, going
from the pure Ni value (−20 µV/K) to about +17.5 µV/K for the Ni93Cr7 NW network [20]. Similar
changes of sign in the Seebeck coefficient have been previously observed in bulk NiCr alloys with
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the electrical conduction dominated by minority spin electrons and have been related to drastic
modifications in the density of states at the Fermi level by the addition of Cr impurities to the host
ferromagnetic metals [46,47,55]. Figure 4c also provides the recommended values for the thermocouple
material Chromel P (Ni90Cr10), which are consistent with the Seebeck coefficients reported for the
studied samples. In contrast, the sign of the Seebeck coefficient does not change for any value of
Cr concentration for CoCr NW networks, as seen in Figure 4d. The RT thermopower drops rapidly
from −28 µV/K for pure Co to much smaller negative values approaching −5 µV/K for Co95Cr5

NWs. Similar features are also observed at lower temperatures. These observations are consistent with
experiments previously conducted on dilute Co-based alloys with α < 1 [11]. The sudden drop of S

induced by the incorporation of few at. % of Cr in Co NWs can also be ascribed to significant changes
in the density of states for the majority spin electrons. Please note that extremely small MTP effects
(typically less than 1%) were found in all NiCr and CoCr samples.

3.2. Multilayered Nanowire Networks

We will now turn to the discussion to interconnected FM/Cu multilayered NW networks,
which have been found to be good candidates for spin caloritronic devices with large spin-dependent
thermoelectric transport properties as they combine large giant magnetoresistance (GMR) effect
measured in the current-perpendicular-to-plane (CPP) configuration with large thermoelectric power
factors [13,14,22]. In addition, their macroscopic dimension leads to efficient energy conversion and
opens the door to practical applications. In this context, interconnected FM/Cu multilayered NW
networks, with FM = Co, Co50Ni50 or Ni80Fe20 and Ni, have been investigated. In CPP FM/Cu
multilayers, the Seebeck coefficient along the axial direction (perpendicular direction to the layers) can
be calculated from the corresponding transport properties using Kirchhoff’s rules [56] as

S⊥ =
SCuκFM + λSFMκCu

λκCu + κFM
. (1)

Here SFM, SCu and κFM, κCu represent the thermopower and the thermal conductivity of the FM and
Cu and λ = tFM/tCu the thickness ratio of FM and Cu layers. If the Wiedemann–Franz law holds for
the Cu and FM, Equation (1) simply reduces to

S⊥ =
SCuρCu + λSFMρFM

λρFM + ρCu
, (2)

with ρFM and ρCu being the corresponding electrical resistivities. According to Equation (2), in the
limits SFMρFM ≫ SCuρCu, which is usually acceptable, and a thickness ratio λ not too small, SFM/Cu is
mainly determined by the large thermopower of the ferromagnetic metal. The same conclusion
can be drawn when the FM layers are made of ferromagnetic alloys such as Co50Ni50 and Ni80Fe20,
because of highly contrasting thermal conductivity values between these alloys and Cu. By comparison,
the Seebeck coefficient of a planar FM/Cu multilayer stack in the direction parallel to the layers (CIP)
is given by

S‖ =
SCuρFM + λSFMρCu

λρCu + ρFM
. (3)

It shows that large thermopowers can be obtained only if the thickness ratio λ is very large, although in
CIP system with dominant interface scattering, the thermopower becomes less sensitive to the Cu bulk
resistance, which leads to larger S value [57]. This contrasting behavior between the Seebeck coefficient
in the CIP and CPP configurations is illustrated in Figure 5 for Co/Cu (a) and Ni80Fe20/Cu (b)
multilayers, using Equations (2) and (3) and literature room-temperature resistivity and thermopower
values for bulk Co, Ni80Fe20 and Cu [23,25,30,41,58]. Although the electrical resistivity and thermal
conductivity values for multilayered nanowires may vary significantly compared with their respective
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bulk constituents, the same trends in the contrasting behavior between the two configurations remain.
So, CPP FM/Cu multilayers are promising candidates for good thermoelectric materials.

CIP

CPP

FM Cu

FM

Cu

a b

Figure 5. Calculated thermopowers for (a) Co/Cu and (b) Ni80Fe20/Cu multilayers in the layer
parallel (dash-doted line—CIP) and perpendicular (solid line—CPP) directions as a function of the
thickness ratio λ = tFM/tCu, using Equations (2) and (3) and the bulk values for SFM, ρFM, SCu and ρCu,
with (a) FM = Co and (b) FM = Ni80Fe20. The grey dashed line shows the values for λ = 1. The insets
in (a,b) show FM/Cu multilayer stacks with CIP (a) and CPP (b) configurations.

Figure 6 shows the resistance and thermopower variation with a magnetic field for the FM/Cu
NW samples, with FM = Co (a–b), Co50Ni50 (c–d), Ni80Fe20 (e–f) and Ni (g–h). As shown in Figure 6a,b,
the resistance and thermopower of the Co/Cu NW sample show the same magnetic field dependencies
and similar relative changes of ∼25% at H = ±8 kOe at RT. The value of S in the saturated state of
the Co/Cu NWs of about −20 µV/K is only slightly lower than the one reported for homogeneous
Co NW networks (∼−28 µV/K), in good agreement with Equation (2) and Figure 5a. In addition,
the sample is nearly magnetically isotropic, as observed from the magneto-transport curves obtained
with the applied magnetic field along the OOP and IP directions. This behaviour corresponds to the
one expected considering the crossed NW architecture and magneto-static arguments when using
similar FM and NM layer thicknesses [59]. Similar features have been observed on the Co50Ni50/Cu
and Ni80Fe20/Cu NW networks. As seen in Figure 6c,d, the resistance and thermopower of the
Co50Ni50/Cu sample show the same magnetic field dependencies and relative changes of ∼30% at
H = ±8 kOe at RT. Slightly higher Seebeck coefficients have been recorded in the Co50Ni50/Cu NW
network, with a Seebeck coefficient in the saturated state in the IP direction of about −22 µV/K.
These values are in agreement with the results obtained from measurements carried out on single
Co50Ni50 and Co50Ni50/Cu NWs [27,60]. Figure 6e,f shows the RT resistance and thermopower of the
Ni80Fe20/Cu NW network. Despite very similar magnetic field dependencies, the relative changes in
Seebeck coefficient (∼26%) is found to be larger than the one of the resistance (∼17%) at H = ±8 kOe.
As expected, the measured RT thermopower on the CPP-GMR Ni80Fe20/Cu sample in the saturated
state (∼−25 µV/K) is only slightly smaller than the value found in the homogeneous Ni80Fe20 NW
network (∼−35 µV/K), in good agreement with Equation (1) and Figure 5b. In contrast, the RT
Seebeck coefficients reported for Ni80Fe20/Cu multilayers in the CIP geometry (∼−10 µV/K) are
much smaller [61]. A contrasting behavior has been observed in interconnected Ni/Cu NW networks.
Figure 6g,h shows the RT resistance and thermopower field dependencies with the applied magnetic
field along the IP and OOP directions of the Ni/Cu NW network. Despite similar field dependencies,
the amplitude of the magneto-thermopower effect (MTP ≈ −3.7%) is about four times larger than
the corresponding magnetoresistance effect (MR ≈ 0.8%) at RT. This larger value of the MTP with
respect to the MR ratio is consistent with our result obtained in homogeneous Ni NWs and previous
studies on Ni/Cu multilayers [62]. This significant boost of the MTP, compared to MR may indicate
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underlying contrasting S↑ and S↓ values. This is consistent with the values of S↑ = −43 µV/K and
S↓ = 20 µV/K reported by Cadeville and Roussell [46].

a c

b d

e g

f h

Figure 6. (a–h) Room-temperature variation of the electrical resistance and Seebeck coefficient of
Co/Cu (a,b), Co50Ni50/Cu (c,d), Ni80Fe20/Cu (e,f) and Ni/Cu (g,h) multilayered nanowire samples
obtained with the applied field in-plane (IP—green) and out-of-plane (OOP—purple) of the NW
network film.

Table 2 provides the Seebeck coefficient in the saturated states (SP) for the different FM/Cu NW
network together with the estimated electrical resistivity (ρP) and the thermoelectric power factor
(PFP) at RT (see [13,14] for more details about the resistivity calculation). It shows that the CPP
geometry of the device is suitable for spin caloritronic purposes since the RT thermopower and power
factor of the FM/Cu NW networks in the saturated state are only slightly smaller than the value
found in the pure corresponding ferromagnetic materials, as expected from conventional rules for a
stacking arrangement in series (see Equation (2)). The figure of merit of the FM/Cu NW networks was
estimated by ZT = S2/L0 at RT [13,14] and is reported in the saturated state in Table 2. The values
found are comparable to those of homogeneous NW networks. Furthermore, considering the energy
conversion from heat to electric power, the ZT of the proposed device is much larger than that of a
spin Seebeck power generator (ZT ≈ 10−4) based on a device using a two-step conversion process and
the inverse spin Hall effect to convert spin current to charge current in non-magnetic materials [63].
Finally, Table 2 also provides the values at RT of the magnetoresistance ratio MR = (RAP − RP)/RAP,
with RAP and RP being respectively the high- and low-resistance states, and the absolute value of the
magneto-thermopower MTP = (SAP − SP)/SAP, with SAP and SP the corresponding thermopowers
in the high- and low-resistance states, respectively, for the FM/Cu NW networks.

Figure 7a–c shows the temperature dependence of the MR and MTP ratios for the Co/Cu (a),
Co50Ni50/Cu (b) and Ni80Fe20/Cu (c) NW networks. As seen, in all samples, the MR ratio shows a
monotonic increase before reaching a plateau at low temperatures. This is expected because of the
saturation of the resistivity at low temperatures and the vanishing of the spin mixing effect. Besides,
for all three samples, the value of −MTP shows a similar increase with decreasing temperature as
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the MR ratio in the temperature range near RT. In contrast, in the low temperature range, the MTP
exhibits very different behaviors depending on the material considered. For the Co/Cu sample,
the MTP exhibits a less pronounced effect compared to the MR ratio, which is consistent with previous
temperature dependency measurements of the MTP for Co/Cu multilayered NW networks [64].
For the Co50Ni50/Cu sample, similar MR and −MTP values are observed over the whole investigated
temperature range, while for the Ni80Fe20/Cu sample, the MTP exhibits a pronounced reinforcement
compare to the MR in the low temperature range. Figure 7d shows the ratio between the MR and MTP
of the different FM/Cu NW networks, with FM = Co, Co50Ni50, Ni80Fe20 and Ni, for temperatures in
the range of 50 K to 320 K. While the ratios for Co/Cu, Co50Ni50/Cu and Ni80Fe20/Cu remain below
−1.5, the MTP/MR values of the Ni/Cu sample are encompassed between −4 and −8 in the whole
temperature range, revealing an enhanced MTP effect with respect to the corresponding MR effect
in Ni/Cu multilayered NW networks. A MTP ratio of about −14% was obtained at T = 80 K for a
corresponding MR slightly below 2% for the Ni/Cu NW network. Such larger value of the MTP with
respect to the MR ratio is consistent with our results in Ni homogeneous NW networks, and previous
studies in Ni/Cu multilayers [62], and may be ascribed to Seebeck coefficients for spin up and spin
down electrons of opposite sign. Furthermore, the magneto-power factor (MPF = (PFP −PFAP)/PFAP)
can be expressed as MPF = (1 − MTP)2/(1 − MR) − 1. This yields RT MPF ratio of 111%, 155%,
92% and 8% for the Co/Cu, Co50Ni50/Cu, Ni80Fe20/Cu and Ni/Cu NW networks, respectively.

Table 2. Room-temperature Seebeck coefficient SP, resistivity ρP, power factor PFP and figure of merit
ZTP obtained in the saturated state for interconnected multilayered nanowire networks made of a
stack of successive ferromagnetic metal and Cu layers, as well as their magnetoresistance ratio MR and
magneto-thermopower ratio MTP.

SP (µV/K) ρP (µΩcm) PFP (mW/K2m) (ZT)P MR (%) MTP (%)

Co/Cu −19.9 8.7 4.6 1.6·10−2 24.7 −25.1
Co50Ni50/Cu −21.6 10.2 4.6 1.9·10−2 30.2 −33.7
Ni80Fe20/Cu −24.8 15.3 4.0 2.5·10−2 17.1 −25.8

Ni/Cu −10.2 19.8 0.5 0.4·10−2 0.8 −3.7

Figure 8a–c present evidences that the thermopower is dominated by electron diffusion
over the whole temperature range investigated for the different multilayered NW networks
considered. Defining the diffusion thermopower S(H) = eL0Tρ′(H)/ρ(H) by Mott’s formula
with ρ′(H) = (dρ(H)/dǫ)ǫ=ǫF the derivative of the electrical resistivity with respect to the energy
evaluated at the Fermi level ǫF, the diffusion thermopower for antiparallel (AP) and parallel (P)
arrangement of the successive FM layer magnetization can be written as SAP = eL0Tρ′AP/ρAP and
SP = eL0Tρ′P/ρP. Then, the following expression describing an inverse relationship between the
field-dependent thermopower S(H) and electrical resistance R(H) can be obtained [21,57,65]:

S(H) = A +
B

R(H)
, (4)

where A = (SAPRAP − SPRP)/(RAP − RP) and B = RAPRP(SP − SAP)/(RAP − RP). This expression
corresponds to an equivalent form of the Gorter-Nordheim relation for diffusion thermopower
in metals and alloys [11], and has been observed at different temperatures in the FM/Cu NW
network. This is illustrated by Figures 8a–c, which display ∆S(H) = S(H) − SAP with respect
to ∆(1/R(H)) = 1/R(H)− 1/RAP for the (a) Co/Cu, (b) Co50Ni50/Cu and (c) Ni80Fe20/Cu samples.
The dashed lines correspond to the theoretical linear relation ∆S(H) = B∆(1/R(H)). The data
show relatively good accordance with the theoretical linear variation, despite some slight deviation,
in particular in the intermediate temperature range.
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Figure 7. (a–c) MR and −MTP values as a function of temperature with the field applied in the plane
of the (a) Co/Cu, (b) Co50Ni50/Cu and (c) Ni80Fe20/Cu nanowire network films. (d) Temperature
dependencies of the ratio MTP/MR obtained in IP for the samples in (a–c) compared to the Ni/Cu
nanowire network. The error bars in (a–d) reflect the uncertainty of the electrical and temperature
measurements and is set to two times the standard deviation, gathering 95% of the data variation.

a b

c

Figure 8. Linear variation of ∆S(H) = S(H) − SAP vs. ∆(1/R(H)) = 1/R(H) − 1/RAP at
different measured temperatures, illustrating the Gorter-Nordheim characteristics for the (a) Co/Cu,
(b) Co50Ni50/Cu and (c) Ni80Fe20/Cu nanowire networks. The solid lines correspond to the theoretical
relation shown in Equation (4).
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In the limits of no-spin relaxation, most of the CPP-GMR data can be understood using a simple
two-current series-resistor model, in which the resistance of layers and interfaces simply add and where
’up’ and ’down’ charge carriers are propagating independently in two spin channels with large spin
asymmetries of the electron’s scattering [66,67]. Similarly, significantly different Seebeck coefficients
for spin-up and spin-down electrons, S↑ and S↓, are expected because the d-band is exchange-split in
these ferromagnets, as suggested from previous studies performed on dilute magnetic alloys [46,55].
Assuming that the layers of the magnetic multilayers are thin compared to the spin-diffusion lengths
and according to the usual rule when the currents split to flow along two parallel paths (See Figure 9a),
the corresponding thermopowers SAP and SP are simply given by [57]

SAP =
S↑ρ↑ + S↓ρ↓

ρ↑ + ρ↓
(5)

and

SP =
S↑ρ↓ + S↓ρ↑

ρ↑ + ρ↓
, (6)

where separate resistivities ρ↑ and ρ↓ and Seebeck coefficients S↑ and S↓ are defined for majority and
minority spin channels. From Equations (5) and (6), the following relations can be extracted:

SAP + SP = S↑ + S↓ (7)

and
SAP − SP = β(S↓ − S↑), (8)

where β = (ρ↓ − ρ↑)/(ρ↓ + ρ↑) denotes the spin asymmetry coefficient for resistivity. Combining
Equations (7) and (8), the spin-dependent Seebeck coefficients, S↑ and S↓ can be expressed as
follows [13]:

S↑ =
1
2

[
SAP

(
1 − β−1)+ SP

(
1 + β−1)], (9)

S↓ =
1
2

[
SAP

(
1 + β−1)+ SP

(
1 − β−1)]. (10)

From Equations (9) and (10), it can be easily deduced that S↑ = SP and S↓ = SAP in the limits of an
extremely large MR ratio (β → 1).

The temperature dependencies of SAP, SP, S↑ and S↓ are shown in Figures 9b–d for the Co/Cu,
Co50Ni50/Cu and Ni80Fe20/Cu multilayered NW networks. Below RT, the various Seebeck coefficients
of all three samples decrease almost linearly with decreasing temperature, which is another indicative
of the dominance of diffusion thermopower. The deviation from the linear regime in Figure 9b–d can
be ascribed to other possible contribution to the thermopower such as magnon-drag. The estimated
values at RT of S↑ and S↓ are reported in Table 3, using β = MR1/2 in Equations (9) and (10). The values
of S↑ and S↓ for Co/Cu NWs are similar to those previously reported in bulk Co (S↑ = −30 µV/K
and S↓ = −12 µV/K) [46]. In contrast, the value for ∆S = S↑ − S↓ for Co/Cu, Co50Ni50/Cu and
Ni80Fe20/Cu NWs shown in Table 3, in the range of −8 to −12 µV/K [13,14,22], are much larger
than the ones of −1.8 µV/K and −3.8 µV/K to −4.5 µV/K extracted from measurements performed
on Co/Cu/Co nanopillar spin valve and Ni80Fe20/Cu/Ni80Fe20 nanopillar and lateral spin devices,
respectively, using a 3D finite-element model [6,68]. The largest spin-dependent Seebeck coefficient
is found in Ni80Fe20/Cu NWs, reaching −12.3 µV/K [22]. From the estimated values of S↑ and S↓,
the RT spin asymmetry for Seebeck coefficients η = (S↓ − S↑)/(S↓ + S↑) has been estimated, and are
reported in Table 3 for the interconnected Co/Cu, Co50Ni50/Cu and Ni80Fe20/Cu NWs, respectively.
It is also found that the η value found for the crossed Co/Cu NW network is consistent with the values
previously reported for parallel Co/Cu NWs [64].
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Figure 9. (a) The two-current model for the resistivity and the thermopower considering both
parallel (P) and antiparallel (AP) magnetic configurations. (b–d) Measured Seebeck coefficients at zero
applied fields SAP (blue circles) and at saturating magnetic fields SP (red circles) of interconnected
(b) Co/Cu, (c) Co50Ni50/Cu and (d) Ni80Fe20/Cu nanowire networks, along with the corresponding
calculated spin-dependent Seebeck coefficients S↑ (orange circles) and S↓ (violet circles) using
Equations (9) and (10). The error bars reflect the uncertainty of the electrical and temperature
measurements and is set to two times the standard deviation, gathering 95% of the data variation.

