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Abstract: In this article, the downsizing of functional Heusler alloys is discussed, focusing on the
published results dealing with Heusler alloy nanowires. The theoretical information inspired the
fabrication of novel nanowires that are presented in the results section of the article. Three novel
nanowires were fabricated with the compositions of Ni66Fe21Ga13, Ni58Fe28In14, and Ni50Fe31Sn19.
The Ni66Fe21Ga13 nanowires were fabricated, aiming to improve the stoichiometry of previous
functional Ni-Fe-Ga Heusler nanomaterials with a functional behavior above room temperature.
They exhibit a phase transition at the temperature of ≈375 K, which results in a magnetocaloric
response of |∆SM| ≈ 0.12 J·kg−1·K−1 at the magnetic field change of only µ0∆H = 1 T. Novel Heusler
alloy Ni58Fe28In14 nanowires, as well as Ni50Fe31Sn19 nanowires, are analyzed for the first time,
and their magnetic properties are discussed, introducing a simple electrochemical approach for the
fabrication of nanodimensional alloys from mutually immiscible metals.

Keywords: Heusler alloy; nanowires; electrodeposition; shape memory; magnetocaloric effect

1. Introduction

Heusler alloys (HA) are materials with the stoichiometric composition of X2YZ. They
became well-known due to their peculiar properties, which include multiple functionali-
ties, such as superconductivity, thermoelectricity, half-metallicity or shape memory, and
magnetocaloric or multi-caloric behavior. Heusler alloys crystallize into an ordered L21
structure (space group Fm-3m). A sub-group of Heusler alloys with the composition of
XYZ is called Half-Heusler alloys. The members of this group are often found in thermo-
electric or half-metallic functional materials. They crystallize in the F-43m space group
of the C1b structure [1]. It is shown that the mentioned functionalities, together with the
overall behavior of the Heusler alloy materials, depend on their structure and composi-
tion [1]. All of the mentioned functionalities can be easily tuned, aiming to improve or
choose the temperature and magnitude of the desired effect. The tuning is based on a
simple composition or stoichiometry change. The changes result in substitution, doping,
or concentration changes [2–4]. Substitution and doping often result in a disorder of the
original cubic structure of the Heusler alloys. The disordered structures remain cubic, but
the positions of the individual atoms interchange, resulting in a lower symmetry of the
resulting structure. The most often observed disordered structures are B2, A2, or D03, with
the space groups Pm-3m, Im-3m, and Fm-3m, respectively [1]. On the other hand, tuning the
Heusler alloys with dopants often maintains the ordered L21 HA structure. This is achieved
by a compatibility of the dopants with the atomic ordering of the original constituents.
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The division of Heusler alloys based on their functionality was mentioned earlier. Su-
perconductive Heusler alloys offer multiple functional candidates [5–7]. Spin polarization
was achieved among Heusler alloys based on the Co2YZ composition [8–10]. One of the
most applicable Heusler alloys’ functionality is the capability of a martensitic transforma-
tion. Martensitic transformation is a composition-dependent feature of several Heusler al-
loys. It is a diffusionless phase transformation between a high-symmetry, high-temperature
austenitic phase and a low-symmetry, low-temperature martensite [11]. Martensitic trans-
formation in Heusler alloys is manifested through structural changes, which result in
functionalities like the shape-memory effect—reversible changes of the material’s shape
and magnetocaloric effect, where changes of magnetic ordering and change of the material’s
overall entropy lead to temperature alterations in the alloys [12].

1.1. Downsizing of Heusler Alloys

In order to further expand the application possibilities of HA materials, it is possible
to choose a path towards downsizing, which allows further functionality when nanoscopic
dimensions are achieved. It is well known that a bulk material becomes a nanomaterial
when its properties change abruptly at a certain scale. Downsizing of HAs became popular
after the discovery of half-metallicity in HAs by de Groot et al. [13–16]. The preparation
was first started with the fabrication of thin HA films that showed half-metallic behavior
and high values of spin polarization [17]. HA films can be fabricated using various physi-
cal or chemical approaches. These include direct current or radio-frequency magnetron
sputtering, molecular beam epitaxy, physical layer deposition, laser beam epitaxy, plasma
sputtering, or even electrodeposition [18].

Analysis of downsized magnetic materials shows various size-dependent changes
within the magnetic nature of the prepared material. One of the most significant effects
of HAs downsizing can be seen in their coercivity behavior [19,20], which changes due
to the larger surface area of a nanostructured HA. A larger surface area promotes a more
efficient temperature exchange, and the coercivity of a magnetic nanomaterial shows a high
temperature dependence.

A different key parameter in the resulting HA film properties is the used substrate. The
substrate introduces constraints to the fabricated HA films, with pressures of up to units of
MPa. Such an effect may result in an alternating size of the magnetic domains, which alters
the magnetic properties [18]. One of the first downsized HA films was produced in 1982
during the research on the effect of annealing on the magnetic properties of HAs Cu2MnIn,
Cu2MnAl, and Cu2MnSn [21]. These films had the lowest thickness down to 1 µm. True
nanodimensionality of the HA films was achieved around the year 1990 when one of the
first nanodimensional HA films was produced. Its composition was Pt-Mn-Sb and it was
fabricated from subsequent layers of the individual metals of Pt, Mn, and Sb, which were
later annealed to form the L21 cubic structure of HAs [22].