Table 3. Room-temperature spin-dependent Seebeck coefficients, S↑ and S↓, of the FM/Cu nanowire
networks with FM = Co, Co50Ni50, Ni80Fe20 an Ni, along with ∆S = S↑ − S↓ and the spin asymmetry
coefficients for resistivity β and Seebeck coefficient η.

S↑ (µV/K) S↓ (µV/K) ∆S (µV/K) β (-) η (-)

Co/Cu −23.6 −15.1 −8.5 0.50 −0.22
Co50Ni50/Cu −23.9 −13.9 −10.0 0.55 −0.26
Ni80Fe20/Cu −28.4 −16.1 −12.3 0.41 −0.28

In the limit of MR = β2, the magnetothermopower can also be expressed as [13]:

MTP =
2βη

1 + βη
. (11)

Considering first the case |βη| ≪ 1, this leads to MTP/MR ≈ 2η/β, which means that enhancement of
the MTP ratio compared to the corresponding MR ratio is expected if 2|η| > |β|. The amplitudes of the
MR and MTP effects for the Co/Cu, Co50Ni50/Cu and Ni80Fe20/Cu NW networks studied have been
found comparable at RT, with 2|η| ≈ |β| as seen in Table 3. Similarities between the amplitudes of the
MR and MTP at RT were already observed in arrays of parallel Co/Cu NWs [64,69,69] and Co/Cu CIP
multilayers [57,70]. However, the physical reason of this is unclear. In contrast to the other FM/Cu NW
networks, the Ni/Cu system shows a much larger MTP ratio than its corresponding MR ratio, as seen
in Figure 7d. This significant boost of the MTP, compared to MR may indicate an underlying large η

coefficient due to contrasting S↑ and S↓ values, while β is expected to be small in Ni. This is consistent
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with the values of S↑ = −43 µV/K and S↓ = 20 µV/K reported by Cadeville and Roussell [46], leading
to η ≈ −3. Furthermore, from Equation (11), infinitely large MTP effect is expected when the product
βη tends to −1. While |β| < 1, |η| > 1 can be reached if S↑ and S↓ exhibit opposite signs. Therefore,
the fabrication of multilayered NWs with appropriate magnetic layer composition should make it
possible to fine-tune the power factor of thermoelectric energy conversion with an external magnetic
field. The limit case of an infinite MTP ratio underlies that the Seebeck coefficient obtained in the
antiparallel state SAP reaches 0. Indeed, the Seebeck coefficients in the antiparallel and parallel states
can be expressed as

SAP =
S↑ + S↓

2
(1 + βη) (12)

and

SP =
S↑ + S↓

2
(1 − βη). (13)

For βη = −1, this yields SAP = 0 and SP = S↑ + S↓. As a consequence, for a practice device, Seebeck
coefficients for spin up and spin down electrons of opposite sign and with largely asymmetrical
amplitudes are required. This would lead to a system where at zero magnetic field, no thermoelectric
current is generated, while under an applied external magnetic field, a large thermoelectric current
is generated. It should be noted that the limit case βη = 1 yields the opposite scenario where
SAP = S↑ + S↓ and SP = 0. In that case, a thermoelectric current is generated in absence of magnetic
fields, which vanishes under an applied external magnetic field. The case βη → 1 also requires
|η| > 1 and therefore Seebeck coefficients for spin up and spin down with opposite signs. Moreover,
Equation (7) indicates that the more different their amplitudes, the larger the SAP value, which is
required for practical applications. In this context, the Ni/Cu system is expected to be a good potential
candidate for the observation of highly enhanced MTP effect, since β > 0 and, according to Cadeville
and Roussel [46], η ≈ −3. Experimental challenge lies with making interconnected Ni/Cu NW
networks with larger magneto-transport properties.

Interestingly, it can be shown that the diffusion thermopower of a ferromagnetic homogeneous
NW network can be expressed as

SFM =
S↑α + S↓

α + 1
. (14)

Therefore, because α ≫ 1 is expected for Co, the Seebeck coefficient obtained for homogeneous Co
NW networks (−28 µV/K, see Table 1) is consistent with SCo ≈ SCo,↑. Moreover, the addition of a very
small amount of Cr in Co is expected to induce α ≪ 1. As a consequence, the Seebeck coefficient of
dilute CoCr alloys can be approximated by SCo99Cr1 ≈ SCo,↓, assuming that the very small amount of
Cr does not significantly impact the Seebeck coefficient of spin down electron, which is also in good
agreement with the value reported for Co99Cr1 (−12 µV/K). In contrast, because α ≈ 1 is expected
for Ni, Equation (14) leads to SNi = (S↑ + S↓)/2. The values of SNi ≈ −20 µV/K is found in good
agreement with the Seebeck coefficients for spin up and spin down electrons reported by Cadeville and
Roussell (S↑ ≈ −43 µV/K and S↓ ≈ +20µV/K [46]). Moreover, the addition of diluted Cr impurities
in Ni is also expected to induce α ≪ 1. Therefore, the Seebeck coefficient of dilute NiCr alloys is
expected to tend towards the value of SNi,↓. The positive values obtained in dilute NiCr alloys is in
good agreement with the positive value of SNi,↓ reported by Cadeville and Roussell [46] as shown in
Figure 4c. This is another indication that Ni may exhibit a probable spin-dependent Seebeck coefficients
of opposite sign.

4. Conclusions

This research provides a simple and cost-effective pathway to fabricate highly efficient and
large-scale nanowire-based thermoelectric films meeting key requirements for electrical, thermal and
mechanical stability. Flexible and planar interconnected nanowire networks allows for both p- and
n-type thermoelectric modules with large room-temperature Seebeck coefficient and power factors.
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Since there is no sample size limitation, this fabrication method is expandable into network films with
much larger dimensions. A practical planar thermoelectric cooler made of flexible and shapeable
thermoelectric modules consisting of stacked nanowire network films that are connected electrically in
series and thermally in parallel can be easily obtained. Furthermore, an unexpected high value of the
magneto-thermopower effect compared with that of the corresponding magnetoresistance effect has
been observed in Ni crossed nanowires, in agreement with previous studies on Ni nanowires.

Embedded nanowire networks in porous polymer films are also perspective materials for spin
caloritronics applications. Centimetre-scale interconnected network films made of multilayered
nanowires show giant magnetoresistance and giant magneto-thermoelectric effects together with large
and magnetically modulated room-temperature thermoelectric power factor up to 5 mW/K2m. These
macroscopic nanowire networks also enable the direct extraction of key material parameters for spin
caloritronics such as spin-dependent Seebeck coefficients. Spin-dependent Seebeck coefficients up to
−12.3 µV/K have been obtained at room temperature in Ni80Fe20/Cu multilayered nanowire networks.
Moreover, a large enhancement of the magneto-thermopower ratio compared to the corresponding
magnetoresistance ratio of about four times larger at room temperature has been measured in Ni/Cu
nanowire networks, potentially indicating high spin-dependent Seebeck coefficients in Ni, consistent
with previous studies. These results open an exciting and a promising pathway for the next generation
of flexible and lightweight thermoelectric devices exploiting the spin degree of freedom and the
realization of magnetic thermal switch for heat management. In addition, flexible thermoelectric
films based on macroscopic networks of interconnected nanowires can also be used in applications
for devices with low energy requirements where the heat input is essentially free, as in the case of
waste heat.
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Abstract: Focused-electron-beam-induced deposition (FEBID) is the ultimate additive nanofabrica-
tion technique for the growth of 3D nanostructures. In the field of nanomagnetism and its techno-
logical applications, FEBID could be a viable solution to produce future high-density, low-power,
fast nanoelectronic devices based on the domain wall conduit in 3D nanomagnets. While FEBID
has demonstrated the flexibility to produce 3D nanostructures with almost any shape and geometry,
the basic physical properties of these out-of-plane deposits are often seriously degraded from their
bulk counterparts due to the presence of contaminants. This work reviews the experimental efforts
to understand and control the physical processes involved in 3D FEBID growth of nanomagnets.
Co and Fe FEBID straight vertical nanowires have been used as benchmark geometry to tailor their
dimensions, microstructure, composition and magnetism by smartly tuning the growth parameters,
post-growth purification treatments and heterostructuring.

Keywords: nanomagnetism; focused-electron-beam-induced deposition; nanofabrication; nano-
lithography; magnetic nanowires; three-dimensional; core-shell; purification; thermal annealing;
electron holography

1. Introduction

Three-dimensional (3D) magnetic nanostructures are the playground of a wide range
of exciting physical phenomena in nanomagnetism, where curved geometries enable the
onset of new types of exotic magnetic configurations, such as topologically protected and
chiral magnetic textures [1–4]. Furthermore, 3D nanomagnets present several key features
to postulate a paradigmatic solution to different challenges that the semiconductor industry
must confront in the years to come to reconcile continued miniaturization, increasing per-
formance and reduced power consumption [5–7]. The transition to 3D nanoarchitectures
would overcome the intrinsic areal density limitations of conventional CMOS technologies
caused by increasing leakage currents due to quantum effects [8]. They may also reduce
the power consumption by storing and processing memory by ultrafast magnetic domain
walls or skyrmions driven by low-power spin currents [9–11].

Even though the growth of high-purity, narrow 3D ferromagnetic structures may be
the gateway to a broad range of opportunities for both fundamental and technological
applications, most standard nanolithography techniques lack the flexibility to implement
complex 3D structures at the nanoscale. For this purpose, additive manufacturing ap-
proaches to nanofabrication present an ideal solution. Among them, focused-electron-
beam-induced deposition (FEBID) presents unique properties to become the ultimate 3D
nano-printing technique [12]. FEBID is a single-step additive nanolithography technique
based on the local decomposition of the molecules of an organometallic precursor gas,
adsorbed on the surface of a substrate, thus producing a solid deposit [13,14]. This mecha-
nism is mainly driven by the interaction of the primary beam and the secondary electrons
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emitted by the substrate with the adsorbed precursor molecules [15]. This basic princi-
ple confers a great control on the material deposit, geometry, and growth conditions to
design conducting, insulating, superconducting, plasmonic or ferromagnetic structures,
with virtually any shape and nanometer resolution, in 2D [16] and 3D [17]. Over the
years, numerous types of FEBID deposits have been developed as structural materials [18],
for electrical contacting [19], nanosensing [20] or plasmonic structures [21]. In particular,
the growth of 3D ferromagnets by FEBID has been fruitful and yielded highly sophisti-
cated architectures. Remarkable applications have been developed in magnetic sensing by
functionalization of magnetic probes for magnetic force microscopy [22] and ferromagnetic
resonance force microscopy [23] in materials science and biology [24], as magnetically
driven mechanical nano-actuators [25], 3D domain wall conduit [26], ferromagnetic de-
signs based on 3D FEBID scaffolds [18], arrays of 3D nanopillars for magnetic logic [27],
3D artificial ferromagnetic lattices [28,29], and magnetically chiral 3D architectures [30].
Further examples of applications of 3D FEBID ferromagnets have been reviewed recently
by Fernández-Pacheco et al. [31].

One of the main difficulties of FEBID growth for the design of high-performance
nanodevices is to obtain the desired geometry and dimensions with a high level of purity.
The presence of a degree of contaminants in the deposit is inherent to the FEBID process,
as some of the precursor residues are easily integrated into the deposit together with the
active material [32], while secondary electrons emitted away from beam position induce
the formation of an extended halo [33]. These drawbacks have motivated a dedicated
effort for optimization of FEBID growth conditions, beginning with the choice of the
gas precursor. Numerous precursor molecules have been explored for the growth of
ferromagnetic materials. A detailed account of the precursors reported in the literature
for 2D growth of ferromagnets is beyond the scope of this review, and has been reported
elsewhere [34], but it is worth discussing some key aspects. Most of the precursors that have
been reported are organometallic complexes based on carbonyl (CO) groups, thus C and O
are the expected impurities derived from incomplete precursor decomposition. The most
widely used is dicobalt octacarbonyl, Co2(CO)8, for which 2D deposits with 95 at. % Co
content with metallic conduction have been achieved without further post-processing [35],
even in halo-free extremely narrow (<30 nm) nanowires [36]. Co(CO)3NO has also been
tested for 2D FEBID growth, and metal contents of 50–55 at. % have been obtained [37,38].
In the case of iron, the main precursors used are Fe(CO)5 [39] and Fe2(CO)9 [40], and metal
contents above 75 at. % have been obtained. Iron precursors evidence the importance of
residual gases in the deposition chamber, and 95 at. % purity can be achieved in ultra-high
vacuum conditions with Fe(CO)5 [41]. The use of heteronuclear precursors allows one to
grow alloyed magnetic materials; for instance, the precursor HCo3Fe(CO)12 has been used
to produce Co3Fe deposits with metallic contents as high as 80 at. % [42], and has also been
grown in 3D [28]. The nickel precursors reported are not carbonyl-based; FEBID deposits
based on Ni(C5H4CH3)2 [43,44] or Ni(PF3)4 [43] do not surpass metal contents of 40 at. %.
3D growth of ferromagnets has been attempted with precursors that already provide high
purity levels in 2D. In the present work, the precursors used are Co2(CO)8 for cobalt and
Fe2(CO)9 for iron.

Furthermore, 3D growth implies substantial challenges with respect to 2D growth.
As the deposit grows vertically, the geometry of the deposition area changes drastically,
and the relevant electron beam interaction is now with the growing deposit, instead of the
substrate. Many key parameters for the FEBID process are bound to change with respect
to 2D, such as the interaction volume of the electron beam, secondary electron emission,
precursor molecules adsorption and diffusion rates, and heat dissipation [45,46]. Moreover,
the surface-to-volume ratio also increases significantly, so surface properties become more
relevant in 3D nanostructures. This work reviews different possibilities to engineer the
geometrical, compositional and magnetic properties of 3D ferromagnetic nanowires grown
by FEBID, which can be summarized in three main approaches: (1) fine-tuning of FEBID
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growth parameters to modify the composition and dimensions [47], (2) the growth of
core-shell heterostructures [48], and (3) purification by thermal annealing [49,50].

2. Going 3D: Tuning FEBID Growth Parameters

While 3D FEBID growth has achieved a high degree of architectural complexity
with the use of computer-aided design models [17], for the optimization of the physical
properties of 3D ferromagnetic deposits, the simple benchmark design of a straight vertical
nanowire has been used. For this type of geometry, the FEBID growth is performed in spot
mode, where a stationary electron beam is focused into a single point of the substrate for a
period of time. To facilitate a detailed, local characterization of the physical properties of
the 3D deposits, these are grown out on the edge of a commercial TEM Cu grid.

The main growth parameters left are the primary beam energy, the beam current and
the precursor gas flux. While the variation of the primary beam energy by itself does
not significantly affect the composition, the interplay between the beam current and the
precursor gas flux is essential to determine the final properties of the 3D nanowire. Indeed,
two growth modes have been evidenced in Co FEBID nanowires, the so-called linear
regime and the radial regime [51]. The transition between these two regimes is marked
by a sudden change of the nanowire’s diameter, depending on the balance between the
beam current and the precursor gas flux. The latter is parameterized through the working
pressure, ∆P, defined as the increase of pressure with respect to the base pressure, caused by
the precursor gas flux injected during growth. As shown in Figure 1a–d, for a given beam
current of 86 pA, a high ∆P of 7.3 × 10−6 mbar produces long nanowires with a diameter
well below 75 nm, while at low working pressure (∆P = 5.1 × 10−6 mbar), shorter and
thicker nanowires are grown, of about 120 nm in diameter. Intermediate values of ∆P give
rise to hybrid objects, which evidence linear growth in the early stages up to a certain
height, at which the growth transits into radial regime. It is worth noting that for higher
beam currents, this transition occurs at higher working pressures, i.e., higher precursor
gas fluxes. Thus, the growth rate is determined by the amount of gas molecules delivered
(increasing with ∆P), which is known as the precursor-limited regime [52]. Consequently,
the nanowires (or segments of nanowire) grown in the linear regime present a high growth
rate, expressed in terms of nanowire’s length per unit of time, while in the radial regime,
nanowires grow more slowly. The growth mode also reflects on the composition of the
nanowire. The radial regime gives rise to the nanowires with the highest Co content,
close to 90 at. % Co, while in the linear regime, the values decrease below 70 at. % Co.
This tendency is observed even for nanowires that present both growth regimes. There is
an illustrative example in Figure 1e, which represents the drastic change in Co content at
the transition point between linear and radial regime, determined by electron energy loss
spectroscopy (EELS) in scanning transmission electron microscopy (STEM).

The microscopic origin of this general behavior is evidently complex and requires
careful theoretical simulation. However, some aspects can be qualitatively understood as
a consequence of the more or less efficient thermal dissipation, and its impact on the gas
precursor molecules adsorption/desorption and decomposition. Considering a nanowire
growing in the threshold between the linear and radial regimes, at an early stage of growth,
the tip of the nanowire is close to the substrate and the heat generated by the electron beam
is easily dissipated onto the substrate. However, as the growth continues, the thermal
resistance of the deposit increases, and heat is dissipated less efficiently [45]. At this point,
the precursor gas may act as a heat-exchange medium. If the working pressure is high
enough, thermal dissipation will be sufficient to maintain the linear growth. However,
below a certain working pressure, the temperature at the growth point will increase,
favoring a faster decomposition of the gas precursor molecules adsorbed and producing
a wider deposit. This subtle balance between the heat produced by the electron probe
and the capacity to dissipate it is supported by the fact that, at higher beam current (thus,
higher temperature at the growth point), a higher precursor flux (thus, more efficient
heat exchange) is required to operate in the linear regime. In terms of metallic content,
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high gas precursor flux favors an incomplete decomposition of the molecules, decreasing
the metallic content of the deposit. As a consequence, high working pressure promotes the
growth of narrow, though lower purity, 3D Co nanowires.

 
Figure 1. Growth modes of 3D Co focused-electron-beam-induced deposition (FEBID) nanowires. (a) Dependence o
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Figure 1. Growth modes of 3D Co focused-electron-beam-induced deposition (FEBID) nanowires. (a) Dependence of the tran-
sition from linear growth to radial growth with the working pressure increase due to gas injection, ∆P: (a) 7.3 × 10−6 mbar,
(b) 6.4 × 10−6 mbar, (c) 5.9 × 10−6 mbar, (d) 5.1 × 10−6 mbar. (e) Compositional dependence with the growth mode,
with STEM-EELS elemental maps in the inset, where Co, C and O are depicted in green, blue and red, respectively. The
arrows indicate the direction of the elemental line profile. (f) Magnetic flux lines around the transition point between
sections grown in radial regime (top) and radial regime (bottom). Adapted from Refs. [47,48].

The beam current is another critical parameter to tailor the composition of 3D nanowires.
Co content increases with the beam current, sharply at low currents, up to 80 at. % Co
for 200 pA, and moderately at higher currents. As the beam current rises, the pre-
cursor molecules are decomposed more efficiently. This also favors the radial regime,
as the amount of heat to be dissipated increases, and therefore, the diameters tend to be
higher [47].

Of course, Co content of the 3D nanowires have a direct impact on the magnetism.
This can be analyzed by off-axis electron holography, which is able to quantify the net
magnetic induction of ferromagnetic materials [53]. Figure 1e illustrates qualitatively how
the transition from radial to linear regime in a single nanowire causes a reduction of the
magnetic flux lines density, which is associated to the lower magnetic induction (B) caused
by the reduced Co content. Figure 2 represents the magnetic induction flux produced by
3D Co nanowires with different diameters. The widest nanowire is grown in the radial
regime (Figure 2a) with a diameter of 124 nm and a composition of 87 at. % Co, and has
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an average magnetic induction of 1.33 T, which is 75% of the bulk value (Bbulk = 1.76 T).
Our estimation does not take into account the fact that the outer surface of the 3D Co
FEBID nanowires is oxidized due to air exposure, producing a non-ferromagnetic shell.
This oxide layer is highlighted by colored bands in the outer regions where the magnetic
induction decays (Figure 2d). The thinnest nanowire is grown in the linear mode (Figure 2c,
57 nm in diameter) and presents a very low magnetic induction of 0.41 T (23% of Bbulk),
in accordance with a much poorer Co content of 41 at. %. This deposit has a much
higher surface-to-volume ratio, so the relative contribution of the oxidized surface is
remarkable and it is reasonable to think that the inner magnetic induction values are greatly
underestimated. Finally, Figure 2b depicts the nanowire with intermediate thickness,
grown in the range where radial and linear regimes coexist. This nanowire evidences
values of all physical parameters halfway between the two extreme cases: with a diameter
of 81 nm, the composition and magnetic induction values are 68 at. %. Co and 0.78 T
(44% of Bbulk), respectively.

 

Figure 2. Magnetic properties of as-grown 3D Co FEBID nanowires. (a–c) Magnetic induction (B) flux maps of nanowires
with diameters of 124, 81 and 57 nm, respectively. (d) Cross-sectional profiles of B, where the surface regions are marked
with vertical color bands. Adapted from Ref. [47].

This study demonstrates that the variation of the main FEBID growth parameters
enables the tailoring of the structural, compositional and magnetic properties of the 3D
nanowires. They can even be modulated, as evidenced by the observed change in diameter
and composition in a single nanowire at the transition from the linear regime segment
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to the radial regime one. This phenomenon could be exploited to engineer pinning of
domain walls of exotic nature [54,55]. However, the key growth parameters and physical
properties are mutually dependent, as the Co content, and thus the magnetism, are directly
linked to the growth regime, which determines the average diameter and the growth
rate. These interrelations are summarized in Figure 3, which represents the dependence
of the Co content of nanowires grown in the optimal conditions for a given diameter,
together with the net magnetic induction obtained for the three Co nanowires analyzed by
electron holography. It is clear that both the composition and magnetic induction inevitably
decrease with the reduction of the nanowire’s diameter, and the Co content never surpasses
70 at. % Co for diameters below 80 nm. According to the holography results, this would
correspond to a magnetic induction of approximately 0.8 T, which could have a significant
impact on the functionality of the nanowires.

 

Figure 3. Composition (in blue) and net magnetic induction (in red) of 3D Co nanowires as a function
of the diameter. Adapted from Ref. [47].

Therefore, to produce 3D Co nanowires with a high aspect ratio, diameters well below
100 nm and with good functional properties, namely a high (>90 at. %) Co content and a
saturation magnetization close to the bulk value, tuning the basic growth parameters is not
enough and post-growth purification procedures are required.

3. Purification by Thermal Annealing

The purification of 2D FEBID deposits with the aim of improving their functional
properties has been explored for many years. This matter was exhaustively reviewed
by Botman et al. in 2009 [32] and many works have been reported later. In situ and ex
situ thermal annealing in vacuum [39,56,57], or in a reactive atmosphere [58–61], sub-
strate heating [62,63] or laser irradiation during growth [64,65], post-growth electron beam
irradiation [66,67] or current-induced Joule heating [68], supersonic jet delivery of precur-
sor [69], or the exploration of carbon-free precursors [70] are the most relevant methods
used with different degrees of success. However, in the recent expansion of FEBID to
3D [12], few examples of 3D purification can be found in the literature. The most notorious
is the post-growth electron-stimulated purification of 3D gold nanodeposits in a water
atmosphere to produce virtually pure functional plasmonic nanostructures [21]. In the case
of ferromagnetic deposits, the most recent efforts have focused on high-vacuum thermal
annealing of 3D Co [49] and Fe [50] nanowires, with different results depending on the
precursor and the as-grown metallic content of the deposits.

As-grown 3D Co nanowires of approximately 90 nm in diameter, an aspect ratio >15
and a moderate metallic content of approximately 65 at. % Co were used as starting point.
These nanowires present a pseudo-amorphous nanocrystalline structure with the presence
of a ~5-nm-thick oxide layer (see Figure 4a). Nanowires grown in identical conditions were
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fabricated in TEM Cu grids, each one of them annealed at 150, 300, 450 and 600 ◦C for
100 min in vacuum, with base pressures below 4 × 10−6 mbar. In terms of the morphology,
the annealing process preserves the architectural integrity of the nanowires. As can be
seen in the last column of Figure 4, there is no perceptible reduction in volume after the
annealing process, which contributes to the preservation of the shape and diameter of
the nanowires. This is a key ingredient for the application of these procedures in the
design of functional devices, and quite remarkable considering the drastic physicochemical
transformations that occurred during the annealing process.

−

 

Figure 4. Morphology and microstructure of 3D Co FEBID nanowires as a function of the high-
vacuum annealing temperature. TEM, HRTEM images, Fast Fourier Transforms of the squared
regions and Scanning Electron Microscopy images of (a) an as-grown nanowire and the ones an-
nealed at (b) 150 ◦C, (c) 300 ◦C, (d) 450 ◦C and (e) 600 ◦C. Adapted with permission from Ref. [49].
Copyright 2018 American Chemical Society.

Firstly, the high-vacuum annealing induces the rapid crystallization of the structure.
Already at 150 ◦C, the nanowires evidence the presence of crystals with sizable dimen-
sions, as can be observed in the Fast Fourier Transform of HRTEM images (Figure 4b).
Upon further heating, the crystallinity increases (Figure 4c,d) and the average crystal size
continues growing, presenting both bcc and hcp structures. Finally, Figure 4e shows how,
at 600 ◦C, only a few Co single crystals that occupy the whole nanowire’s diameter remain,
while at the surface, a thin layer of partially graphitized carbon remains as a byproduct of
the purification.

The elemental composition of the nanowires follows a peculiar trend, which is il-
lustrated in Figure 5. The as-grown homogeneous distribution of Co, C and O becomes

73



Nanomaterials 2021, 11, 402

inhomogeneous upon increasing temperature. As the Co content increases, oxygen-rich
(most likely, CoxOy) regions nucleate within the nanowire (at temperatures of 300 ◦C and
450 ◦C), while carbon accumulates at the surface. At 600 ◦C, the inner volume is virtually
C- and O-free, with these elements restricted to the surface of the nanowire. This picture
agrees with the structural model discussed previously of high-purity, highly crystalline
nanowires covered by a thin surface layer of residual contaminants, which gives rise to an
overall metal content of approximately 90 at. % Co.

 

Figure 5. Chemical composition and magnetism of 3D Co FEBID nanowires as a function of the high-vacuum annealing
temperature. The first four rows correspond to STEM-EELS elemental maps of Co, C, and O. The last row plots net magnetic
induction flux maps obtained in the same nanowires. Scale bars are 20 nm in the STEM-EELS images and 10 nm in the
magnetic induction flux maps. Adapted with permission from Ref. [49]. Copyright 2018 American Chemical Society.

Magnetization evolves similarly to the average chemical composition. The new
magnetic induction of the nanowires increases from as-grown B ~ 0.8 T to B ~ 1.35 T
for the nanowires annealed at 600 ◦C, as evidenced from the increasing density of magnetic
flux lines in Figure 5. Even though crystallinity has increased, the magnetic configuration
remains parallel to the nanowire’s axis in remanence, so the shape anisotropy is still
dominant in the purified nanowires.

The elemental analysis of the surficial region changes significantly upon annealing
(not shown here) [49]. While as-grown and low-temperature annealing present an oxygen-
rich surface, a form of Co oxide as a consequence of the exposure to air, upon increasing
temperatures, the surface becomes C-rich with a much lower oxygen content. Annealing in-
duces the thermal activation of precursor residues, forming volatile species such as CO
and CO2 that migrate to the surface and evaporate [57], leaving behind the graphitized car-
bonous surface, which indeed can be observed in the inset of Figure 4e. This carbonaceous
layer actually serves as a protective layer upon further oxidation in subsequent exposure
to air. In all cases, all the nanowires are covered by a Co-poor, non-magnetic surface which,
depending on the annealing temperature, ranges from 5 to 10 nm. As a consequence,
the composition and magnetic induction values of the inner volume of the nanowires are
underestimated. After subtracting this contribution and taking into account only the inner
magnetic volume of the nanowires, Figure 6 summarizes how the high-vacuum annealing
process successfully produces virtually pure crystalline and ferromagnetic Co nanowires
with magnetization very close to the bulk value.
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Figure 6. Magnetic induction of the inner magnetic volume and Co composition of 3D Co FEBID nanowires as a function of
the annealing temperature. Adapted with permission from Ref. [49]. Copyright 2018 American Chemical Society.

This is not an obvious result. A similar annealing procedure has been conducted
in Fe FEBID nanowires, as illustrated in Figure 7. For similar growth conditions, 3D Fe
nanowires present narrower dimensions (~50 nm in diameter), higher aspect ratio (>50) and
a comparable metallic content of ~75 at. %. In this case, a crystallization process similar to
the one in FEBID Co occurs at even lower temperatures (wide crystals are already observed
at 450 ◦C), but the purification is not completely homogeneous. While some areas increase
their Fe content, it decreases in other regions, giving rise to an heterogeneous object which,
in fact, evidences remarkable changes of shape for an already shorter annealing time of
25 min—shorter than in the Co experiments. This indicates that the structural and chemical
changes triggered by thermal annealing are not identical for all the materials grown by
FEBID, even if the precursors used are similar. This phenomenon has been further inves-
tigated by in situ thermal annealing in a transmission electron microscope, in which the
whole purification process upon annealing can be monitored in Fe nanowires with similar
dimensions, but a lower metallic content of ~40 at. %. Fe. The in situ characterization
of the annealing process reveals that, indeed, an inhomogeneous purification takes place.
Figure 8 illustrates how high-purity crystalline Fe regions are formed, interspersed between
carbonaceous areas. The low purity of the nanowires in comparison with those used for
ex situ annealing aggravates this tendency to heterogeneity, presenting remarkable diam-
eter variations which, combined with the extreme compositional variations, change the
architecture dramatically and compromise the structural stability of the nanowire.
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(a)

(b)

Figure 7. Morphology and microstructure of high-metal-content 3D Fe FEBID nanowires as a function of the high-vacuum
annealing temperature. (a) HRTEM images and Fast Fourier Transform of the squared regions of the as-grown and annealed
objects. (b) STEM-EELS elemental maps of the tip of the nanowires, with the spatial distribution of Fe, O and C in green,
red and blue, respectively. Undefined scale bars are 10 nm. Reprinted from Ref. [50], Copyright 2019, with permission
from Elsevier.
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(a)

(b)

Figure 8. In situ TEM characterization of morphology and microstructure of a low-metal-content 3D Fe FEBID nanowire
observed upon high-vacuum thermal annealing. (a) STEM images of the same region as a function of temperature.
Yellow arrows indicate the same point of the nanowire. (b) Sketch of the purification process, where the Fe, O and C spatial
distributions are depicted in green, red and blue, respectively. Reprinted from Ref. [50], Copyright 2019, with permission
from Elsevier.

The different thermal evolution of 3D Co and Fe raises the question of its microscopic
origin. Even though the exact mechanisms underlying the FEBID growth and annealing
processes are still unclear, the nature of non-metallic residues, for instance, the C:O ratio,
is a good indication of the intervening chemical reactions. Barth et al. concluded that a C:O
ratio ≥1 might indicate that C-O bonds have been inefficiently cleaved and CO ligands
have been incorporated to the deposit, while C:O < 1 suggests the metal oxidation by
residual water [71]. In the purification analyses presented in our work, 3D Co corresponds
to the first situation, while 3D Fe matches the second one. This is also correlated with the
much lower diameter of 3D Fe nanowires; therefore, they are relatively more exposed to
ambient atmosphere than Co nanowires. Assuming these considerations, it is very likely
that the different chemistry of Co and Fe species in both deposits might be the origin of the
different morphological evolution of the nanowires upon thermal annealing.

77



Nanomaterials 2021, 11, 402

4. Core-Shell Heterostructures

As the diameter of the 3D nanowires is reduced, the nature of the surface becomes sig-
nificant in terms of the overall physical properties of the object. As discussed in the previous
section, due to the synthetic process and the exposure to ambient atmosphere, a surficial
region with a thickness in the range 5–10 nm presents a distinct composition, structure,
magnetism and, presumably, transport properties with respect to the core. Both as-grown
and annealed nanowires present a surface with much lower metallic content due to natu-
ral oxidation or accumulation of residual carbon contaminants upon thermal annealing.
This is more critical in FEBID Fe, which tends to produce much thinner nanowires—down
to 35 nm in diameter [24]—than in FEBID Co. While in a 100 nm-wide 3D Co nanowire,
a 5 nm-thick degraded surface represents 19% of the total volume; in a 3D Fe nanowire with
a typical diameter of 50 nm, it scales up to 36%. Thus, producing 3D nanowires without a
surface degradation might be key to obtain functional objects with lateral resolution below
100 nm with optimum, bulk-like physical properties. As annealing does not fully solve
this issue, the growth of a protective cover becomes the sole alternative. While different
approaches can be envisaged, the most straightforward solution is the direct growth of
another layer of material (i.e., a shell) onto the as-grown nanowire (i.e., the core), prior to
air exposure. For this purpose, the growth of a Pt-C FEBID shell is the most convenient,
as CH3CpPt(CH3)3 is one of the most standard precursors in SEM-FIB instrumentation
and is widely used as a structural or electrical-contact material, with high growth rate and
minimal interaction with the deposition area.

Therefore, the growth of core-shell Co@Pt-C and Fe@Pt-C by FEBID has been explored.
The growth of a homogeneous shell around the magnetic core introduces an additional
step to the synthetic procedure. The only successful procedure has been based on the tilt of
the nanowire to lay horizontally with respect to the vertical electron beam, thus allowing
the deposition of the shell material using a rectangular pattern corresponding to the length
of the nanowire. However, a single-step shell deposition is not sufficient. The delivery
of gas precursor is highly directional (depends on the actual position of the gas injector
system needle), and a higher abundance of precursor molecules should be expected in the
face confronting the injector than in the opposite one [72]. Furthermore, the emission of
secondary electrons to decompose the precursor molecules adsorbed will be inherently
inhomogeneous along the nanowire’s surface, and this compromises the homogeneous
coverage of the shell in a single shot [73]. An example of this is shown in Figure 9a,
which illustrates the attempt to produce a bimetallic core-shell structure by a single-step
shell deposition of Co-FEBID onto a 3D Fe FEBID nanowire. The result is that the back side
of the nanowire corresponding to the exit surface of the primary beam remains uncovered.
Therefore, a second deposition with the nanowire rotated around its symmetry axis by
180◦ is required to obtain full coverage, as illustrated in Figure 9b for Co@Pt-C FEBID.

Figure 10 qualitatively illustrates the morphology and chemistry of the uncoated 3D
Co and Fe cores with respect to their associated Pt-C shell covered counterparts. From the
microstructure point of view, the naked magnetic cores, see Figure 10a,c, present the typical
nanocrystalline structure covered by a low-density, metal-poor surface. The elemental
maps evidence that this is the surficial oxide layer due to air exposure, signaled by the thin
metal oxide layer depicted in orange color. In the case of the core-shell structures depicted
in Figure 10b,d, the nature of the core is masked by the typical microstructure of FEBID
Pt-C, which is an amorphous carbonaceous matrix with small Pt nanoparticles embedded.
The distribution of chemical elements of the core-shell structure is radically different from
the uncoated ones, as shown by the full green (high metallic content) inner part of the
nanowires covered by a vivid red shell, free of Co or Fe. The lack of a transitional region
(orangish) between core and shell evidence that there is no Co surface degradation during
or after the synthetic process. The oxygen content is also remarkably uniform across the
core [48], as these oxygen contaminants are derived from incomplete precursor molecule
decomposition and not a result of surface degradation. The quasi-cylindrical geometry of
the Co core and the homogeneous coverage of the Pt-C coverage achieved by the two-step
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shell growth, which was already hinted by the cross-sectional cut shown in Figure 9b,
is confirmed all along the nanowire.

 

Figure 9. Optimization of 3D core-shell FEBID nanowires. (a) Cross-section of a one-step deposi-
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Figure 9. Optimization of 3D core-shell FEBID nanowires. (a) Cross-section of a one-step deposition of FEBID Fe@Co.
(b) Cross-section of a two-step deposition of Co@Pt-C. Adapted from Refs. [48,74].

 

Figure 10. Microstructure and chemical composition of 3D core-shell (b) Co@Pt-C and (d) Fe@Pt-C FEBID nanowires wit
Figure 10. Microstructure and chemical composition of 3D core-shell (b) Co@Pt-C and (d) Fe@Pt-C FEBID nanowires with
respect to the uncoated (a) Co and (c) Fe nanowires. Each image is accompanied by a STEM-EELS elemental map of the
central part of the nanowires where Co(Fe), and O are depicted in green and red, respectively. Adapted from Ref. [48].

The most prominent impact of the core-shell architecture is in the magnetic properties.
Again, electron holography is used to perform a quantitative analysis of the net magnetic

79



Nanomaterials 2021, 11, 402

induction produced by each 3D nanowire [36]. Figure 11 depicts the net magnetic induction
flux produced by the set of four 3D nanowire structures and their spatial distribution.
This magnetic flux has been quantified, assuming a perfect cylindrical symmetry and
normalizing by the nominal diameter of the core. Firstly, holographic images of the
uncoated nanowires indicate the suppression or weakening of ferromagnetism in the
uncoated nanowires due to air exposure and oxidation—see Figure 11a,d. This is evidenced
by the disappearance (in Fe) or decreased density (in Co) of magnetic flux at the surface.
Secondly, the magnetic flux of the cores increases with respect to the uncoated nanowires—
see Figure 11b,e. This is clearly displayed in the magnetic induction profiles integrated
across the nanowires’ diameter, as shown in Figure 11c,f. The increase in magnetic induction
is notable, about 20% in the case of Co and 35% in Fe. This values still remain far from
bulk values—1.0 T vs. 1.76 T in Co; 1.25 T vs. 2.2 T in Fe. This discrepancy is, however,
due to the minute diameter of the cores of the nanowires selected for the magnetic study,
which gives rise to particularly low metallic contents in the core, as discussed in Section 2.
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Figure 11. Magnetism of 3D core-shell (b) Co@Pt-C and (e) Fe@Pt-C FEBID nanowires with respect to the uncoated (a) Co
and (d) Fe nanowires. Magnetic flux maps of each nanowire in the left panel are illustrated by cross-sectional profiles of the
net magnetic induction of corresponding (c) Co and (f) Fe nanowires in the right panel. Adapted from Ref. [48].