1.2. Heusler Alloy Nanoparticles

HAs are also produced in the form of nanoparticles. The production methods vary
from template-assisted growth in SBA-15 substrates or bottom-up vapor deposition to
a top-down ball milling approach, which is unsuitable for shape-memory nanoparticles
due to the introduction of impurities, agglomeration, or minor phases and defects into
the system [23]. Vapor-deposition methods seem suitable mostly for binary systems, such
as Fe3Si HA nanoparticles with the D03 structure, although chemical vapor deposition
(CVD) can be used to obtain stable HA phases after the chemical reaction on the substrate
surface [23]. Research on HA nanoparticles shows that the functionality of multiple HAs
is preserved at the nanoscale. The size effect is mostly associated with the change of the
magnetic properties, such as a typical increase of the coercive field with decreasing particle
size [23]. Moreover, coercivity dependence may be ascribed to a transition between the
nanoscale’s multi-domain and single-domain system.
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Although the functional downsized HAs occur predominantly in the form of thin
films, multiple shape-memory HAs have been prepared in the form of nanoparticles. HA
nanoparticles were prepared from Co2FeGa HA, and the L21 cubic phase was confirmed
by the extended X-ray absorption fine structure (EXAFS) method [24]. Cu-Mn-Al HA
nanoparticles showed a diameter from 4 to 90 nm [25]. Replacing the Mn with Fe resulted
in Co2FeAl nanoparticles, which crystallized in an A2-disordered structure and showed
size-dependent properties, such as decreasing coercivity and soft magnetic behavior com-
pared to the bulk material [19]. A different set of Co2FeAl nanoparticles was prepared
by reduction of precursor chemicals under H2 gas, resulting in a B2 structure and aiming
for half-metallic HA nanoparticles [26]. Pulsed laser deposition was used to prepare su-
perparamagnetic Fe2CrAl nanoparticles [27]. The high-energy ball milling method was
uniquely successful in the preparation of Ni-Mn-In HA nanoparticles for magnetocaloric
applications in the temperature range of 270 to 310 K [28]. The nanoparticles showed a
more favorable magnetocaloric response compared to the bulk materials, mainly due to a
lower hysteresis, a 17% increase in the magnetocaloric response and a higher accuracy of
the indirect magnetic entropy estimation (in relation to the direct measurement) compared
to the bulk alloy [28]. Ni51Mn33.4In15.6 nanoparticles were also prepared by ball milling,
and they showed increasing magnetization with decreasing size and lower HC values [20].
A different set of Ni-Mn-In nanoparticles was prepared using laser ablation. These showed
a diameter of 28 nm, together with a formation of somewhat bigger clusters. Nevertheless,
this set of Ni-Mn-In nanoparticles shows the capability of magnetic field-induces strain
(MFIS) above 250 K [29]. Ball milling was also used to fabricate Ni-Mn-Ga nanoparticles
that showed small crystalline sizes and a size-dependent martensitic transformation capa-
bility, which was not observed below the diameter of 50 nm [30]. Shape-memory effect
tuning for high-temperature shape-memory applications was also discussed during the
research of Co-Ni-Ga nanoparticles, which showed a 30 to 80 nm diameter [31].

1.3. Heusler Alloy Nanowires

New shapes of the prepared nanomaterials are being investigated to increase the
functionality and applicational possibilities of the downsized HAs. A cylindrical wire shape
brings additional functionality into the system due to a well-defined and strong shape
anisotropy [7]. Chronologically, the first HA nanowires were prepared in 2010 from a binary
Fe3Si HA. This research used a diffusion-driven crystal structure transformation to fabricate
monocrystalline Fe3Si nanowires [32]. HA nanowires have been further studied since 2012
when the first ternary HA nanowires were prepared by electrospinning [33]. Using this
approach, Co2FeAl nanowires have been prepared [33]. The nanowires were prepared
using electrospinning from nitrates of the constituent metals together with polyvinyl
alcohol and polyvinylpyrrolidone, which were added to the solution to control the viscosity
and, subsequently, the nanowire diameter [33]. The resulting fibers were annealed after
electrospinning to remove the polymers, yielding the HA nanowires [33]. The nanowires
showed a polycrystalline B2-, together with the A2-disordered HA structures and a granular
morphology (grain size between 10 and 40 nm) [33]. They showed a ferromagnetic behavior
with a high Curie temperature, and their diameter varies from 50 to 500 nm [33]. Moreover,
the first Co2FeAl nanowires showed an unusual increase of magnetization above 600 K
at a low field, so differential scanning calorimetry was used to study the presence of the
phase transformation, which was not confirmed [33]. On the other hand, the magnetization
increase was not present at the high field measurement. Therefore, it was ascribed to the
granular nature of the fabricated nanowires and misalignment of the magnetization vectors
of the individual grains at the low field M(T) dependence [33].