5. Conclusions and Perspectives

FEBID is an additive nano-manufacturing technique which offers great versatility to
fabricate complex motifs and architectural designs at the nanoscale based on numerous ma-
terials, and in particular, ferromagnetic materials for high-density, low-power applications
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as memories, sensors and actuators. The possibilities of 2D FEBID ferromagnetic deposits
have been extensively explored, but the expansion to 3D ferromagnetic nanostructures has
encountered new challenges in terms of lateral resolution, metallic content and, therefore,
the quality of functional properties. Some key advances in the control of growth and
optimization of the functional properties of 3D ferromagnetic nanostructures synthesized
by FEBID have been reviewed here, using vertical straight nanowires of high aspect ratio
as the benchmark.

Understanding the FEBID growth processes of 3D geometries is key to customize
their properties. In this regard, one of the main results obtained is the existence of two
growth regimes that depend on the subtle balance between the electron beam current
and the precursor gas flux, which affects the capacity of the growing nanostructure to
dissipate heat during FEBID growth. Depending on these parameters, a radial regime is
predominant for low precursor gas flux in which high purity is obtained (>80 at. % Co),
but the growth rate is low and the lateral dimensions cannot go below 100 nm in diameter.
Higher precursor fluxes enable faster growth, in terms of nanowire length for a given
deposition time, and diameters well below 100 nm; however, the metallic content decreases
down to 40–50 at. % Co for diameters around 50 nm and magnetization diminishes
accordingly. Thus, purification procedures might be required to obtain functional 3D
nanostructures with lateral resolutions below 100 nm. High-vacuum thermal annealing
has been reviewed as a straightforward approach, as it could be easily implemented
right on the deposition chamber. Dissimilar results have been obtained depending on
the precursor gas employed and the starting metallic content. 3D Co nanowires based on
Co2(CO)8 precursor achieve virtually pure, crystalline and homogeneous nanowires with
bulk-like ferromagnetic properties, with minimum volume reduction, which preserves the
original architecture. On the other hand, 3D Fe nanowires grown with Fe2(CO)9 show a
tendency toward phase segregation upon annealing, displaying a mixture of high-purity
metal segments interspersed with carbonaceous areas. Both kinds present very different
mass density and mechanical strengths, which cause serious shrinkage, drastic diameter
variations and, therefore, architectural instability.

The role of surface has been also extensively analysed, and a remarkable degradation
of the surface has been observed, mostly due to ambient air exposure. In high surface-
to-volume ratio nanostructures such as 3D nanowires, the overall properties depend on
surface properties and quality, so a procedure to deposit a Pt-C protective cover by FEBID
right after Co or Fe growth has been described. As a result, core-shell nanowires have
been designed in which the ferromagnetic cores are free of surface deterioration, with the
subsequent improvement in the functional properties, especially in ultrathin nanowires
(down to 35 nm in diameter) in which up to 1/2 of the nanowire’s volume is affected by
air oxidation.

These findings open new pathways to produce high-quality 3D ferromagnetic
nanowires with bulk-like properties and lateral resolution well below 100 nm, and to
continue optimizing not only the growth of 3D architectures of nanomagnets, but also
of non-magnetic materials. The combination of smart tuning of the growth conditions
and thermal annealing in 3D FEBID Co enables the possibility of focusing on the architec-
tural design with the smallest possible lateral dimensions, faster growth and high aspect
ratios, at the expense of an optimal composition, which can be improved afterwards by
thermal annealing or other methods yet to be explored. The existence of two growth
regimes also stimulates the idea of in situ variation growth conditions to produce 3D
nanostructures with modulated diameters [75,76]. This idea could be complemented by
other strategies that have been recently proposed for diameter reduction and modulation
of 3D nanowires, such as the application of local electric fields or the live control of electron
beam focus [77]. In cases where post-growth thermal annealing causes severe shrinkage,
other means of purification should be explored further to grant architectural stability.
For instance, electron stimulation upon reactive atmospheres has been successful in FEBID
Au nanostructures [21], and could be explored in Co and Fe, during or after growth.
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Once the possibility of fabricating 3D heterostructures by FEBID has been demon-
strated, a vast field of research will emerge for optimizing the procedure and inventing
novel complex architectures based on the combination of two or more layers or seg-
ments of material [54]. In the field of nanomagnetism, the strategy followed for Co@Pt-C
nanowires can be reversed, using the same materials to produce ferromagnetic nanotubes
on non-magnetic templates, for which attractive magnetic properties for spintronic de-
vices have been predicted in terms of domain wall conduit speed and stability [9] due
to the lack of a magnetic core. We have obtained preliminary results indicating that Co
FEBID nanotubes are ferromagnetic and nucleate exotic domain walls [74]. The growth of
bimetallic nanowires combining Co, Fe and Ni precursors has been hinted in this work,
and needs to be explored as a mean to introduce an intrinsic modulation of magnetic
properties into the 3D nanomagnet. High-quality interfaces between ferromagnetic mate-
rials and high spin-orbit coupling materials such as Pt could be studied for charge-spin
conversion in spin-orbitronic applications [78], if proper purification procedures can be
developed for 3D FEBID Pt [59]. Considering the available materials, the combination
of insulating, conducting, ferromagnetic, superconducting or plasmonic materials is pos-
sible to investigate exciting phenomena such as proximity effects with superconductors,
designing magneto-optically active nano-objects by combination with plasmonic metals,
etc. Finally, the combination of FEBID with other synthetic techniques such as atomic
layer deposition could provide infinite possibilities for nano-architectural design of 3D
ferromagnetic nanostructures.
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Abstract: We provide an overview of the tools directed to reversible and irreversible transformations
of the magnetic structure of glass-covered microwires. The irreversible tools are the selection of
the chemical composition, geometric ratio, and the stress-annealing. For reversible tuning we
use the combination of magnetic fields and mechanical stresses. The studies were focused on the
giant magnetoimpedance effect and the velocity of the domain walls propagation important for
the technological applications. The essential increase of the giant magnetoimpedance effect and
the control of the domain wall velocity were achieved as a result of the use of two types of control
tools. The performed simulations reflect the real transformation of the helical domain structures
experimentally found.

Keywords: soft magnetic materials; amorphous magnetic wires; magnetic domains; magneto-optic
Kerr effect; giant magnetoimpedance effect; magnetic anisotropy

1. Introduction

Magnetic wires receive permanent interest because of specific magnetic, electric, and magneto-optical
properties, which find the realization in wide gamma of electronic devices [1–6].

The importance and novelty of our work is determined basically by the technological application
of the microwires. The elucidation of the basic methods for controlling the magnetic structure with
the predicted properties is the most promising way for optimizing the operation of magnetic sensors
based on wires. We have been dealing with this problem for about 20 years, as evidenced by our first
and last work on this topic [5,7].

The nature of glass-coated microwires-circular symmetry, outstanding magnetic properties,
and the cheap and accessible fabrication method makes them really attractive from any application’s
perspectives. The basic concept of many magnetic sensors is tied up with the well-known phenomena
of giant magneto-impedance [8–12]. Also, some of these applications like magnetic logic devices,
random access memory, integrated circuits, hard disks, and spintronic [13,14] are fare likely rooted to
a fast and controllable domain wall motion or propagation throughout magnetic bistability. So far,
glass-coated microwires offer such existence of these two functionalities, either GMI or magnetic
bistability, in a broad variety of compositions of each of two main families: Co-based or Fe-based
alloys, respectively.
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Therefore, control of domain wall (DW) dynamics, amplitude of giant magnetoimpedance effect
(GMI), and mechanisms of the magnetization reversal, volume or surface, is the key subject of our
investigations. Controlled change of the sign and value of the magnetostriction, the reaching of high
DW speeds, and switching from axial Barkhausen jump to circular Barkhausen jump and vice versa
are the main roots of the improvement of the magnetic properties related with the technological
applications [2,15–17].

The approach of our paper is based on the idea to search for methods permitting to control the
basic properties of the magnetic microwires. We have focused this paper on these tools influencing on
magnetic softness, GMI effect, and single DW velocity in amorphous glass-coated microwires.

Originally, we divided these methods to two groups of reversible and non-reversible changes.
These two groups constitute a sequence of actions leading to the expected results. It is evident that
the first step of this sequence is the non-reversible change, followed by the finer reversible tuning.
Depending on the conditions, different tools could move from one group to another. For example, the
torsion stress of the small amplitude causes the reversible changes. The increase of the stress amplitude
leads to the un-reversible changes, thereby moving it to the first group. In the same time, the heating
causing the annealing process, being lowered in amplitude, leads only to the reversible transformations.

In this work we present the results of the magnetic, magneto-electric, and magneto-optical studies
of a series of glass-covered microwires. The studies have been performed in the presence of the different
tools induced with reversible and ir-reversible transformation of the magnetic structure. Also, in the
frame of the analysis of the experimental results we present the results of the micromagnetic simulations
demonstrating the influence of the electric current on the magnetic structure of the microwires.

All of the presented data are our proper experimental results and proper results of the simulations.

2. Materials and Methods

To perform the investigation, we have selected six samples from our wide collection of the
glass-covered microwires. The selection of each sample was determined by the concrete task related to
the studies of reversible and in-reversible transformations of the magnetic structure. In each of the
selected samples, these effects manifested themselves most clearly.

There are the samples which were studied:

• №1 Fe71.7B13.4Si11Nb3Ni0.9, a metallic nucleus diameter of d = 103 µm and a total diameter
including the glass coating of D = 158 µm,

• №2 Co41.7Fe36.4Si10.1B11.8, diameter of metallic nucleus d = 13.6 µm and total diameter D = 24.6 µm,
• №3 Fe3.6Co69.2Ni1B12.5Si11Mo1.5C1.2, d = 22.8 µm, D = 23.2 µm, annealed at Tann = 300 ◦C for tann =

1 h,
• №4 Co67.05Fe3.84Ni1.44B11.33Mo1.69Si14.47, d = 21.4 µm, D = 26.2 µm,
• №5 Co66.87Fe3.66Ni2.14Si11.47B13.36Mo1.52C0.98 with different diameters of metallic nucleus and

total diameters,
• №6 (Co1-xMnx)75Si10B15 (x = 0.08, 0.09, and 0.10).

The Taylor-Ulitovsky method (also known as quenching-and-drawing) was used to produce the
microwires [18,19].

The production of the glass-coated metal filaments of diameter of about a few microns has been
reported by Taylor in 1924 [20]. The method of the fabrication is the following. To produce the microwire
the metal is held in a borosilicate glass tube. It is closed at one end of the tube with a diameter of
about 10 mm. To soften the glass, the end is heated by a glass flame to a specific temperature. At this
temperature, the metal part goes to a liquid state. The glass is drawn down and thin glass capillary
containing a metal core produces.

The Taylor and Ulitovsky method was revived by Inoue [21], Chiriac [22], and Larin [23]. The modified
production technique was developed, which supplied the composite glass-coated microwires with
metallic nucleus of diameter in the range of 1–30 µm and glass covering of 2–10 µm. The key
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parameters of the modified Taylor and Ulitovsky method were the cooling rate of the metal core,
chemical composition, and the stable geometrical ratios along the microwire.

Fabrication process of glass covered microwires causes the fast and simultaneous solidification of
a composite structure, which consists of magnetic metallic nucleus and glass quenched from the molten
alloy. Essential differences in thermal expansion of the glass and the metal lead to large internal stresses.
The magnetic structure of an amorphous glass-coated microwire, in the absence of magnetocrystalline
anisotropy, is determined basically by the magnetoelastic coupling energy between the internal stresses
and spontaneous magnetization.

The stress induced at the fabrication determines the source of anisotropies. The annealing causes
a partial relaxing of the internal stresses induced by the production technique, and gives rise to the
induced anisotropy. The controlling of the anisotropy is important for technological applications.

Here we present the influence of the annealing with an example of the microwire№3. We consider
the annealing as a tool that causes the ir-reversible transformation. The structure of the as-prepared
and annealed microwires was recognized by X-ray diffraction [24–27].

In our study we have used the following experimental methods:
Flux-metric method was used for hysteresis loops measurements [28]. The magnetic field was

produced by a solenoid. The studied sample was placed in a pick-up coil. The normalized magnetization
M/M0 on external field has been obtained. M is the magnetic moment in some moment; M0 is the
magnetic moment at the maximum value of the external field Hm. The velocity of DW motion has
been measured by Sixtus-Tonks method [29,30].

Originally the Sixtus and Tonks technique consisted of the following elements [31]: a primary
coil, which was produced a homogenous-enough magnetic field to induce the propagation of DW
wall, short coil induced the nucleation of the DW and two picked up coils. The DW propagation
induces the electromotive force in the picked-up coils, which are fixed in the oscilloscope. It was
found that in some experimental configurations, the domain wall can nucleate in the middle of the
microwire on defects. To avoid mistakes, in the modified set-up we used a system of three pick-up
coils [32–35]. The microwire of 10 cm length is placed coaxially inside of the primary coil. To initiate
the DW propagation from the determined end of the wire, one end of the sample was placed outside
the magnetization solenoid. The distances between coils were 30 mm.

DW velocity was measured as:
ν = l/∆t (1)

where time interval ∆t is the time difference between the induced peaks and l is the space interval
between pick-up coils. We can determine the DW velocity sequentially between 3 pick-up coils.

The impedance Z was recalculated from the reflection coefficient S11, which was obtained using
network analyzer:

Z = Z0(1 + S11)/(1 − S11) (2)

where Z0 is the impedance of the coaxial line. The GMI ratio ∆Z/Z was determined as:

∆Z/Z = [Z(H) − Z(Hmax)]/Z(Hmax) (3)

where Hmax is the maximum value of the external DC field.
The images of surface magnetic domain structure were obtained by magneto-optical Kerr effect

(MOKE) polarizing microscopy (longitudinal geometry). A combination of crossed axial and circular
magnetic fields and external mechanical stresses was applied [36]. The torsion stress τ of two opposite
signs and limited range of amplitude was applied to the microwires. One of the wire ends was fixed.
The other end was rotary stressed to apply the torsion with different angle α and to change the internal
stress distribution (Figure 1). The limits of the stress at which the mechanical failure could appear was
not achieved.

89



Nanomaterials 2020, 10, 1450

 

 

−

№

Figure 1. Schematic picture of MOKE geometry and application of torsion stress t+ and t-. Reprinted
with permission from [36].

3. Results and Discussions

3.1. Reversible Transformation

Torsion stress and electric current-induced transformations in the sample№1 have been studied
using the MOKE technique.

Figures 2 and 3 show the images of magnetic surface domains obtained in the presence of the
torsion stress and circular magnetic field. The observed transformations were reversible—when the
influence of stress adds circular field was removed, the system returned to its original position.
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№

Figure 2. MOKE images of surface magnetic domains. Torsion strain: (a) −8 π radm−1, (b) −2 π radm−1,
(c) 0, (d) 2 π radm−1, (e) 8π radm−1. Reprinted with permission from [15].

Figure 2 presents the key details of the effect of the rotation of domain walls induced by torsion stress.
There are two types of the helical structure—spiral and elliptical. It was found that the spiral domain
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structure exists on narrow enough interval of torsion (smaller then 2 πradm−1). For the higher value of
torsion, the elliptical structure exists. The angle of the DW inclination changes with the stress as in the
case of spiral and in the case of elliptical structures. The DW with longitudinal orientation exists in the
presence of the stress of about 0 πradm−1 (Figure 2c). Formally, this structure belongs to the spiral type
of the structures.
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Figure 3. MOKE images of surface magnetic domains. Torsion strain 2πradm−1. Amplitude of circular
magnetic field with amplitude: (a) 0, (b) 7 A/m. White line shows the inclination of domain walls.
Reprinted with permission from [15].

Together with DW rotation the torsion stress causes also the transitions between two types of
domain structures: spiral and elliptic. The phase transition is reversible for the torsion smaller than
40 πradm−1. This value is the limit of the reversibility. In other words, when this value is exceeded
during the experiment, the structure does not return to the spiral structure and the phase transition is
not observed.

The circular magnetic field is another tool induced by the reversible transformations and in some
experimental situations could be considered as a tool in opposition to the torsion. Figure 3 demonstrates
the influence of the circular field. We start in the presence of the torsion stress of 2 πradm−1 (Figure 2a).
Figure 3b shows the structure in the additional presence of a circular field. The rotation of DW is
observed in explicit form towards the axial direction, i.e., against the stress. In the same time, the DW
could not reach the longitudinal direction because the limit value of the circular field is determined by
the limit value of the electric current induced in this field. The value of this limit is determined by the
effect of Joule heating. Therefore, the combination “stress—circular field” is considered as a tool of the
fine reversible control of helical magnetic structure.

The dependencies of DM movement on longitudinal magnetic field have been obtained in sample
№1 in the presence of small tension stress of about 20 MPa. They were measured by Sixtus–Tonks
method. The change of the character of the DW motion as an answer to the torsion application was fixed.
The dependencies of the velocity on the longitudinal field in the presence of positive torsion stress are
presented in the Figure 4. The similar effect was observed for the negative values of the torsion.

In the absence of the torsion stress, the dependence of the DW velocity is expected and relatively
trivial—it is a direct line (black line in the Figure 4). In the presence of the torsion, the noticeable
transformation of the velocity dependence takes place. Beginning from the determined value of the
stress (about 20 πradm−1), the clear jump is observed on the velocity dependence. In the presence
of relatively small magnetic field, the linear dependence with approximately the same slope were
obtained for all values of the stress. The linear character of the velocity dependence is practically
maintained after the jump but the value of the jump and correspondingly the velocity depends on
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the stress (blue, green, and lines). The observed effect was named as “torsion-induced acceleration of
domain wall”.

 

 

τ
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Figure 4. Dependencies of velocity of domain wall on axial magnetic field for different values of torsion
stress τ and schematic images demonstrate three types of domain structure. Reprinted with permission
from [17].

We have focused on the character of the stress induced of the velocity and the reasons of the
dependence of the jump on the stress. It should be noted that such a type of the dependences of DW
velocity on the field was not observed earlier. In the narrow interval of the external field (around
of 55 A/m) the jumping and falling of the velocity value are observed. These jumping and falling
velocities were reversible and random.

The additional MOKE study has been performed to clear this effect. Using the MOKE microscopy
we tried to find the main types of the surface domain structures having the relation to the observed
stress induced acceleration of DW motion. As a result, we have found 3 different types of domain
structure, demonstrated schematically in Figure 4.

The experimental MOKE images of tree different domain structures obtained in the presence of
torsion are presented in Figure 5. Earlier it was demonstrated theoretically the existence of different
types of helical structures being in energetically close states. They are characterized by close inclination
of the magnetization from the axial axis. Now we understand that the induced jumps in the velocity
dependence are in direct relation with the reversible transformation between these structures.