HA nanowires with the composition of Ni2MnGa have also been prepared using the
electrospinning method at 15 to 20 kV from nitrates of the individual metals [34]. After the
electrospinning, the fibers undergo calcination to remove the polymers and transform the
nitrides into oxides, which is followed by thermal annealing, resulting in the Ni2MnGa
HA [34]. This alloy shows unique magnetocaloric properties, and the nanowires show
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relatively high values of the magnetic entropy change due to the second-order phase
transformation [34]. Moreover, the Ni2MnGa nanowires prepared by electrospinning
exhibit a broad working temperature region of up to 150 K [34]. On the other hand,
the occurrence of minor nitride phases, as well as antiferromagnetic oxides, indicates
a need for further optimization of the electrospinning process of HA nanowires. The
electrospinning method is robust and controllable, offering the possibility to prepare a
large amount of nanowires [34]. Nevertheless, the nanowires’ post-production treatment
and random alignment might render the nanowires unsuitable for applications under an
applied magnetic field, contrary to the utilization of shape anisotropy of isolated nanowires.

HA nanowires can also be fabricated using a template. By now, several templates have
been used. The first trials were performed using a mesoporous silica template—SBA-15 [35].
This template was used to prepare Co2FeGa nanowires, which had a length of 1 µm and a
diameter of 50 nm [35]. The nanowires showed a core-shell structure with the Co2FeGa
single crystalline L21 core and outer shell from a Co-magnetite [35]. Electron holography
on a single Co2FeGa nanowire revealed dipole-like stray fields with internal magnetic
induction of up to 1.15 T and approx. 10 nm non-magnetic surface layer [35]. The results
were confirmed by electron energy loss spectroscopy as well as XRD and EXAFS methods
with up to 5 nm of lateral resolution [35]. SBA-15 was later employed during the fabrication
of another set of Co2FeGa nanowires [36]. These nanowires showed small diameters of up
to 7 nm and the length of 125 to 200 nm [36].

Another promising method of nanowire fabrication can be found in electrochemistry.
In order to prepare metallic nanowires using the electrochemical approach, a template
has to be used. The template can be any nanoporous material capable of incorporating
an electrical contact with the electrochemical bath to transmit electrical current. One
of the most promising templates is the Anodized Aluminum Oxide (AAO) membrane,
which is built of highly-ordered nanodimensional pores into which the nanowires can
be grown [37]. Recently, AAO membranes were used in combination with magnetron
sputtering to fabricate multiple HA nanowire materials [38].

In 1953, Keller et al. studied anodic oxide coatings on aluminum metal surfaces [39].
At the time, the anodization of aluminum was widely used as a form of passivation of
the metal’s surface [40]. Later, it was found that the anodic oxide coating forms in two
major ways [41]. The first forms a continuous surface at the free active spaces on the
surface of the aluminum metal. The second mechanism, however, results in a surface
covered with ordered pores. The pores are created when the Al3+ ions that originate
during the anodization process escape into the solution and leave a porous structure at
the original surface of the pure aluminum. The created pores on the anodized surface
then grow in depth when the anodization process continues [42]. The physical model and
electrochemistry behind the process have been numerously described in the previously
published work [37,43]. The growth of the formed pores was later studied, and it was
shown that it is possible to govern the pores’ formation and dimensions. Followingly, a new
electrochemical electrode for analysis of the chemical solution composition was prepared
using porous aluminum oxide [44]. These results have been published in the year 1987 [44],
but they were quite inconclusive. Nevertheless, the group decided to employ a porous
membrane for the growth of metallic (platinum) nanowires from a solution of metallic salts
and ligands using the electrochemical approach [44].

Electrodeposition is an electrochemical process during which a metallic monolayer
or multilayer is created on a conducting surface (working electrode). The new material
layer is created based on an electrochemical reaction (reduction) that occurs between the
working electrode and the electrolyte within the electrochemical cell. The elements that are
usually electrodeposited from simple salts are shown in Figure 1 [45], in connection with
the elements that represent the usual constituents of Heusler compounds [1].
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from references [1,45].

It was shown numerous times that it is also possible to use the electrochemical ap-
proach to prepare materials that contain more than a single element within their resulting
composition. At first, the published research focused on the preparation of single-element
nanowires [46] or nanodimensional disks [47]. Later, binary alloy nanowires were pre-
pared [48]. Some of the most interesting binary nanowires for HA research were the
Permalloy, Galfenol, or NiGa nanowires [49–51]. In this research, the possibility of co-
electrodeposition of iron-gallium, nickel-iron, and other HA constituents was shown,
enabling the electrodeposition of ternary HA nanomaterials.

The first article to study electrodeposited ternary HA nanowires employed a potentio-
static direct-current electrodeposition of Co-Ni-Ga nanowires into the AAO membrane [52].
Different potentials were applied to fabricate multiple samples with different compositions
from electrochemical solutions of sulfides of the constituent metals and additives [52]. The
highest achieved gallium content was 17 at.% [52]. The nanowires had a diameter of 200 nm
and showed a polycrystalline fcc structure [52]. Moreover, their coercivity decreased with
temperature, which was ascribed to a thermal activation mode. The nanowires showed
two contributions to the overall anisotropy, which comprised the magnetostatic interaction
among the neighboring nanowires together with the shape anisotropy of the individual
nanowires [52].

Later, alternating-current (AC) electrodeposition was employed to prepare nanowires
with the chemical composition of Fe2CoSn. The Fe2CoSn nanowires showed the A2 disorder
together with the ordered L21 HA structure [53]. Their diameter was 40 to 60 nm with
the grain size of 35 nm. During this research, various deposition potentials were used for
electrodeposition to study the magnetic and transport properties of the resulting nanowires
and their suitability for spintronic devices.

AC electrodeposition was also used to fabricate the first quaternary HA nanowires
with the composition of Co2Mn0.5Fe0.5Sn [54]. These nanowires also showed an ordered L21
HA structure, accompanied by the B2 and A2 disordered cubic phases [54]. The quaternary
nanowires had a diameter of 60 nm and showed 100% spin polarization, making them
suitable for spintronic research and applications [54]. Moreover, voltage variations were
also introduced during the nanowires’ production, which resulted in the deposition of
potential-dependent coercivity and saturation magnetization of the quaternary Co-Mn-Fe-
Sn nanowires [54].

Further, HA nanowires include the Co2FeIn nanowires prepared by DC electrode-
position with a diameter of ≈180 nm [43]. The Co2FeIn nanowires crystallize in an A2-
disordered Heusler phase and show magnetic features suitable for spintronic devices or
magnetic racetrack memory [43]. Nanowires with diameters of 30 and 60 nm with the
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composition of Co2FeSn were also prepared by DC electrodeposition [55]. These showed a
B2 disorder that was confirmed by XRD and electron diffraction [55]. Interestingly, these
nanowires showed an easy axis perpendicular to the individual nanowires’ longitudinal
axes [55]. The magnetization process is presumed to exhibit a coherent rotation of the
magnetization vectors due to the neighboring nanowires’ competing shape anisotropy and
magnetostatic interaction [55]. Another set of Co2FeSn nanowires with a diameter of 50 nm
was fabricated by pulsed electrodeposition [56]. Despite a B2 disorder, these nanowires
exhibit 100% spin polarization, making them ideal for spintronic applications [56].

Nanowires with the chemical composition of Co2MnSn were prepared for the first
time by an AC electrodeposition using sinusoidal waveforms, and they crystallized into
an A2-disordered HA structure [57]. It was shown that using the amplitude of 16 V and
17 V results in the final product of nanowires with the X2YZ HA stoichiometry [57]. This
research also showed that the Co2MnSn nanowires exhibit a strong shape anisotropy, with a
magnetocrystalline contribution, that results in the easy axis of the nanowires being parallel
to the longitudinal nanowires’ axes [57]. Angular dependence of the magnetization behav-
ior revealed that the magnetization process shows vortex domain walls at low angles and
transversal domain walls at the high angles of the applied magnetic field [57]. Fabrication
of the Co2MnSn nanowires also unveiled a current density distribution in the electrolyte,
showing constant values of the current density inside the individual pores of the AAO
membrane with a sharp current density increase after the nanowires overgrow the pore
length [57].

Further research on Co-based nanowires studied the influence of electrodeposition
parameters on the structural and magnetic properties of Co2MnAl nanowires inside the
AAO template [58]. XRD and electron diffraction revealed the presence of B2 disorder. The
crystallinity of the electrodeposited nanowires improved with the increasing pH value
of the electrolyte up to the value of pH = 3 [58]. Analysis of the magnetic properties
revealed a high uniaxial anisotropy and squareness (MR/MS) and increasing MS, MR, and
coercivity of the fabricated nanowires with higher pH of the electrolyte [58]. The article
also mentions the suitability of electrodeposited 1D nanowires for miniaturized devices
and the applicability of the nanowires for spintronics due to a high Curie point [58].

Around the year 2020, nanowires from shape-memory HA were published for the first
time. HA nanowires with an off-stoichiometric Ni-Mn-Ga chemical composition that have
been prepared by DC electrodeposition show a diameter of approx. 200 nm and a cubic
crystal structure [59]. The article highlights the suitability of shape-memory nanowires
in sensing and actuation due to a faster response of the shape-memory nanomaterial
compared to piezoelectric or magnetostrictive devices [59]. Moreover, linear size changes
might be achieved with a magnetic field upon the fabrication of nanowires with a magnetic
field-induced strain [59]. The outcomes of the article discuss the increase of the Curie
point and martensitic transformation temperature with Ni content and the decrease of
the Curie point with higher Mn content (probably due to the antiferromagnetic Mn-Mn
interactions) [59].

Electrodeposited nanowires can also show large magnetoresistance, as was shown
for the first time by Wei et al. on electrodeposited Co2FeGa nanowires with diameters of
30, 60, and 110 nm [60]. Recently, nanowires with the HA composition of Ni-Fe-Ga were
published for the first time. In this pioneering research, the stoichiometric nanowires and
nanotubes showed application possibilities in high-frequency devices despite the lack of a
functional shape-memory behavior [61].

A summary of the published results dealing with HA nanowires up to date can be
found in Table 1.
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Table 1. Chronological evolution of HA nanowires research; summary of fabricated nanowires with
the fabrication method and aim of the cited HA research.

Composition Research Aim Fabrication Ref.