Without torsion stress we observed the domains of type I, which have the transversal circular
direction of the magnetization. The domain of this type is practically un-sensitive to the torsion.
The reason of this effect is the strong correlation these domains with the axially magnetized inner core.
There is no contradiction with the structures demonstrated earlier because of small tension stress,
which was applied during this experiment.
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The spiral domain structure (structure of type II) exists in a narrow interval of torsion of
20–30 πradm−1. This structure is sensitive on torsion that confirms its independence on the inner core.
Spiral structure, along with the elliptic structure, belongs to the helical type of domain structures.
We developed some experimental methods, which permit to determine definitely the exact structure of
these two observed in the particular experimental conditions.
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Figure 5. Images of different domain structures obtained in the presence of stress observed for different
amplitude of torsion τ: (a) 0 πradm−1, (b) 20 πradm−1, (c) 30 πradm−1, (d) 40 πradm−1; (e) schematically
images of spiral structures. Reprinted with permission from [17].

The increase of the torsion causes elliptic structure (structure of type II) forces out the spiral
structure from the surface of the microwire. The key difference of these structures is the length of
the domain wall. As we know, the domain wall length depends on the angle of the inclination of
the domain structure. The elliptic domain wall has a limited length determined by the length of the
inclined ellipse. The spiral domain wall has “unlimited” length. Experimentally it is limited only by
the length of the studied sample. From the one side, the existence of the elliptic structure is limited by
the existence of the stable spiral structure. From the other side, increasing the external stress we reach
the natural limit of the angle of the inclination induced by the torsion [37].

The correlation between the domain images presented in Figures 2 and 4 from one side and the
velocity dependencies presented in Figure 3 is evident. The stress induced appearance of spiral and
elliptical structures recognized in the Figure 3 affects the magnetic field dependence of the DW velocity.
Theoretical simulation demonstrates the correlation with the experiment. The induced inclination of
the angle of the DW is associated with the DW acceleration.

The change of the domain wall velocity and mobility under the tension stress was studied in
microwires№ 2. The dependencies of the velocity on the stress with the magnetic field as a parameter
are presented in the Figure 6. DW velocity decreases with the increase of the stress.
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Figure 6. Tension stress dependences of domain wall (DW) velocity in microwires№ 2. Reprinted
with permission from [6].
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The DW mobility S (Figure 7) was extracted from the dependencies presented in Figure 6. The DW
mobility decrease with the increase of the tension stress σa observed.

 

№

σ

№

μ β

β μ

β β
α

α δ

β α γδ

Figure 7. Dependence of DW mobility of microwires№ 2 on tension stress. Reprinted with permission
from [6].

The velocity v of the DW movement is determined as:

v = S(H − H0) (4)

where H0 is critical propagation field.
For the viscous version of the DW motion the viscosity S is determined as:

S = 2µ0Ms/β (5)

where β is the coefficient of viscous damping, µ0 is magnetic permeability, MS is the saturation value
of magnetization. In fact, the key parameter which determines the dynamics of DW is the coefficient
of damping.

The important component of the dampingβ is the magnetic relaxation damping, βr. It is associated
with the rotation of electron spins. In turn, it is determined by the parameter α Gilbert damping.
The parameter α is proportional inversely to the DW wall width δw,

βr = αMs/γδw =Ms(Kme/A)1/2 (6)

where A is the constant of exchange stiffness, Kme is the energy of magnetoelastic anisotropy energy,
γ is the gyro-magnetic ratio.

This consideration demonstrates the qualitative correlation between domain wall mobility and
the magneto-elastic component in the domain wall damping. In other words, when the magnetoelastic
anisotropy increases, the domain wall mobility decreases. The achievement of the high mobility of DW
requires the decrease of Kme constant. To reach it we had to select the composition of the metal nucleus
of the microwire with smallest constant of magnetostriction. Another way is the decreasing of internal
mechanical stresses by the variation of the geometry of microwire—the relation of the thicknesses of
the metallic nucleus and glass covering. The last way is the annealing process causing the relaxation of
the internal mechanical stresses.

3.2. Ir-Reversible Transformation

3.2.1. Annealing

The annealing treatment allows the reducing of the coercive field and influences on the DW
mobility. We consider this effect as ir-reversible. Taking into account the observed single Barkhausen
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jump during magnetization reversal, it can be assumed that the single domain wall propagation takes
place. Consequently, the measurements of the DW velocity using the Sixtus-Tonks method could be
realized in stress-annealed Co-rich microwires.

The series of the microwires№ 3 were annealed during 1 h at the temperature of 300 ◦C in the
presence of the tension stress of different values. Figure 8 presents the dependencies of the DW velocity
on the external magnetic field for different values of the stress.
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Figure 8. Velocity of DW on axial filed in the presence of different values of the stress applied during
annealing. Reprinted with permission from [5].

The microwires annealed without stress, shows the high enough value of the velocity (about
3 km/s) of DW (see Figure 8). The interval of the external field in which the motion of the single domain
wall was fixed short (83–93 A/m).

The DW mobility S values are affected by the tension stress σm: gradual increase of S values
(determined as a slope of v(H) dependencies) is observed upon increase of σm (see Figure 8).

The conditions of the annealing treatment influence also on the GMI effect. Figure 9 presents the
transformation of the GMI ration field dependencies caused by the tension stress applied during the
annealing process. The increase of the GMI ratio is observed with increase of the value of the stress σm.
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Figure 9. Dependencies of GMI ratio on different value of the external tension stress measured at
200 MHz. Reprinted with permission from [5].
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This effect is explained in the frame of the influence of the skin effect on the magneto-electric
processes occurring in the magnetic conductor in the presence of the external magnetic field. The bulk
hysteresis loops measured by the flux-metric technique provide partial information on the magnetic
softness of the whole sample. In the case of the high enough frequency (200 MHz) the GMI ratio
characterizes basically the outer layer, which exhibits high circumferential magnetic permeability.
In this case, the magnetic softness of the surface layer is more relevant for the GMI effect. The volume
of the surface layer is usually much lower than the volume of the inner core and its contribution to the
bulk hysteresis loop, generally, is weak.

Here we conclude that the influence of the post-processing on the magnetic processes occurring
in the microwires is significant. The variation of the conditions of the annealing is one of the most
suitable tools permitted in the predicted optimization of such magnetic properties as domain wall
velocity or GMI effect making microwires more suitable for electronic applications.

The field dependencies of the velocity and GMI effect dependencies obtained in Co-rich microwires
correlate because the stress applied during the annealing realizes in the stress-induced anisotropy.
The stress induced transverse magnetic anisotropy causes the highest GMI effect observed for
stress-annealed Co-rich microwires, which present in the same time the rectangular hysteresis loops
and hence fast domain wall propagation. The high DW velocity is the result of the fast magnetization
switching in the inner axially magnetized single domain.

3.2.2. Geometric Ratio

Magnetic properties of microwires, in particular magnetic anisotropy, are originated basically by
the magnetoelastic contribution. In turn, it is determined by the composition of the metal part and by
the distribution of the stresses [38–41]. Because of the glass–metal structure of glass-covered microwires,
the internal stresses value is determined by the ratio (metallic nucleus diameter d)/(total diameter
D) = ̺. Because of the difference in thermal expansion of metal and glass, the stresses appear during
the solidification process, which takes place in the Taylor-Ulitovsky method of microwire production.

The external field dependencies of the DW velocity have been measured in the sample№2 for
different values of ̺ (Figure 10). The different slopes on the velocity dependences are observed for
different ̺ ratio. As we can see, velocity decreases with the decrease of ̺ ratio and in turn with the
increase of the internal stresses.
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Figure 10. Magnetic field dependences of DW velocity for sample№2 microwires with various ̺ ratio.
Reprinted with permission from [6].

96



Nanomaterials 2020, 10, 1450

Therefore, the velocity is almost two times higher for the highest ̺ ratio: v is about 1500 m/s
for ̺ = 0.55 and V is about 900 m/s for ̺ = 0.39, while the composition is the same. The effect of the
magnetoelastic energy has been proved by applying the external stress when we have studied the
reversible magnetic transformations.

The inset in Figure 11 shows the decrease of the value of the field of GMI maximum with the
increasing of the geometric ratio. The influence of the geometric ratio on GMI effect is attributed to
the magnetoelastic anisotropy related with the internal stresses. The internal stresses in glass-coated
microwires arising from the difference in the thermal expansion coefficients of solidifying metallic
nucleus and the covering glass depend in such a way on the ratio between the glass coating thickness
and metallic core diameter.
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Figure 11. Effect of the sample geometry on magnetic field dependence of giant magnetoimpedance
effect (GMI) ratio of microwires№4. Reprinted with permission from [19].

Because the constant of magnetostriction is determined by the chemical composition and has
almost zero values in amorphous alloys based on Fe/Co [42–44], the observed dependence should be
related to the internal stresses.

We could estimate the amplitude of the internal stresses in glass–metal composition because it is
caused by the difference in the coefficients of thermal expansion of the glass covering and the metal
nucleus. It should be of about 100–1000 MPa. This value is determined equally by the metallic nucleus
radius and the thickness of the glass [6].

Figure 12 demonstrates the GMI effect obtained in a wide range of the frequencies for different
diameters of the metallic part of the microwire№5. The highest value of the effect is observed mainly
in the range of 100–300 MHz. In the same time, the highest GMI effect takes place and presents at
different frequencies for the microwires having the same chemical composition but different geometric
parameters. For the wires with d in the range of 9–11.7 µm, the maximum is about 200 MHz, and for
the wires with d in the range of 8.5–9 µm the maximum is about 100 MHz.

The change of the position of the maximum Hm is related with the effect that Hm increases with
the frequency. For the high frequency and the high applied magnetic field, Hm is approaching to the
maximum of the applied field.

At high frequencies, the decreasing of the GMI effect takes place. Therefore, if we have the fixed
maximum of external field, the optimum frequency is observed where the highest value of GMI effect
takes place. In the same time, the field of GMI maximum is determined by the field of magnetic
anisotropy field and we could expect the similar GMI field dependences for similar geometric ratios.
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Figure 12. Frequency dependence of microwires №5 with different metallic nucleus diameters.
(a) metallic nucleus diameters ranging between 8.5 and 9.1 µm; (b) metallic nucleus diameters between
9 and 11.7 µm. Reprinted with permission from [19].

3.2.3. Chemical Composition

The chemical composition also has been selected as a tool permitted for the un-reversible establishment
of the magnetic properties in microwires. Sample№6 has been chosen to demonstrate the influence of
the chemical composition on the magnetization reversal process. In particular the % part of the Mn has
been considered as a tool that has been changed.

The magnetic hysteresis obtained for different value of Mn (marked as “x”) are presented in
Figure 13. The magnetic behavior shown in the Figure 13a (x = 0.08) confirms the transverse magnetic
anisotropy. The coercivity for this case is about 5 A/m. The microwire with x = 0.09 demonstrates the
intermediate shape of the hysteresis with coercivity of about 12 A/m. Finally, for x = 0.1 the rectangular
shape of the hysteresis loop is observed that confirm the effect of magnetic bistability (coercivity about
24 A/m).

The magnetostriction constant λS depends on the chemical composition. It changes the sign at
Mn concentration value x of 0.09. In spite of low value of λS (10−7), the high enough internal stress
causes magnetoelastic anisotropy with transversal easy direction for x = 0.08 (λS negative) and with
longitudinal easy direction for x = 0.1 (λS positive).

The hysteresis loops take into account the direction of the easy magnetization axis originated
by the magnetoelastic anisotropy. For the case of x = 0.08 axial field induced magnetization rotation
associated with the transverse direction of the magnetoelastic anisotropy, while for x = 0.1 the hysteresis
with rectangular shape reflects the bistability effect possible only for the longitudinal anisotropy.

This consideration is based on the following relation of the magnetoelastic energy and the
magnetostrction constant:

Kme = 3/2 λsσi, (7)

where σi are the internal stresses.
To verify this consideration, we have performed the Kerr effect measurements in the same

microwire№6 as was studied by the flux-metric technique. The microwire with different concentration
of Mn shows the different shape of the transversal and longitudinal MOKE hysteresis loops.
The experiments have been performed in circular and axial magnetic fields.

For the case of x = 0.07, the MOKE hysteresis has been obtained in the circular magnetic field
(Figure 14a,b). The rectangular shape of hysteresis in Figure 14a means the jump in circular direction.
The peaks in longitudinal direction at the same fields confirm the large Barkhausen jump related to the
effect of circular bistability. This hysteresis is in agreement with the flux-metric hysteresis presented in
Figure 13a.
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Figure 13. Hysteresis loops the microwire№6. (a) x = 0.08, (b) x = 0.09, (c) x = 0.1. Reprinted with
permission from [45].

 

№

λ λ

λ λ

Figure 14. Longitudinal and transverse Kerr effect loops of microwire№6 for different Mn content:
(a,b) x = 0.07; (c,d) x = 0.11; (e,f) x = 0.09. Reprinted with permission from [37].
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At the same time, for x = 0.11 the rectangular MOKE hysteresis is observed as an axial magnetic
field (longitudinal effect, Figure 14c). This shape reflects the axial large Barkhausen jump. Figure 14d
(transversal effect) demonstrates a more complicated experiment: the DC circular field of two opposite
directions has been added. Without circular field there is no MOKE signal. This effect is related
to the magnetization reversal realized as the motion of domain walls between the axial domains.
In the presence of the circular field the signal appears because of the field induced inclination of the
magnetization from the axial direction.

The microwire with x = 0.09 (Figure 14e,f) is similar to the case of x = 0.11, but some difference
should be noted. While the longitudinal MOKE hysteresis in axial field is rectangular, the transversal
loop is associated with sharp nucleation of domains and rotation of the magnetization. All of this
could be attributed to the effect of helical bistability.

As was mentioned above, the magnetic structure and the magnetization reversal could be
associated with sign and the value of the λs constant. It was independently determined [46] that λs is
negative for x < 0.1 and is positive for x > 0.1. The MOKE experiments are in agreement with this
independent study taking into account that longitudinal magnetization in the outer shell for x = 0.11 is
related to positive λs and for x = 0.07 the circular magnetization is related to the negative λs.

4. Simulation

For the first time, the calculations of the helical structure in microwires were presented in [47] and
were developed in [48]. Here we present the new combination of the hysteresis and images.

There is a procedure of the simulations. The directions and the values of the magnetization
were calculated in discrete points of domain structure. Blue and red arrows show the direction of
magnetization in the spiral domains.

The blue arrows with maximum intensity correspond to the left direction. This means that the
magnetization component is directed along the microwire axis. The red arrows correspond to the right
direction. This means that magnetization component is directed along the microwire axis but in the
opposite direction then in the plus one case. If the axial magnetization is zero, the color is white and
the arrow is perpendicular to the axis of the microwire. Different intensity of the colors means different
values of the axial component of the magnetization or different angles of inclination of the arrows in
relation to the axis of the microwire.

Figures 15 and 16 present the results of the micromagnetic simulations of the magnetization
reversal curves and surface domain images in the microwire. To demonstrate the role of the circular
magnetic field, the calculation was performed in the presence of electric current flowing along the
microwire to produce the circular field. The amplitude of current does not exceed the critical value
related to the overheating and the current is considered as a parameter which induces the reversible
changes of the magnetic structure.

The calculations were performed in a magnetic cylinder with discretization of 10 × 10 × 5 nm.
In the simulations performed with the help of the mumax program [49], the constant A was taken
as 20 pJ/m and the saturation magnetization µ0Ms was equal 0.7T. The magnetoelastic anisotropy is
approximated as uni-axial with its spatial dependence related to the experimental stress distribution in
a microwire [50]. The magnetoelastic constant was determined using the mentioned above formula (7).
The value of magnetostriction constant was 2 × 10−7.

The simulated magnetic cylinder is subjected to two magnetic fields: variable axial field and
circular Oersted field. The external field was changed gradually along the cylinder axis. The initial state
was the saturation marked as mz/ms = 1 and the finish state was the saturation marked as mz/ms = −1.
The control parameter of the simulation was the circular field, which has a distribution in accordance
with the Amper’s formula.

Figures 15 and 16 present the magnetization reversal curves and the images of the surface domains.
The calculations were performed for a current of 1 mA (Figure 15) and 7 mA (Figure 16).
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Figure 15. Calculated magnetization reversal curve and the images of spiral domains in cylinder with
1 µm diameter and 15 µm length. Images (a–d) correspond to the points (a–d) in the hysteresis. Electric
current is 1 mA.
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Figure 16. Calculated magnetization reversal curve and the images of spiral domains in cylinder with
1 µm diameter and 15 µm length. Images (a–c) correspond to the points (a–c) in the hysteresis. Electric
current is 7 mA.
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The magnetization process begins with the formation of vortices at the ends of the microwire.
The vortices, as shown in Figure 8, have the opposite chirality. A decrease in the value of the external
applied field causes an inclination of magnetic vectors in the entire volume of the microwire and forms
spiral domains. The spiral structure gradually increases from both ends of the microwire towards the
center of the microwire (see Figure 15b,c) according to the chirality defined by the vortices. The spiral
domain structure is not a formation that occurs only on the surface of the microwire, but also occupies
part of the volume inside the microwire. When the spiral is fully formed and extends to the length
of the entire microwire, further reducing the value of the applied field, leads to a phenomenon that
can be termed spiral propagation. Areas where the magnetic moments are set in accordance with the
applied field increase, causing the spiral to move and at the same time unscrew. Eventually, the spiral
structure disappears from the surface (see Figure 15d) and its remains in the form of a tube penetrate
inside the microwire. Further reduction of the field value also results in setting the magnetic moments
inside the microwire according to the field.

At zero circular field, the spiral domain structure consists of two parts with: left- or right-hand
chirality. Under applied circular magnetic field, the chirality of the spiral structure becomes uniform in
the whole wire, with the direction depended on the direction of the current. If we compare the figures
for current of 1 and 7 mA, we will see that an increase of the circular field inclines the magnetic vectors
towards the circular direction, perpendicular to the axis of the microwire. It causes a reducing of the
density of the spiral structure, (see Figures 15b and 16b), as well as a change of its inclination angle.

The problem of the influence of DW structure on the movable properties of DW has been analyzed
in detail in our article [48]. Here, the spiral domain wall demonstrates experimentally the increase of
the DW mobility with the increase of the angle of the DW inclination. In turn, the present calculations
demonstrate the correlation between the angle of the induced inclination and length of the DW.
This result of the simulation could be considered as the most essential result.

5. Conclusions

Here we present the tools that could produce the reversible and irreversible transformations in
the glass-covered magnetic microwires. Irreversible transformations are the first step transformations
that permit to select and fix the main predicted magnetic and electric properties. From the one side,
these properties could not be changed posteriori, but form the other side, they could serve the basis of
the stable and repeatable operation of the technological technique. At the second stage we apply the
tools caused by the reversible transformations that serve for the fine tuning. This tuning is realized
when the conditions of the technique functioning changes.