Fe3Si Binary HA nanowires crystal transformation 2010 [32]
Co2FeAl High TC, diameter < 500 nm electrospinning 2012 [33]
Co2FeGa Electron tomography on HA nanowires Annealing in SBA-15 template 2014 [35]
Co2FeGa Diameter below 7 nm Annealing in SBA-15 template 2016 [36]

GaAs-Fe3Si Semiconductor–Ferromagnet Core–Shell
Nanowires Molecular beam epitaxy 2017 [62]

Co2NiGa Composition tuning through deposition
potential DC Electrodeposition 2017 [52]

Co2FeSn Easy axis perpendicular to the nanowire axis DC Electrodeposition 2018 [55]
Co2FeGa-SiO2 Diameter 4–7 nm, length below 200 nm Chemical approach in SBA-15 2018 [36]
Co2Mn0.5Fe0.5Sn 100% spin-polarization, L21 structure AC Electrodeposition 2018 [54]

Fe2CoSn Spintronic material due to suitable transport
properties AC Electrodeposition 2018 [53]

Co2FeIn High spin polarization, suitable for spintronics DC electrodeposition 2018 [43]
Co2MnSn Easy axis parallel to the nanowire axis AC Electrodeposition 2019 [57]

Co2MnAl Composition tuning through deposition
parameters DC electrodeposition 2019 [58]

Ni-Mn-Ga Diameter of ≈200 nm DC electrodeposition 2020 [59]
Co2FeSn 100% spin-polarization DC electrodeposition 2020 [56]
Ni2MnGa 2nd order phase transformation MCE electrospinning 2020 [34]
Ni2FeGa Electrodeposited nanowires and nanotubes DC electrodeposition 2021 [61]
Co2FeGa Magnetoresistance properties of HA nanowires Template assisted electrodeposition 2022 [60]
Fe2MnGa Magnetic properties of novel HA nanowires DC electrodeposition 2022 [63]
Ni-Fe-Ga FORC + TFORC analysis of functional nanowires DC electrodeposition 2022 [64]
Co2MnAl, Co2CrAl
and Co2TiAl Growth of nanowires and nanotubes Magnetron Sputtering in AAO template 2022 [38]

Ni2MnGa Magnetocaloric effect due to first-order phase
transformation DC electrodeposition 2023 [65]

Table 1 shows that the research on HA nanowires is an unexplored field. The table
summarized how the research on HA nanoarchitectures progressed since the first fabricated
binary HA nanowires. It shows that HA nanowires exhibit promising application-ready
behavior in various spheres of research from spintronic to shape-memory applications.
Due to the low number of articles that currently report on HA nanowires, we decided
to further explore the field through the fabrication of well-known HAs in the form of
nanowires [64,65] as well as the fabrication of novel HA materials within this article.

A recent article by our group studied off-stoichiometric nanowires with martensitic
transformation behavior (Figure 2) that was studied by First Order Reversal Curve (FORC)
and Temperature First Order Reversal Curve (T-FORC) analysis [64].

Our following research focused on the electrodeposition of Ni-Mn-Ga HA nanowires
from an optimized electrodeposition bath to confirm the hypothesis of the parallel align-
ment of the nanowires being responsible for a higher magnetic entropy change compared to
randomly aligned nanowires (∆SM ≈ 0.15 J·kg−1·K−1 at the higher applied magnetic field
change of 2 T) [65]. These results confirmed the nanowires’ parallel alignment suitability for
practical applications. The approach to obtain the desired chemical composition within our
previous research was similar to the previous Ni2FeGa nanowire samples (optimization of
the electrodeposition approach), and the optimized electrodeposition bath consisted of 325
mM NiSO4, 300 mM MnSO4, 28 mM Ga2(SO4)3, 40 mM Na3-Citrate, 315 mM H3BO3, with
pH = 4.1. The deposition took place for 6 minutes and the current density was optimized
for 100 mA·cm−2 [65].

The composition of the nanowires was determined from an SEM-EDS analysis. The
resulting average composition taken from various spots from the membrane that contained
the nanowires was Ni65Mn20Ga15 [65].
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of magnitude compared to previously published HA nanomaterials, although the values 

Figure 2. Low field (100 Oe) temperature dependence of magnetization of our first set of Ni-Fe-Ga
nanowires that showed martensitic transformation behavior (adapted from Ref. [60]).

The XRD analysis revealed the presence of a cubic HA phase together with a marten-
sitic structure at room temperature [65]. The structural analysis corresponded to the
magnetization measurement, which confirmed first-order phase transition behavior at the
temperature of ≈350 K [65]. Various approaches confirmed the behavior by correlating
the structural, magnetic, and magnetocaloric analysis of the electrodeposited Ni-Mn-Ga
nanowires [65]. The broad magnetization hysteresis of the Ni65Mn20Ga15 nanowires was
ascribed to an inhomogeneity of the nanowires’ composition since the shape-memory
properties of the Ni2MnGa HA change with the alloy’s composition [65].