One of the main tools causing the irreversible transformation is annealing in the presence of stress.
The annealing with stress is effective for Co-rich glass-covered microwires. We have observed more
than doubled enhancement of GMI ratio. Also, we observed an increase of the DW velocity of about
one and a half times in Co-rich microwires. Therefore, the annealing with stress Co-rich microwires
demonstrate simultaneously fast domain wall motion and high GMI effect.

The selection of the chemical composition and changing of the thickness of glass covering of
the microwire are also considered as tools caused by the irreversible transformation of the magnetic
structure that was realized in around two times variation of the DW mobility. Controlling the sign
of the magnetostriction, we could obtain the microwires with the longitudinal or transversal large
Barkhausen jump.

For reversible tuning, we use the circularly directed external magnetic field and external
stresses-tension and torsion. The change of the sign and the amplitude of the torsion induced
the change of the direction and the amplitude of the DW inclination. The torsion stress could induce
the reversible transition between two types of helical structures: spiral and elliptic which have almost
two times different DW mobility in Fe-rich microwires.
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In the relation of the tension stress, to get the high domain wall velocity and mobility, the magnetoelastic
energy should decrease. This can be achieved by the application of the external stresses and by the
control of the distribution of the internal stresses.

The simulations confirm the observed experimental rotation of the helical domain walls induced
by the electric current, demonstrating in such a way the correlation between the MOKE experiments
and the calculations.
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Abstract: The tunable magnetic properties of amorphous ferromagnetic glass-coated microwires
make them suitable for a wide range of applications. Accurate knowledge of the micromagnetic
structure is highly desirable since it affects almost all magnetic properties. To select an appropriate
wire-sample for a specific application, a deeper understanding of the magnetization reversal process
is required, because it determines the measurable response (such as induced voltage waveform
and its spectrum). However, the experimental observation of micromagnetic structure of micro-
scale amorphous objects has strict size limitations. In this work we proposed a novel experimental
technique for evaluating the microstructural characteristics of glass-coated microwires. The cross-
sectional permeability distribution in the sample was obtained from impedance measurements
at different frequencies. This distribution enables estimation of the prevailing anisotropy in the
local region of the wire cross-section. The results obtained were compared with the findings of
magnetostatic measurements and remanent state analysis. The advantages and limitations of the
methods were discussed.

Keywords: soft magnetic materials; glass-coated microwires; micromagnetic structure; impedance;
magnetic permeability

1. Introduction

Amorphous magnetic materials have been thoroughly studied since the 1970s, mainly
for soft magnetic applications at elevated frequencies. Over the past 50 years of research,
various methods have been developed for prediction of their properties [1,2] which have
provided tremendous technical progress in many areas. Apart from their traditional use in
motors due to their low eddy currents losses, other practical applications of amorphous
magnetic materials range from magnetic field/stress/temperature sensors to logic, coding
and memory systems [3–8]. The variety of these applications is due to the specificity of
their magnetic and electrical properties (e.g., fast domain wall propagation, giant mag-
netoimpedance effect) and their sensitivity to external stimuli, such as magnetic field,
mechanical load and temperature [9–12]. In many regards, the ability to precisely control
their magnetic structure is the basis for the improvement of related technologies.

The magnetic properties of the sample under investigation depend on its micromag-
netic structure, which is influenced by magnetic anisotropy. In amorphous materials, the
latter is mostly contributed by magnetoelastic interactions depending on the saturation
magnetostriction (both on the magnitude and sign) and the spatial distribution of me-
chanical stresses arising during production or further processing [2,13,14]. To engineer the
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magnetoelastic anisotropy in amorphous magnetic materials, different treatment techniques
may be applied: annealing, drawing, mechanical processing (see, for example, [15–21]).
The relaxation or redistribution of the mechanical stresses changes the micromagnetic struc-
ture, which largely determines the mechanism of magnetization reversal (magnetization
rotation, domain wall propagation or magnetization jump). The structural changes reveal
themselves in measurable effects such as the shape of hysteresis loops [13], permeability
and magnetoimpedance behaviors [22].

Despite the great importance of the micromagnetic structure, the use of methods
for its observation has strict limitations. Recently, a novel magnetic tomography method
based on X-ray magnetic circular dichroism was proposed [23]. This technique makes
it possible to reconstruct the magnetization distribution over the sample and visualize
complex micromagnetic structures such as Bloch points, but the linear dimensions of
the samples should not exceed several microns. Most of the experimental techniques
applicable to bulk magnetic materials allow one to image the micromagnetic structure at
the surface [24–26]. Some evidence of a particular magnetic structure can be deduced from
analysis of the magnetic response from the entire sample or parts of it, for example, from
static or dynamic hysteresis loops [15,27,28]. The correct interpretation of such indirect
experimental results requires precise control of the experimental conditions as well as a
large set of measured patterns typical for a particular type of samples.

Here we consider an alternative indirect method for studying the micromagnetic
structure of amorphous wires, which allows one to experimentally inspect the internal
domain structure of the sample. The method is based on the impedance measurement at
different frequencies.

The impedance of the cylindrical ferromagnetic conductor depends on the perme-
ability with respect to the circular magnetic field (so called, circular permeability) if the
skin effect is essential [29]. If this permeability is non-uniformly distributed over the
cross-section of the wire, the current density distribution averaged over a specific layer
becomes a stepwise function of the averaged permeability. The impedance frequency
dependence thus provides information on the permeability averaged over the surface layer
which corresponds to the current penetration depth (the layer involved in the current main
flow). For this reason, the impedance measurements at several current frequencies allows
the reconstruction of the permeability distribution over the cross-section of a wire by fitting
the experimental and theoretical data.

In this work, additional techniques were used to deduce the magnetization distribution
over the wire cross-section based on magnetization vs. magnetic field behavior. The results
were compared to assess the reliability of the approaches and possible errors of the method.

2. Materials and Methods

2.1. Materials

2.1.1. Amorphous Magnetic Microwires

Amorphous magnetic microwires were chosen as an object of the investigations.
Being obtained by rapid solidification from the melt, such materials have a complex
micromagnetic structure. Uneven temperature distribution during quenching leads to time-
dispersed solidification of various parts of the wire, which causes non-uniform distribution
of mechanical stresses. Moreover, for glass-covered microwires the difference in the thermal
expansion coefficients of glass and metal induces additional stresses in the wire [30,31].
Combined with magnetostriction, the stress distribution defines the local directions of the
easy and hard anisotropy axes and the magnitudes of magnetoelastic anisotropy.

The theoretical consideration of the internal stress distribution in amorphous mi-
crowires based on the quenching process draws a two-region image of the metallic part of
the wire: the internal core domain with an axially directed magnetization and the shell with
a radially or circumferentially directed magnetization, depending on the magnetostriction
coefficient sign [32,33]. In addition, a more complex magnetic structure can form in the wire,
for example, with a helical magnetization [34,35]. The closure domains arising to minimize
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the magnetostatic energy should also be taken into account, in particular, for short-length
microwires [27,36]. The volume of the inner core domain significantly affects the static
and dynamic magnetic properties of microwires: the switching field, the coercivity, the
squareness ratio, the range of magnetic fields of single domain wall propagation, and the
domain wall mobility. The magnetization distribution also affects the impedance behavior
including the change in the shape of impedance vs. magnetic field plots with increasing
frequency. Since impedance is a function of the circular permeability, its distribution over
the cross-section of the wire has to be taken into account.

2.1.2. Investigated Samples of Amorphous Magnetic Microwires

The amorphous microwires of Co70Fe4B13Si11Cr2 alloy with near-zero magnetostric-
tion [37,38] produced by Tailor-Ulitovsky technique [39] with different metal cross-section
dimensions from 6.4 to 28 µm (6.4, 8, 8.5, 10, 22 and 28 µm) were investigated. The glass
shell had the thicknesses of 2.5, 2.8, 2, 2.3, 1, and 3 µm, respectively. The conductivity of
amorphous alloy was 8.3 × 105 S. The wire-pieces for measurements were cut by a scalpel.

Because the wire magnetic properties are extremely sensitive to the cross-section size
and the phase state (e.g., existence of nanocrystalline clusters which depends on the initial
technical parameters [40,41]), we carefully examined the microwire samples using a scanning
electron microscope (JSM-6390LV, Jeol, Tokyo, Japan) to determine the relevant dimensions
and the transmission electron microscope (JEM-2100 Jeol, Tokyo, Japan, with an accelerating
voltage of 200 kV) to detect any presence of nanocrystalline areas. The SEM images are
presented in Figure 1a and the TEM micrographs of a thicker wire sample are depicted in
Figure 1b,c. A selected area diffraction (SAED) represents an amorphous halo. The dark-field
observation in the first diffraction ring also confirms the amorphous structure.

∙

Figure 1. (a) SEM and (b) TEM images of Co70Fe4B13Si11Cr2 microwire. (c) SAED from the microwire
and subsequent dark-field image obtained in the first diffraction ring. The samples demonstrate an
amorphous structure.

2.2. Methods

For the microstructure investigations, two basic approaches were used. The first is
based on the analysis of the impedance characteristics at different frequencies to reproduce
the permeability distribution, and the second utilizes the analysis of hysteresis loops:
remanent magnetization and re-magnetization mechanisms.
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2.2.1. Impedance of the Wires and Permeability Calculation
Theoretical Background

For moderate frequencies (not very strong skin effect), the impedance of a magnetic
wire with a spatially independent permeability tensor is of the form [29]:

Z = RDC
ka

2
J0(ka)

J1(ka)
(1)

k =
1 − i

δ
, δ =

1√
π f σµ0µϕ

,

where RDC is the DC resistance, J0 and J1 are the Bessel functions of zero and first orders,
respectively, δ is the skin depth, f is the current frequency, σ is the wire conductivity, µ0 is
the vacuum permeability, and µϕ is the circular permeability, a is the wire radius.

This expression explains the typical shapes of the giant magnetoimpedance (GMI)
curves. The magnetic field dependence of the circular permeability, included in Equation (1)
as the function argument, is determined by the magnetic anisotropy. A bell-shaped curve of
GMI is associated with an axial anisotropy, whilst a circular anisotropy results in GMI plots
with two symmetrical peaks appearing at the external field nearly equal to the anisotropy
field [22]. In some cases, CoFe-based microwires show asymmetry in the GMI plots. Such
behavior is explained in terms of the combination of a helical magnetic anisotropy and a
circular field produced by the bias current during the measurements [42,43].

Equation (1) for the impedance is obtained considering a linear relationship between
AC magnetization and magnetic field under the assumption of a spatially independent
permeability tensor. In general, the permeability parameter µϕ is composed of the com-
ponents of the permeability tensor. In real samples the permeability may be distributed
over the volume, and its dependence on the magnetic field (which is also non-uniformly
distributed over the wire cross-section) have to be taken into account. It is assumed, that for
a smooth radial dependence of permeability the same expression works if the parameter
µϕ is replaced by an average permeability of the layer related to the skin depth. For the
detailed reconstruction of the permeability distribution in complex cases of the dependence
µ(r, H), the calculation method has to be sufficiently modified. A simplified approach
makes it possible to deduce some tendencies of the permeability spatial distribution.

In the first approximation, assuming a complex-valued permeability µϕ = µ′
ϕ − iµϕ

′′ ,
the real and imaginary parts can be reconstructed by solving the inverse problem. The
minimum position of the function ∆Z:

|∆Z| =
∣∣Zexp − Zth

∣∣ (2)

where Zexp is the measured impedance and Zth is the theoretical value determined by
Equation (1), on {µ′

ϕ, µϕ
′′ } surface corresponds to the permeability value averaged over the

wire layer, where the bulk of the current flows. We assume that 70% of the current flow is
the main contributor.

The current density in the wire depends on the radius due to the skin-effect. The
current integrated over the surface layer of thickness h = a − r equals:

Ih = I0

(
1 − r

a

J1(kr)

J1(ka)

)
, (3)

where I0 is the total current passing through the wire. Using Equation (3), the current
penetration depth h70% where 70% of the current flow is concentrated, can be estimated.
As an example, for a sample with a diameter of 8 µm the current density distribution at
various frequencies from 1 to 10 MHz is shown in Figure 2, where the penetration depth
and average permeability are also indicated.

110



Nanomaterials 2021, 11, 274

𝐼 ℎ
μ

𝜇10

ℎ 𝜇𝜇 ℎ𝜇 ℎ𝜇

𝜇 𝜇

Figure 2. Radial dependence of the current density at frequencies of 1, 2, 5 and 10 MHz. The vertical
lines bound the layers through which 70% of the total current flows (shaded areas). The average
permeability values for each case are marked with the corresponding color (these values were found
by experimental data fitting procedure). For a frequency 1 MHz, the permeability µϕ is of the order
of 104, which is typical for low-magnetostriction wires.

The AC current passing through the wire produces an AC circular magnetic field,
which causes the AC magnetization. In the presence of a DC magnetic field, the AC mag-
netization process occurs by the both mechanisms: magnetic moment rotation and domain
wall movement. With increasing frequency towards MHz range the main contribution
comes from the magnetization rotation as the domain walls are damped [44,45].

Varying the frequency, the changes in h70% and corresponding µϕ can be obtained.
As measured µϕ is an average value of permeability over the layer with thickness h70%,
knowing the array of µϕ corresponding to different h70%, one can reconstruct the radial
dependence of permeability µr

ϕ, as depicted in Figure 3.

𝐼 ℎ
μ

𝜇10

ℎ 𝜇𝜇 ℎ𝜇 ℎ𝜇

 

𝜇 𝜇Figure 3. Schematic of the permeability distribution calculation based on averaging the permeabilities
over the penetration depths. The values of the average permeability µ1

ϕ and µ2
ϕ correspond to the

experimental impedance measured at two frequencies f ( f1 < f2). The permeability values are
used to estimate the corresponding penetration depths h1

70% and h2
70%. From average values, the

permeability µr
ϕ of the differential layer (red) can be interpolated.

If the current penetration depth falls into the axially magnetized region, the average
permeability associated with the magnetization rotation increases due to the perpendicular
configuration between the DC magnetization and AC magnetic field. We assume that this
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enhanced permeability corresponds to the axial anisotropy, which also affects the mag-
netization reversal process and can be revealed in hysteresis experiments. Consequently,
analyzing the radial dependence of permeability and identifying abrupt changes in µϕ, it
is possible to trace the regions in which the prevailing type of anisotropy changes.

For the permeability calculation the following procedure was used:

(i) using the experimental data on the wire impedance, the real and imaginary parts of
permeability were determined from Equations (1) and (2);

(ii) knowing the permeability value, the corresponding current penetration depth at
every frequency was obtained from Equation (3);

(iii) for each subsequent pair of permeability and penetration depth values the average
permeability for the differential layer (red layer in Figure 3) was obtained. The values
obtained were presented in the form of a histogram, where the pillar height and width
represent the local permeability and the thickness of the differential layer, respectively.

2.2.2. Magnetostatic Measurements

There are several indirect experimental methods for obtaining data for estimating the
volume of the axially magnetized core of the microwire based on magnetostatic measure-
ments. Local hysteresis loops along the microwire axis can be obtained by measuring the
magnetic flux in short movable pick-up coils. This also allows the magnetization profile to
be measured in order to assess the contribution of closure domains [15,27,46,47].

When using integrated fluxmetric methods for studying magnetic properties, the
closure domains do not contribute to the measured hysteresis loop. The estimation of core
domain volume may be more accurate comparing to that obtained using vibrating sample
magnetometry methods (VSM). However, the AC fields are used in the fluxmetric methods,
which causes the magnetic parameters to vary with a frequency and an instant value of the
excitation magnetic field [28].

In the case of using the VSM methods, the closure domains contribute to the measured
hysteresis loops. Moreover, in a Vector VSM setup, the two pairs of pick-up coils are located
at some fixed distance from each other and the sample is placed between them. This means
that different parts over the length of the elongated specimen have different contributions
to the magnetic moment projections and the final estimate of the volume of the axially
magnetized core is either too large or too small.

In this work, VSM with a modified pick-up coil configuration was used for magnetostatic
measurements. We used double half-ring coils having a diameter of 2 cm and 104 turns of
copper wire with a thickness of 30 µm, as schematically shown in Figure 4 by grey line. The
proposed pick-up coil arrangement offers a possibility of measuring different projections of
the magnetic moment keeping the same value of the magnetic flux from the sample [48].

Figure 4. Schematic diagram showing the principal directions of the measured magnetic moment
with respect to the applied magnetic field Hex: (a) component of the wire magnetic moment along
the field Hex as a function of Hex, (b) cross-magnetic moment vs. Hex.
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The measurements of (a) conventional hysteresis loops, that is, the component of
the wire magnetic moment along the magnetizing field Hex as a function of Hex and
(b) perpendicular hysteresis loops, that is, the component of the wire magnetic moment
perpendicular to Hex vs. Hex (named as cross-magnetic moment) were carried out. The
measurement geometry s for both cases is demonstrated in Figure 4: the axial magnetic
moment was measured with respect to the magnetic field applied along the wire (a) and
perpendicular to the wire axis (b).

Radius estimates of the core domain can be made using two algorithms. The first one
is based on the analysis of the remanent magnetization measured along the external field
Hex as in (a) case. For this configuration, the remanent magnetization Mr corresponds to the
core domain magnetization (with the contribution of closure domains) and the saturation
magnetization is a characteristic of a uniformly magnetized wire. Figure 5 shows a typical
micromagnetic structure of the metallic part of a glass-coated microwire, from which it
can be seen that the squareness ratio of the hysteresis loop MR

MS
defines the volume fraction

VC of the axially magnetized core with respect to the entire sample volume VS. Thus, the
radius of the axially magnetized core can be estimated.

Figure 5. Schematic of the micromagnetic structure of the metallic part with a diameter 2a of a
magnetic microwire: axially magnetized core of a diameter 2ac (pink) and circularly magnetized shell
(green). Closure domains are presented by the yellow region.

The second method uses the results of hysteresis loops measurements in both configu-
rations (a) and (b). This requires the comparison of the maximum values of the magnetic
moment components measured in parallel (a) and perpendicular (b) orientations. The
maximum magnetic moment in case (a) corresponds to MS. The maximum value of the
cross-magnetic moment, MC, is the magnetic moment of the axially magnetized core only
originated from the axial anisotropy. This excludes the closure domains contribution.
Similar to the squareness coefficient, their ratio shows the volume fraction of the core:

MS

MC
=

VS

VC
(4)

Thus, we can estimate the location of the domain wall between the axially magnetized
core and the circumferentially magnetized shell inside the microwire:

Vs

Vc
=

a2

a2
c

(5)

113



Nanomaterials 2021, 11, 274

Using Equation (5), the radius of the axially magnetized core can be expressed by:

ac = a

√
Vc

Vs
(6)

2.2.3. Experimental Equipment

The measurements of the impedance Zexp were carried out using a HP4395A net-
work/spectrum/analyzer (Hewlett-Packard, Palo Alto, CA, USA) which was calibrated to
get the data of high resolution in MHz frequency range. The measurements were carried
out when an alternating current with an amplitude of 2.5 mA kept fixed by the hardware
and a frequency of f = 0.5–10 MHz was passing through the sample. The length of the
microwire sample was 8 mm.

The calculations using the procedure described in Section 2.2.1 were carried out with
the use of MatLab R2015b (MathWorks, Santa Clara, CA, USA) software.

The measurements of magnetic moment were carried out using self-assembled VSM
with double-split measuring coils [48]. The magnetic moment resolution was 10−3 Am2.
The range of the applied magnetic field was ±800 kA/m. The field increment in the low-
field range was 2.4 A/m. The measured magnetic moments were given in arbitrary units,
which correlated with the induced voltage in the pick-up coils. The length of microwire
samples was 1.5 cm which is sufficient to maintain the original micromagnetic structure for
microwires with mentioned diameters and compositions [49].

3. Results and Discussion

3.1. Conventional Hysteresis Loops

The shape of the hysteresis loops is a good indicator of the magnetization mechanism.
Figure 6 compares the hysteresis loops of CoFe-based wires with different metallic core
diameters measured in (a) geometry (see Figure 4). They all have low coercivity (lower
than 5 A/m) typical of good soft magnetic materials. The saturation field does not exceed
40 A/m. The squareness ratio is from 0.02 to 0.45. The parameters are listed in Table 1. The
radii of the axially magnetized core were calculated for each sample from the squareness
ratio and varied from 0.05 to 0.67 of the total core radius.

μ

𝑀 𝑀

Figure 6. Normalized hysteresis loops of the Co70Fe4B13Si11Cr2 amorphous glass-coated microwires
with different diameters. The shape of hysteresis loops evolves depending on the diameter of the
metal core.
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Table 1. Magnetic parameters of the Co70Fe4B13Si11Cr2 amorphous microwires.

Metallic Core Diameter,
dm [µm]

Coercivity, HC [Oe]
Remanence to Saturation

Ratio, MR/MS

6.4 0.05 0.05
8 0.05 0.45

8.5 0.05 0.24
10 0.03 0.33
22 0.04 0.35
28 0.003 0.02

dm is the diameter of the metallic core; HC is the coercive field; MR/MS is the squareness ratio, MR is the remanent
magnetization, MS is the saturation magnetization.

3.2. Field Dependence of the Cross-Magnetic Moment

Figure 7 shows the plots of the axial magnetic moment vs. the field applied perpendic-
ular to the wire axis (cross magnetic configuration). In the saturation field this component
tends to zero since the wire is magnetized in perpendicular direction. The magnetization
mechanisms are illustrated in Figure 7 (right column) where M1 and M2 are the magnetic
moment of the core (with the axial anisotropy) and the periphery, respectively.

d = 8 μm 28 μm

.
r

μ

d  

Figure 7. Axial magnetic moment vs. magnetic field applied perpendicular to the wire axis for
dm = 8 µm in (a) and 28 µm in (b).

Figure 7a clearly demonstrates the existence of the domain processes in the region
of low magnetic fields resulting in a sharp peak of the cross-magnetic moment. The
axial orientation of the magnetization is assisted by the perpendicular field owing to the
corresponding components of the internal stress. Figure 7b is consistent with the rotational
mechanism of the magnetization. The values of the magnetic moments in Figure 7a,b
should not be compared as they are obtained for microwires with different diameters.
For further analysis only relative values are of interest. Analyzing the relative data for
the two types of magnetization curves, it will be possible to draw conclusions about
the distribution of the easy anisotropy axes (either axial or circumferential) within the
microwire cross-section.

3.3. Remanent Magnetization State Analysis

Using the results of the two types of measurements (conventional hysteresis loops
and cross-magnetization loops), we estimated the volume of the axially magnetized core
for all samples. The results are summarized in Table 2. The differences in estimations are
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clearly seen. The reason is the difference in the magnetization processes of the wire when a
magnetic field is applied parallel or perpendicular to the wire axis.

Table 2. Estimated radius of axially magnetized core by two methods.

Metallic Core Diameter,
dm [µm]

Core Domain Radius, ac/a Core Domain Radius, ac */a

6.4 ~0 0.22
8 0.77 0.67

8.5 0.55 0.49
10 0.54 0.57
22 ~0 0.60
28 ~0 0.14

dm is the diameter of the metallic core; ac is the radius of the axially magnetized core of the microwire metallic
part; ac * is the radius of the axially magnetized core of the microwire metallic part calculated on the basis of
squareness ratio; a is the radius of the metallic part.

Based on the squareness coefficient, we could assume that the microwire with a diame-
ter dm = 28 µm has quite a large axial domain volume comparable with that of thinner wires
(0.6 a). On the other hand, the axial magnetic moment tends to zero when the perpendicular
field decreases to zero. This indicates that the magnetic moment of the remanent state at
conventional measurements can be decreased due to the contribution of closure domains.
It means, that for samples with large closure domains the core domain radius cannot be
accurately found on the basis of the squareness coefficient. The cross-magnetic moment
measurements provide more accurate information about the remagnetization mechanism
and prevailing anisotropy allowing the magnetization evaluations without the closure
domain contribution.

3.4. Magnetoimpedance

GMI dependences for all the samples were analyzed in order to get the information
about the prevailing anisotropy type and for further establishments of model working
frames (Figure 8). A two-peak GMI curve is inherent of wires with a circular anisotropy.
When axial or radial anisotropy prevails, a single-peak dependence is usually observed [22].

For the wires under investigation the shape of the GMI curve evolves with the increase
in the metallic core diameter. For the thinnest sample the two-peak plots were observed.
When the diameter of the wire increases, the field of the GMI maximum shifts to lower
values, and for samples with dm = 8.5 and 10 µm the dependence with a single peak
was observed. With further dm increase, a single peak splits again into two peaks. This
demonstrates a non-monotonic change in the domain structure with an increase in the
wire diameter, which can be explained by the difference in the stress distribution and the
dependence of magnetostriction on stresses.

It was reported, that for amorphous alloys the magnetostriction coefficient depends on
the magnitude of the mechanical stresses. For materials with nearly zero magnetostriction
it can change the sign under the mechanical influence [50–53]. As the internal stresses
in the wire depend on the geometrical and manufacture parameters, the wires of the
same compositions but prepared at different conditions may have opposite signs of the
magnetostriction coefficient and, thus, different types of the domain structure [50,54,55].
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μ

μ

Figure 8. GMI field dependences at different frequencies for microwires with different metallic core diameters from 6.4 to
28 µm (a–f). Enlarged near-zero field region and hysteresis loops for the samples are included. Evolution of GMI curve shape
from double peak (a,b) to single-peak (c,d) and back to double-peak (e,f) with increasing metal core diameter is observed.

The GMI curves for microwires with dm = 6.4, 8, 22 and 28 µm have two peaks, that is,
they have a predominant circular anisotropy. For the thinnest sample (dm = 6.4 µm) there
is a wide plateau around zero field, which is associated with a strong circular anisotropy
field [56]. The shape of the hysteresis loop (Figure 8a) and the absence of cross-magnetic
moment indicate that the wire has no core in the domain structure. The GMI curve for the
sample with dm = 8 µm also demonstrates two peaks with narrow plateau. Taking into
account the shape of cross-magnetic moment curve, it is supposed, that the regions of axial
and circular magnetization coexist in this wire. For the samples with dm = 22 and 28 µm
both the cross-magnetic moment loops and GMI curves allow us to conclude, that circular
magnetization predominates.

For the samples with dm = 8.5 and 10 µm a single-peak GMI curve is observed. The
comparison of GMI with the results of magnetostatic measurements for these samples
showed, that there was a large fraction with an axial magnetization in the wires. Con-
sidering the GMI curves and possible stress-dependence of the magnetostriction it is
assumed, that internal stresses induced a change in the magnetostriction sign, and the
radial magnetization distribution prevails in the shell of these samples.

3.5. Radial Distribution of Magnetic Permeability

Figure 9 demonstrates the radial distribution of circular permeability for all samples.
Since the impedance of the wires was measured at MHz frequencies, the main contribution
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to the permeability comes from the magnetization rotation, while the motion of domain
walls is suppressed by eddy currents. This is confirmed by previous studies of the frequency
behavior of permeability in microwires of similar composition [45]. However, at zero DC
field and circular anisotropy, the AC circular field does not cause magnetization rotation
and only the displacements of circular domain walls affect the permeability. The current
density distribution at various frequencies from 1 to 10 MHz and corresponding current
penetration depths and average permeability values for the sample with 8 µm diameter
are presented above in Figure 2.

Figure 9. Radial distribution of the permeability of CoFe-based microwires with different diameters. (a) Schematic
representation of the permeability histogram construction reflecting radial permeability distribution, (b–f) permeability
distribution histograms for the samples with different metal core diameters. The height of the bar is the local permeability
value and the width is the thickness of the corresponding layer. Color is used to contrast the permeabilities of different
layers. The permeability calculation was done for zero DC magnetic field.
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The results obtained demonstrate, that for the thinnest sample with a diameter of
6.4 µm the permeability value cannot be correctly calculated, as the rapid changes in
impedance with frequency are consistent with a negative average permeability of the wire.
This dependence can arise due to large heterogeneity of the permeability as well as the
contribution of regions with axial anisotropy. As the magnitude of stresses affects the local
anisotropy [32,33], the permeability is also sensitive to the stress distribution. In the case of
large internal stresses, such as in thin wires [51], the radial dependence of permeability can
be very sharp, and averaging provides large errors. In this case, the permeability spatial
distribution and field dependences have to be taken into account in Maxwell’s equations,
and the first approximation is not applicable. For the samples with a diameter of 8.5 and
10 µm, the calculated permeabilities have relatively low values at zero DC magnetic field,
and the radial dependence is not pronounced. The GMI curves measured for these samples
correspond to the case of a radial magnetization distribution in the shell. The shapes of
the hysteresis loops (which are presented in Figure 7 suggest, that radial anisotropy is
formed in these samples, as the saturation field does not exceed 40 A/m. When the current
passes through the sample, the processes of non-uniform magnetization rotation occurring
in a radially magnetized shell may enhance losses and, thus, the imaginary part of the
permeability. Since such processes are not taken into account in our model, the real values
of permeability have to be much higher, than the calculated ones. It means, that such a
simplified model cannot be used for microwires with a radially magnetized shell.

The permeability distribution calculated for the sample with a diameter of 8 µm
shows a decreasing trend with increasing r. The sharp decrease in the permeability radial
dependence occurs at a distance of around 0.60 of radius. The diameters of an axially
magnetized core obtained from the squareness ratio and cross-magnetic moment were
0.67 a and 0.77 a, respectively. Consequently, an abrupt change in the circular permeability
can be associated with a change of prevailing anisotropy type from axial to circular at the
boundary between the core and the shell. For a more accurate determination of the core
radius, fine sampling of the layers is required.

For a microwire with a diameter of 22 µm the circular permeability decreases monoton-
ically with increasing r without sharp jumps. The absence of permeability jumps indicates,
that the wire region under investigation have rather uniform micromagnetic structure.
Presumably, all the averaging layers are located in the shell region. This result is also
consistent with the core radii, obtained using the cross-magnetic moment or squareness
ratio techniques.

For a sample with a metal diameter of 28 µm the permeability distribution has a sharp
decrease at 0.82 of the wire radius. As the cross-magnetic moment signal indicated the
absence of the core domain, and the squareness coefficient gave the value of ~0.14 a for
the core domain radius, the results may be explained by the formation of the surface layer
with much higher circular anisotropy.

A brief description of the results is presented in Table 3. Detailed table with the exper-
imental results for all investigated samples is presented in the Supplementary Material.

Table 3. The results of indirect method of micromagnetic structure evaluation.

dm [µm] Structure Method Applicability

6.4
Circular without core, sharp permeability

radial dependence
Not applicable

8 Circular
Applicable, core radius

calculated—0.60 R
8.5 Axial Not applicable
10 Axial Not applicable
22 Circular Applicable, measurements in the shell
28 Circular Applicable, non-uniform permeability
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All the described techniques for estimating the core radius showed the consistent
results in cases of the circular anisotropy in microwires. Nevertheless, there are several
subtleties in the applicability and accuracy of the methods, which have to be considered.

The impedance measurement in a wide frequency range with subsequent calculation
of the magnetic permeability distribution allow one to trace the changes of the magnetiza-
tion distribution caused the presence of interfaces between regions with different type of
anisotropy or defects. This method allows one to reconstruct the data on the microstructure
of a sample based on the experimental results, which makes it promising for microtomog-
raphy of samples with a complex domain structure. The performed analysis shows, that
this model provides reasonable results in the case of circular anisotropy in the shell if the
current amplitude is low and does not cause the non-linear AC magnetization. In cases
of significant permeability variations with radial coordinate or radial/axial anisotropy
additional magnetization mechanisms have to be taken into account.

4. Conclusions

In this paper we have presented a novel way to estimate the micromagnetic structure
in microwires, in particular, to determine the permeability distribution in the cross-section
of the wire. The method is based on the dependence of the impedance of a cylindrical
conductor on its circular permeability: from the frequency dependence of the impedance
the permeability value for each current penetration depth was calculated in the first ap-
proximation of non-constant permeability effect on the impedance. Analysis of the radial
distribution of permeability made it possible to determine the position of boundary sepa-
rating the core and shell of the wire with different anisotropy. The results were compared
with those obtained by two magnetostatic methods involving different components of the
microwire magnetic moment. For this, the conventional hysteresis loops and the mag-
netic field dependence of the cross-magnetic moment were measured. For the sample
with metallic core diameter of 8 µm and circular magnetization in the shell region the
calculated core radius corresponded to that obtained using two magnetostatic methods.
Similar results were obtained for the thicker sample with 22 µm diameter. For the sample
with the largest diameter 28 µm the permeability have strongly non-uniform distribution
over the cross-section. For the rest of the samples the sharp permeability variations with
radial coordinate and radial anisotropy limited the method applicability. For such samples,
simplified approach does not provide information about the permeability value, additional
magnetization mechanisms have to be taken into account.

It is concluded that the proposed method can be used for microwires with circular
anisotropy and with a smooth change in permeability over the cross-section. The results
obtained correlate with the conventional method based on the squareness ratio estimation
but at the same time give additional information about the microstructure or local defects,
which has great potential for microtomography and defectoscopy.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/2/274/s1, Table S1: Experimental data on the samples under investigation: magnetization
curves, cross-magnetic moment dependences, GMI curves and the permeability radial dependence.
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Abstract: Magnetoimpedance (MI) in Co-based microwires with an amorphous and partially crys-
talline state was investigated at elevated frequencies (up to several GHz), with particular attention
paid to the influence of tensile stress on the MI behavior, which is called stress-MI. Two mechanisms
of MI sensitivity related to the DC magnetization re-orientation and AC permeability dispersion were
discussed. Remarkable sensitivity of impedance changes with respect to applied tensile stress at GHz
frequencies was obtained in partially crystalline wires subjected to current annealing. Increasing
the annealing current enhanced the axial easy anisotropy of a magnetoelastic origin, which made
it possible to increase the frequency of large stress-MI: for 90mA-annealed wire, the impedance
at 2 GHz increased by about 300% when a stress of 450 MPa was applied. Potential applications
included sensing elements in stretchable substrates for flexible electronics, wireless sensors, and
tunable smart materials. For reliable microwave measurements, an improved SOLT (short-open-load-
thru) calibration technique was developed that required specially designed strip cells as wire holders.
The method made it possible to precisely measure the impedance characteristics of individual wires,
which can be further employed to characterize the microwave scattering at wire inclusions used as
composites fillers.

Keywords: amorphous microwires; high-frequency magnetoimpedance; SOLT calibration; mag-
netic anisotropy

1. Introduction

Soft ferromagnetic microwires have attracted growing attention in research since they
exhibit a number of physical effects important for applications (see, for example, recent
reviews [1–3]). Controlling their microstructure, chemical composition, and phase composi-
tion, cross-sectional size allows for the development of novel concepts for their applications
in sensory devices and functional materials. Here, we investigated high frequency magne-
toimpedance (MI) in Co-based microwires with amorphous and partially crystalline states,
paying particular attention to the influence of a tensile stress on the MI behavior at elevated
frequencies. Potential applications include sensing elements in stretchable substrates for
flexible electronics, wireless sensors, and tunable smart materials [4–6].

The MI effect, which is referred to as a large and sensitive change in the complex-
valued impedance of a ferromagnetic conductor in the presence of external magnetic field
and other stimuli such as a mechanical stress and temperature, led to the development of
various sensors driven by alternative current (AC) or pulse circuits operating at megahertz
frequencies [7–11]. A high sensitivity of MI with respect to the external factors is caused by
the directional change in the quasi-static (DC) magnetization. Therefore, it was expected
that MI remains sensitive for higher frequencies in the GHz range. At high frequencies,
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when the skin effect is strong, the impedance dependence on the magnetic parameters has
the form [12]:

Z = Zc

(√
µe f cos2 θ + sin2θ

)
(1)

Here, Zc is the impedance of a non-ferromagnetic conductor, µe f is the AC permeability
parameter, and θ is the angle between the static magnetization and high-frequency current.
Equation (1) shows that as long as the angle θ varies in response to external factors and
the value of µe f differs from unity, the high frequency impedance demonstrates cos2 θ-
dependence. The permeability also depends on θ and other DC parameters, but this
dependence is typically weak since high values of a DC magnetic field and/or anisotropy
are required to satisfy the condition of the ferromagnetic resonance at these frequencies [13].
A typical magnetic field behavior of impedance at GHz frequencies in Co-rich amorphous
microwires with a well-formed circumferential easy anisotropy is given in Figure 1. The
inset shows the DC magnetization loop, and thus it is clearly seen that the field interval
where the magnetization rotates towards the axis corresponded to a sharp increase in
impedance. When the static magnetization was along the wire (θ = 0) and did not change
by the field, only the permeability parameter µe f (H) determined the field behavior of the
impedance: it increased with much lower slope, and an inflexion point was seen in the plot
of Z(H). In this field range, the sensitivity of the impedance change was low, of about a
few percent per Oe. Similar high-frequency impedance behaviors in these types of wires
were demonstrated in a number of publications [14–16].

= cos +

cos

= 0)( )( ) .

Figure 1. Typical MI in wires with circumferential anisotropy. For this measurement, we used
amorphous Co66.6Fe4.28B11.51Si14.48Ni1.44Mo1.69 microwires. Inset shows the DC loop along the wire.

To enhance the MI sensitivity, researchers have proposed various annealing regimes in
order to establish a required transverse anisotropy of small amplitude and small easy-axes
deviations [17–21]. In the case of stress-MI, the induced circumferential anisotropy in
combination with positive magnetostriction formed by current annealing leads to a large
change in impedance in response to tensile stress without use of a bias magnetic field [21,22].
This effect is of high practical importance; however, the impedance vs. stress sensitivity
can quickly decrease with increasing frequency. Sensitive change in the DC magnetization
requires a small anisotropy; then, the ferromagnetic frequency is low, and the frequency
range of hundred MHz corresponds to the tail of the ferromagnetic resonance. As follows
from Equation (1), if the values of µe f are close to unity, the DC magnetic configuration
does not affect the impedance.
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An interesting situation can occur in wires with a non-uniform-induced anisotropy
or with a relatively high axial anisotropy. Thus, large variations of impedance under the
effect of mechanical stress can be expected if it causes the anisotropy regions redistribution.
In the case of high axial anisotropy of magnetoelastic origin, the ferromagnetic resonance
frequency is in the GHz range, with the external stress changes this frequency causing large
changes in stress-MI. Here, we investigated the effect of tensile stress on high-frequency
impedance in wires with different anisotropy and magnetostriction modified by current
annealing. It was found that modifications in the axial anisotropy caused by applied stress
led to a large impedance change at high frequencies due to shift in the resonance frequency.