A decrease of the saturation magnetization with temperature was observed within
the isothermal measurements (Figure 3a), together with a slight shifting of the saturation
magnetic field into lower values. The first-order phase transition behavior was apparent,
appearing as a large gap between the individual measurements of magnetization at different
temperatures [65].
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Figure 3. (a) Isothermal magnetization measurements of the prepared Ni65Mn20Ga15 nanowires
showing a large gap around the temperature of 350 K, which can be ascribed to a first-order phase
transformation; (b) Magnetic entropy change of the fabricated nanowires with the maximum entropy
change of ∆SM ≈ −1.3 J·kg−1·K−1 at the temperature of 350 K and the magnetic field change of 1 T
(reprinted with permission from [65]).

The peak values of the magnetic entropy change exceeded ∆SM ≈ −1.3 J·kg−1·K−1 at
the magnetic field change of µ0∆H = 1 T (Figure 3b), which represents an increase in the
order of magnitude compared to previously published HA nanomaterials, although the
values of the magnetic entropy change of the nanowires prepared within this research do
not exceed the magnetic entropy change of the most efficient magnetocaloric materials in
their bulk form [66]. Nevertheless, the prepared nanowires might be used in small devices,
employing their magnetocaloric effect for temperature changes in the nanoscale.
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Later, it was shown that shape memory and magnetocaloric effect can be tuned by
a properly selected chemical composition of bulk HAs. Either transition temperature,
straining, or entropy change can be enhanced by using off-stoichiometric composition or
by alloying with a small amount of transition metals [11,67].

Electrodeposition brings advantages in alloy production as it allows a proper chemical
composition tuning, as well as enhancement of the miscibility of metals that are immiscible
in the case of the classical arc-melting or induction-melting method [68,69]. This manuscript
presents the production and basic structural and magnetic characterization of Ni2FeZ
(Z = Ga, In, Sn) nanowires.

2. Materials and Methods

The fabrication of the nanowires within this research is based on a template-assisted
electrochemical deposition. The electrodeposition was carried out in an electrochemical
cell, consisting of the cylindrical platinum mesh at the cell’s walls as a counter electrode
and a nanoporous AAO membrane with the diameter of the nanodimensional pores of
d ≈ 60 nm, which also determined the diameter of the fabricated nanowires. The pores
contain gold nanocontacts which serve as the working electrode located at the bottom of
the AAO membrane. The electrochemical cell has been designed in a 3D modeling software
in progression to achieve the most suitable design for quick and tunable electrodeposition
of nanowires.

The electrochemical process depends on various degrees of freedom. Those include
temperature, stirring, pH, deposition current density, electrodeposition time, and concen-
tration of the individual metallic ions within the solution. Moreover, additives and their
concentration variation can also be used to adjust or inhibit the co-electrodeposition of
various metallic ions. Therefore, to obtain a Heusler-based composition of the prepared
nanowires, the research was first focused on the optimization of the individual degrees
of freedom and the search for suitable electrodeposition conditions for the preparation of
HA nanowires.

In this article, the following nanowire samples were prepared to show the possibility of
fabrication of various HA-based compositions in the nanoscale: Ni66Fe21Ga13, Ni58Fe28In14,
and Ni50Fe31Sn19. The Ni66Fe21Ga13 nanowires were grown electrochemically from the
following electrochemical bath: NiSO4 (10 mM), FeSO4 (3.2 mM), Ga2(SO4)3 (4 mM), Na3-
Citrate (10 mM), H3BO3 (50 mM) and (NH4)2SO4 (10 mM). The pH of the electrolyte was
optimized to the value of 3. The electrochemical deposition was carried out as a galvanostatic
process with a current density of 5 mA·cm−2 for 1500 s. The Ni58Fe28In14 nanowires were
grown electrochemically from the following electrochemical bath: NiSO4 (500 mM), FeSO4
(160 mM), In2(SO4)3 (50 mM), Na3-Citrate (500 mM), and H3BO3 (500 mM). The pH of the
electrolyte was optimized to the value of 3. The electrochemical deposition was carried out
as a galvanostatic process with a current density of 10 mA·cm−2 for 300 s. The Ni50Fe31Sn19
nanowires were grown electrochemically from the following electrochemical bath: NiSO4
(290 mM), FeSO4 (40 mM), Ga2(SO4)3 (40 mM), ascorbic acid (2 g·dm−3), sodium gluconate
(120 g·dm−3) and H3BO3 (300 mM). pH value was not optimized. The electrochemical
deposition was carried out as a galvanostatic process with a current density of 30 mA·cm−2

for 90 s. All the reagents were obtained from Merck (Darmstadt, Germany).
A MIRA3 TESCAN (TESCAN, Brno, Czech Republic) field-emission gun electron

microscope was used to confirm the chemical composition of the fabricated nanowire
samples and to study the nanowires’ morphology. Where applicable, the X-ray diffraction
experiment was performed with a Rigaku D/Max II Rapid (RIGAKU Europe, Neu-Isenburg,
Germany) X-ray diffractometer in a transmission geometry. The transmission electron
microscopy and selected area electron diffraction were performed in a Fei Tecnai F20
field emission gun transmission electron microscope operated at 200 kV with a double-tilt
specimen holder.

The magnetic and magnetocaloric properties of the prepared materials have been
measured using a VSM (Vibrating Samples magnetometry), employing a SQUID (Super-



Materials 2024, 17, 407 10 of 24

conducting Quantum Interference Device) measuring module within the Quantum Designs
MPMS3 magnetometer (Quantum Design GmbH, Pfungstadt, Germany). The nanowires
have been measured in an array inside the AAO membrane, aiming for a sufficient mag-
netic moment signal. The orientation of the nanowires within the array, with respect to the
applied magnetic field during the measurement, is either parallel or perpendicular.

The distribution of the materials’ magnetic properties (coercivity and interaction field
distributions), in the form of a First Order Reversal Curve (FORC) contour plot, was
calculated using Equation (1) [70]:

ρFORC(Hr,H) = − 1
2

∂2 MFORC(Hr ,H)
∂H.∂Hr

, (1)

where ρFORC(Hr,H) is the FORC distribution at the given magnetic field H with the reversal
field Hr, from which the individual FORC measurements started. MFORC(Hr, H) represents
the measured magnetization at the given magnetic fields. The results are usually displayed
in the field plane with the following coordinates (Equation (2)) [70,71]:

HC = (H−Hr)
2 , HI = (H+Hr)

2 , (2)

where HC represents the coercive field and HI is the interaction field within the measured
specimen. The results are depicted as a 2D contour plot with the HC and HI coordinates.

The FORC evaluation itself is predeceased by the measurement of the individual
FORCs. At first, the positive saturating magnetic field (HS) is applied to the sample
during the measurement. Then, a smaller value of the magnetic field is applied with the
step of H1 = HS − HR, where HR is a reversal magnetic field step. Next, the sample is
magnetically saturated again, and a field of the magnitude H2 = H1 − HR, is applied. The
procedure is repeated until the negative magnetic saturation is achieved with the field steps
of Hn = Hn−1 − HR [70,71].

Temperature-First Order Reversal Curve (T-FORC) measurements consist of individual
reversal curves measured within the hysteretic region of the M(T) dependence. During
the cooling-TFORC analysis (which was used in this research), the sample is firstly heated
above the transformation temperature, followed by a magnetization measurement during
the cooling process. Then, the temperature was reversed to a temperature of Ta = T − TR,
where TR is the reversal temperature, and the cooling M(T) dependence is measured again.
The temperature sweep rate was the same as with the M(T) dependence (3 K·min−1).
The TFORC analysis consists of several individual measurements with equal steps of
decreasing TR values. The MC (T, TR) values measured during the cooling TFORC analysis
are evaluated according to (Equation (3)) [72–74]:

ρC,TFORC(T, Tr) = −∂2MC(T, Tr)

∂T∂Tr
, (3)

where ρC,TFORC(T, Tr) is the TFORC distribution of the cooling measurement. The TFORC
distribution is then plotted as a function of the temperature hysteron width (TH) and its
central position (TU) according to (Equation (4)) [72–74]:

Th =
|T − Tr|

2
, Tu =

T + Tr

2
(4)

The magnetocaloric behavior within this research was studied using an indirect ap-
proach, where the magnetization is measured under isothermal conditions at different
temperatures. Before each isothermal measurement, the sample was heated to the maxi-
mum temperature of the MPMS3 system to ensure the presence of the high-temperature
phase in the nanowires at the beginning of each measurement, where applicable. After the
measurement of the isothermal magnetization dependence, the magnetic contribution to the
overall entropy change was calculated according to Maxwell’s relation (Equation (5)) [75]:
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∆SM = µ0

H∫
0

(
∂M
∂T

)
H

dH (5)

Analysis of magnetic properties of the Ni-Fe-Sn set of nanowires was obtained employ-
ing a MicroSense EZ VSM system, due to a higher experimental temperature range, to study
the second-order phase transformation-related magnetocaloric response of these nanowires.

3. Results and Discussion

It has been shown previously [64] that off-stoichiometric Ni-Fe-Ga-based nanowires
show shape-memory behavior. However, the composition was far from stoichiometric [64].
Therefore, a new series of Ni-Fe-Ga nanowires was prepared, aiming to increase the Ga
content in the resulting Ni-Fe-Ga nanowires to approach the stoichiometric composition.
These nanowires show the chemical composition of Ni66Fe21Ga13.

3.1. Electrodeposited Ni66Fe21Ga13 Nanowires

Nanowires that resulted from electrodeposition using the optimized electrochemical
bath are shown in Figure 4b. Their length is approximately 1.5 µm, and the diameter is
60 nm, determined by the diameter of the individual nanopores of the AAO membrane
(Figure 4a).
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Figure 4. (a) AAO membrane that was used to fabricate the Ni66Fe21Ga13 nanowires; (b) SEM image
of the nanowires after their release from the AAO membrane.

Scanning electron microscope analysis on free-standing nanowires confirmed the ho-
mogeneity of the distribution of the individual elements (Ni, Fe, Ga) within the nanowires’
chemical composition. This analysis was performed through Energy-Dispersive Spec-
troscopy (EDS) mapping (Figure 5). The results show that the individual elements within
the nanowires are distributed homogeneously.
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Structural analysis through X-ray diffraction (XRD) has been performed on an ar-
ray of the prepared nanowires within the AAO template, which also contains the gold
nanocontacts, from which the nanowires are grown.