To optimize the impedance behavior, one must measure the impedance characteristics
of individual wires that may present considerable problems at higher frequencies in the
GHz range. This is related to uncertainties occurring due to calibration of measuring
devices (network analyzer) with customized sample arrangements. In this case, customized
calibration methods should be used. Coaxial and microstrip transmission lines are widely
used as sample holders [23,24]; however, in the case of the impedance measurements when
the sample is subjected to mechanical stress, coaxial lines are not convenient. Here, we
discuss the calibration procedures for microstrip lines. In the microwave de-embedding
methods, the electrical reference planes are shifted to the sample location. This requires
the use of dummy sample holders with specific terminations, for example, three reflection
standards (open, short, and match load) and two ports connected together (thru). This
calibration procedure is known by the name of short-open-load-thru (SOLT) or thru-
open-short-match (TOSM) [25]. Accurate calibration standards can be fabricated on the
customized printed circuit board (PCB), and then the complex impedance Z is calculated
from S21 parameter using a simple formula without solving any equations.

The accuracy of the customized calibration methods critically depends on the tolerance
of calibration standards fabrication (for example, the lumped open, short, etc., terminations)
and the problem becomes more essential with increasing frequency. Relating to this, an
alternative of VNA calibration technique for MI measurements at a high frequency was
recently introduced in [26] using zero-field de-embedding method. In this method, the
MI measurements obtained at zero magnetic field were used as a reference signal, and
then the same process was repeated with applied magnetic field so that the data could be
subtracted by the values of the reference signal. However, the major disadvantage of this
method is the absence of zero-field behavior. In this work, the SOLT calibration standard
was adjusted by using specially designed strip cells as a PCB SOLT standard for VNA
calibration and measuring the high frequency MI and stress-MI, which could be directly
used for the development of various high-performance micro-sensor devices.

2. Materials and Methods

2.1. Wire Samples

Glass-coated amorphous microwires of two Co-based compositions Co66.6Fe4.28B11.51
Si14.48Ni1.44Mo1.69 and Co71Fe5B11Si10Cr3 produced by modified Taylor–Ulitovskiy
method [27,28] were used in this work. The wires of the first composition had a total
diameter D = 25.8 µm and a metal core diameter d = 14.2 µm (referred to as sample
No1). The wire samples of the second composition had different geometry: D = 30 µm,
d = 25 µm and D = 43 µm, d = 35.2 µm (referred to as samples No2 and No3, respectively).

The wires with smaller diameter were fully amorphous, whereas the wires with larger
diameter (sample No 3) were partially crystallized, as was concluded from DSC (differential
scanning calorimetry) analysis in previous works [29,30]. Co-based wires typically have
a negative magnetostriction and a circular type of the easy anisotropy since the internal
stress is predominantly axial. Samples No 1 with a larger ratio of Co/Fe~15 content had the
magnetostriction constant of about −1.2·10−7 [30,31] and a circumferential easy anisotropy.
Sample No2 had a smaller negative magnetostriction (<10−7 [21,32]) but an axial easy
anisotropy. Sample No3 had a large and positive magnetostriction constant of about 10−6

due to partial crystallization [32] and an axial easy anisotropy. The crystallization and
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Curie temperatures of the studied samples determined from the DSC curves using standard
software application were about 790 and 720–730 K, respectively.

The wire samples were annealed by DC current in air atmosphere with the aim to
investigate the effect of anisotropy and magnetostriction change on the MI and stress-MI
behavior. The sample length for annealing was 15 cm, the DC current intensity was chosen
between 25–90 mA, and the flowing current time was 30 min. All current treatments were
performed in the same ambient conditions. The current magnitude was chosen to realize a
heating effect in the range of temperatures 450–750 K. For moderate annealing currents,
the annealing temperature was measured using the temperature dependence of resistivity
in a bridge circuit. For higher annealing currents (>60 mA), the annealing temperature was
estimated from modelling on the basis of the energy balance. The details are given in [21].

2.2. DC Magnetic Measurements

The magnetic hysteresis loops were determined by an inductive method utilizing
two differential detection coils with 3 mm in the inner diameter and 5 cm in length. The
magnetizing field in the direction of the wire length (axial direction) with a frequency
of 500 Hz and amplitude of up to 1000 A/m was sufficient for re-magnetizing the soft
magnetic wires. To increase the accuracy of the magnetization loop determination, we used
digital integration of the induced voltage.

2.3. Impedance Measurements

To obtain reliable measurement results at high frequencies by SOLT calibration, we
used specially designed strip cells, shown in Figure 2, as calibration standards. The
calibration process is the same as for standard SOLT/TOSM [25,33], but instead of coaxial
standards, we used customized strip cells (PCB board). The microwire was installed in the
measuring cell of PCB. This calibration technique allows one to move the reference planes
towards the ends of the wire sample and only measure its S-parameters.

−1.2 ∙ 10 1010

= = 1, = 0, = 0Figure 2. Schematic of specially designed PCB calibration cells with the SOLT standards. THRU
standard utilizes direct connection (“flush THRU”) with S21 = S12 = 1, S11 = 0, S22 = 0; SHORT is
realized via connecting the signal strip to the ground; LOAD utilizes two 50 Ω RF Vishay resistors
connected to the ground in parallel.

For the impedance measurements, the standards were mounted on PCB as demon-
strated in Figure 3. The PCB calibration and measuring cells utilized FR4 material (glass-
reinforced epoxy laminate) with a relative permittivity of 4.35 for frequencies higher
than 500 MHz. It was assumed that S11, open = 1, S11, short = −1, S11, load = 0 for
any frequencies. For THRU, a direct connection of the signal stripes was used, then
S21, thru = S12, thru = 1, S11, thru = 0, S22, thru = 0.
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Figure 3. Wire sample as a planar waveguide resulting in a phase incursion: upper figure is a sample
holder photo; bottom figure represents a schematic illustration.

In the microwave region, the length of electromagnetic waves along the sample may
become of the order of its length, and thus the sample impedance would no longer be
regarded as lumped, and hence the deduced impedance value will contain a significant
error. The correction can be made considering that the sample placed between the stripes
above the dielectric with the continuous ground on its opposite side represents a planar
waveguide, as shown in Figure 3 [16]. The difference from the usual strip line construction
is only due to the geometry of a conductor: a wire instead of a strip.

Therefore, this wire waveguide can be characterized by standard parameters: losses
and delay time. The losses must be attributed to the intrinsic physical properties of the
sample. On the contrary, the delay time ∆t is caused mostly by the length of the sample.
However, it introduces significant phase distortions at higher frequencies:

S21(ω) = S̃21 exp(jγ(ω)) exp(−jω∆t) (2)

where S̃21 is the wire lamped S21 parameter, ω = 2π f is the angular frequency, j is the
imaginary unit, γ(ω) is a phase function contributing to internal impedance properties,
and exp(−iω∆t) is responsible for the phase incursion due to the time delay ∆t. Thus,
after measuring ∆t along the sample, its intrinsic S̃21 parameter can be recovered from the
measured one by multiplying by exp(jω∆t).

This parameter is already lumped from the point of view of the propagating wave,
although it depends on the length of the sample. Using Equation (2), we can calculate the
value of impedance, free of the waveguide properties, as

Z(ω, H) =
100 · (1 − S̃21(ω, H))

S̃21(ω, H)
(3)

Figure 4 shows an example of the impedance dispersion of an amorphous microwire,
measured with the modified SOLT calibration (user’s ideal calibration kit created on VNA).
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Figure 4. Dispersions of the impedance of amorphous Co71Fe5B11Si10Cr3 microwire (sample No2,
as-cast) obtained from using user’s ideal calibration kit created on VNA.

With increasing the frequency, the real part of the impedance starts to decrease,
becoming negative, while the imaginary part grows up, becoming positive. This non-
physical behavior is caused by the time delay. For removing this effect, we applied an
additional adjustment described above. The impedance spectra after phase compensation
are shown in Figure 5. The resonance seen at a frequency of about 5 GHz is a parasitic
electric resonance related to the OPEN terminations on the PCB calibration cell. It cannot
be removed, and a sort of smooth interpolation is needed in this frequency range.

 

Figure 5. Dispersions of the impedance of amorphous Co71Fe5B11Si10Cr3 microwire (sample No2,
as-cast) obtained from using user’s ideal calibration kit created on VNA after phase compensation.

The parasitic resonances observed between 5 and 6 GHz were introduced during the
SOLT calibration and were caused by the PCB cell and connection lines. These resonances
are well localized and can be easily replaced with smooth interpolants.

The Hewlett-Packard 8753E Vector Network Analyzer was used to measure the wire
impedance in the frequency range between 0.1 and 2.5 GHz at room temperature. The wire
length for impedance measurements was 11 mm. The impedance spectra were deduced
from S21 parameter (two-port measuring scheme) using Equation (3). The sample was
placed inside a Helmholtz coil that produced a slowly varying magnetic field up to 50 Oe.
In order to introduce a tensile stress during S21 measurement, we hanged the load with
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a thread in the middle part of the wire. The load weight was applied to the whole wire,
and thus the stress in the metallic core should be evaluated considering different Young’s
moduli of the metal and glass [34].

3. Results and Discussions

3.1. DC Properties

We investigated the wires of two Co-based compositions with very similar relative
content of Co and Fe: 15.6 and 14.2, respectively. It is known that if this ratio is larger
than 14, the magnetostriction is negative [31]. Therefore, it could be expected that all the
samples have a negative magnetostriction, a circumferential easy anisotropy, and inclined
hysteresis loops. However, only sample No1 showed an expected hysteresis loop in as-cast
state as shown in Figure 6.
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Figure 6. Hysteresis loops in a magnetic field along the wire axis for all the samples: (a) −1, (b) −2, and (c) −3. Mz is the
magnetization component along the wire, M0 is the saturation magnetization.

Samples No2 and No3 had rectangular hysteresis loops, which is associated with
an axial easy anisotropy. In the case of sample No2, the magnetostriction constant was
negative but very small, in the order of −10−7 [21]. The axial anisotropy could have
been due to the existence of residual Co crystals with large magnetic anisotropy. In the
case of sample No3, its magnetostriction was relatively large and positive (approximately
≈10−6 [32]) due to partial crystallization, and thus the loop had a rectangular shape. The
loop appeared to be asymmetrical, but this was related to digital integration of a sharp
voltage pulse induced during re-magnetization. In all the cases, we used current annealing
to modify the anisotropy and magnetostriction. It is known that current annealing of
amorphous wires when heating below the Curie temperature induces a circumferential
easy anisotropy [35]. This was observed in wires with small magnetostriction, but in the
case of high and positive magnetostriction, the induced circumferential anisotropy may
be insufficient to overcome the magnetoelastic anisotropy and the easy axis of anisotropy
would remain axial. In all the cases, higher annealing currents producing the heating above
the Curie temperature did not form an induced circumferential anisotropy, but heating
increased the magnetostriction constant. This strengthened the axial easy anisotropy. The
results of the change in the hysteresis loops due to annealing with different current Ian are
shown in Figure 7.
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Figure 7. Hysteresis loops for all the samples after DC current annealing with different Ian for 30 min: (a) −1, (b) −2, and
(c) −3.

3.2. Impedance vs. Field at High Frequencies

With this choice of wire samples, we had different combinations of easy anisotropy
and magnetostriction. First, we examined the impedance frequency behavior. For as-
cast sample No1, the frequency plots are shown in Figure 1 and in Figure 8a for higher
frequencies. In this case, large change in impedance due to magnetization re-orientation
was observed for frequencies higher than 2 GHz, and the corresponding sensitivities were
42%/Oe at 1.5 GHz and 26.6%/Oe at 2.1 GHz.
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Figure 8. MI vs. magnetic field for amorphous Co66.6Fe4.28B11.51Si14.48Ni1.44Mo1.69 microwires (sample No1): (a) as-cast,
(b,c) after current annealing with Ian = 30 mA for 30 min for different frequencies. Z corresponds to the impedance amplitude.

In this case, current annealing led to a combination of induced circumferential
anisotropy and positive magnetostriction, which formed a helical type of easy anisotropy.
The change in magnetostriction after annealing was due to structural relaxation and modi-
fication in atomic co-ordination [21,36]. The variation of impedance at low fields due to
magnetization re-orientation was smaller and quickly decreased with increasing frequency,
as seen in Figure 8b,c.

For a wire with an axial anisotropy (Figure 9, sample No2) the impedance vs. field
dependence was only due to the permeability dispersion (see Equation (1)), and there was
no sensitive impedance change at low frequencies where the MI plots had a single peak
at zero field. With increasing frequency, two symmetrical peaks appeared and the field at
maximum increased with increasing a frequency due to increase in the frequency of the
ferromagnetic resonance. Nevertheless, at a frequency of about 1 GHz, the relative change
in impedance (∆Z/Z0 = |(Z(H)− Z0)/Z0|) Z0 = Z(H = 0) was about 10%/Oe. It was
also noticed that in the case of an axial anisotropy, the impedance field sensitivity was
higher for higher frequencies and remained at a level of 5–7%/Oe up to 1.5 GHz whilst the
maximum sensitivity at 100 MHz was only 4.5%/Oe. Similar impedance characteristics
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were observed for sample No3, which also had an axial easy anisotropy. This behavior
suggests that in the case of an axial anisotropy, the change in the anisotropy value may
strongly influence the impedance at elevated frequencies.
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Figure 9. MI vs. magnetic field for amorphous Co71Fe5B11Si10Cr3 microwires (sample No2) in as-prepared state for different
frequencies: (a) 0.1 GHz to 0.9 GHz and (b) 1.5 GHz to 2.1 GHz. Z corresponds to the impedance amplitude.

After optimal current annealing, sample No2 had an induced circumferential anisotropy
and positive magnetostriction. The impedance spectra are shown in Figure 10. The sensi-
tive low-field region appeared and the maximal sensitivity at 1 GHz was about 50%/Oe
and about 15%/Oe for a frequency of 1.5 GHz. These values were smaller than for sample
No1 in as-prepared state since the induced anisotropy was of a helical type and its value
was slightly lower. However, the combination of circumferential (or helical anisotropy)
and positive magnetostriction was of interest to realize large impedance change at zero
field [20,21], as is discussed in the next section.
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Figure 10. MI vs. magnetic field for amorphous Co71Fe5B11Si10Cr3 microwires (sample No2) after current annealing with
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impedance amplitude.
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3.3. Effect of Tensile Stress on Impedance

In the case of a sample with a circumferential anisotropy and negative magnetostric-
tion, the application of a tensile stress resulted in increase in the circumferential anisotropy,
and thus the main effect widened the impedance plots, as shown in Figure 11.
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Figure 11. Effect of a tensile stress on the MI vs. magnetic field plots for amorphous Co66.6Fe4.28B11.51Si14.48Ni1.44Mo1.69

microwires (sample No1) in as-cast state at frequencies: (a) 1.5 GHz and (b) 2.1 GHz. Z corresponds to the impedance amplitude.

In this case, large impedance changes in wires subjected to tensile stress requires the
application of a DC bias field.

For amorphous wires with the combination of axial anisotropy and negative magne-
tostriction (sample No2, as-prepared) and circumferential anisotropy and positive magne-
tostriction (sample No2, current annealed), the tensile stress affected the impedance even
at zero magnetic field due to a change in the magnetization direction by stress, as shown in
Figure 12.

The strongest change in impedance caused by the application of tensile stress was
observed for current annealed wire, which had a combination of induced circular anisotropy
and positive magnetostriction. A large stress-MI effect preserved up to 1 GHz, as shown
in Figure 13. For a range of 300 MPa, the impedance increased almost four times at a
frequency of 0.5 GHz, and it still increased by 60% at a frequency of 1.5 GHz.

In the case of an axial anisotropy and positive magnetostriction, the effect of tensile
stress on MI was related to the anisotropy change and its influence on the permeabil-
ity frequency dispersion. Unexpectedly, this could be even stronger than the effect of
magnetization re-orientation. At low frequencies, the impedance values decreased with
increasing an axial anisotropy (that is, with increasing a tensile stress) since it was mainly
determined by the behavior of the initial rotational permeability, which was inversely
proportional to the anisotropy field. With increasing frequency, higher anisotropy better
suited the conditions for ferromagnetic resonance, and the permeability increased with
increasing anisotropy. In the intermediate region, there was a non-monotonic dependence
of impedance on anisotropy (and stress). The evolution of MI behavior under stress for
sample No3 with an axial anisotropy is shown in Figure 14.
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Figure 14. Effect of a tensile stress on the MI vs. magnetic field behavior for amorphous Co71Fe5B11Si10Cr3 microwires
(sample No3) in as-prepared state at frequencies: (a) 0.1 GHz, (b) 0.5 GHz, (c) 0.9 GHz, and (d) 1.5 GHz. Z corresponds to
the impedance amplitude.

Axial magnetoelastic anisotropy for sample No3 was increased by increasing the
annealing current, as follows from the impedance behavior at low frequencies (<100 MHz):
the impedance value at zero field decreased with increasing Ian. This could have been due
to increase in the magnetostriction constant by annealing. For Ian = 90 mA, a monotonic
increase in the impedance (at zero field) was observed up to frequencies of few GHz when
a tensile stress was applied, as shown in Figure 15.

Figure 16 compares the zero-field impedance vs. stress for sample No3 after different
annealing conditions.

It is seen that with increasing the annealing current, the impedance stress sensitivity
dropped at lower frequencies, but it increased at higher frequencies. Thus, for a wire
annealed with a current of 90 mA, the impedance increased by about 300% when a stress
of 450 MPa was applied.
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Figure 15. Effect of a tensile stress on the MI vs. magnetic field behavior for amorphous
Co71Fe5B11Si10Cr3 microwires (sample No3) after DC current annealing at 90 mA for 30 min at
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4. Conclusions

In this work, the MI effect at elevated frequencies was compared for Co-based mi-
crowires with different anisotropy and magnetostriction. To realize various combinations
of the easy anisotropy and magnetostriction, we successfully used the current annealing
treatment of amorphous and partially crystalline wires. Two mechanisms of large MI sensi-
tivity at GHz frequencies were demonstrated: (i) due to DC magnetization re-orientation
and (ii) due to anisotropy-dependent permeability dispersion. The formation of a large
magnetoelastic anisotropy with an axial easy axis in current annealed Co-based microwires
with partial crystallization resulted in large and sensitive stress-MI at GHz frequencies.
The latter has a potential for developing stress-sensitive elements, especially for wireless
operation at microwave frequencies.

The modified method of SOLT calibration with specially designed strip cells on PCB
board could allow for the customized and precise impedance measurements at GHz
frequency range, which is quite useful for designing various remote sensors and sensing
materials operating at microwave band.
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