The XRD (Figure 6) reveals the presence of a tetragonal lattice with the space group
I4/mmm. The lattice parameters are a = 3.85 Å and c = 6.11 Å. This space group may
be ascribed to a Ni-Fe-Ga martensitic phase that has also been observed previously [76].
However, the pattern also shows the presence of a gold Fm-3m structure with a lattice
parameter a = 4.06 Å, arising from the gold nanocontacts from the AAO membrane. There-
fore, the structure was confirmed through an electron diffraction experiment on individual
nanowires, removed from the AAO template to obtain the pure nanowires’ signal (Figure 7).
The analysis shows polycrystalline nanowires’ structure resulting in continuous rings
within the electron diffraction pattern. The electron diffraction was performed on several
spots of the whole sample holder, showing the same pattern. This points to the structure of
the nanowires being homogeneous among the whole analyzed part of the nanowires array.
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the gold nanocontacts in the individual nanodimensional pores.
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Figure 7. Electron diffraction pattern of the Ni66Fe21Ga13 nanowires with the most prominent I4/mmm
diffraction maxima and the inset showing one of the spots (red circle) that were used to collect the
2D electron diffraction patterns (polycrystalline diffraction rings) during the Selected Area Electron
Diffraction (SAED) experiment.
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The tetragonal I4/mmm structure seems to be present within the individual nanowires,
as well as in the averaged signal from an array of nanowires obtained during the XRD
analysis. The comparison also shows that the gold signal overlaps some of the diffraction
maxima of the XRD results.

The confirmation of the nanowires’ composition, which approaches the HA X2YZ
stoichiometry and the structural analysis, was followed by the search for their functional
behavior. As described, the Ni2FeGa HA in a bulk macroscopic form shows a martensitic
transformation capability, ensuring magnetocaloric and shape-memory behavior. Such
behavior of the prepared nanowires can be detected through the analysis of the nanowires’
magnetic properties. This analysis started with the measurement of the temperature
dependence of magnetization—M(T). The M(T) analysis (Figure 8) of the Ni66Fe21Ga13
nanowires shows a change in the nanowires’ magnetization, which occurs at the tempera-
ture of ≈370 K. During this analysis, the sample is first heated up to 395 K. Afterwards,
the magnetic field of 10 kOe is applied for the M(T) analysis. The hysteretic behavior of
magnetization between 250 and 395K points to the presence of a phase transformation.
Therefore, further analysis of the Ni66Fe21Ga13 nanowires has been performed. The broad
temperature range might be caused by the cascading nature of the phase transition within
an array of interacting nanowires, as was discussed in the previous research [65] as well
as by the local inhomogeneities within the nanowires’ composition in the entire AAO
membrane since it was shown that the phase transformation temperature varies with small
compositional changes in the previous research on bulk or micrometer-scale functional
HAs [67].
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Figure 8. Temperature dependence of magnetization of the Ni66Fe21Ga13 nanowires showing a
magnetization hysteresis above room temperature that might point to a phase transformation.

Measurement of hysteresis loops offers the first insight into magnetization behavior
at various temperatures. The hysteresis loops of the nanowires at different temperatures
point to a strong interaction of the nanowires within the array since the saturating magnetic
field acquires a high value of 5 kOe. Measurements of the hysteresis loops at tempera-
tures of 100 K and 395 K show different characteristic features of the Ni-Fe-Ga nanowires
(Figure 9). The saturation magnetic field of these nanowires changes from 3000 Oe at
the temperature of 100 K to a value of 2500 Oe at the temperature of 395 K. Moreover,
the coercivity changes from 353 Oe at the temperature of 100 K to the value of 150 Oe
at 395 K. Such a change in the characteristic features of the hysteresis loop at different
temperatures might also point to the desired functional behavior. Hysteresis loops were
also measured in the perpendicular direction of the applied magnetic field with respect to
the longitudinal axes of the nanowires. Here, the coercivity values drop below 10 Oe, which
points to the easy magnetization direction being almost parallel to the longitudinal axes of
the nanowires.
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Figure 9. Hysteresis loops of the Ni66Fe21Ga13 nanowires measured in the parallel (a) and perpendic-
ular (b) direction of the applied magnetic field at the temperatures of 100 K and 395 K.

Although the hysteresis loops offer a tentative description of the magnetization process
of a multi-domain material, more information can be obtained from the FORC and TFORC
analysis. FORC analysis of an array of nanowires usually exhibits a two-branch (“T-shape”)
structure [77]. One of the branches spreads along the HI axis and intersects the HI = 0 Oe
region of the FORC distribution contour plot. The second branch lies in the HI = 0 Oe
region along the HC axis and represents a distribution of the Preisach hysterons with a
minimal interaction field but a notable coercive field distribution [77].

The analyses have been performed at temperatures of 100 K and 395 K (Figure 10). At
first, it can be seen that the nanowires show a rather homogeneous composition. This is
apparent from the ρ(FORC) distribution being elongated along the HI axis, instead of the
HC. Therefore, the whole set of nanowires shows a similar coercivity distribution within the
whole studied part of the membrane, which might be due to the same composition of all the
measured nanowires. Moreover, it has been shown that the diverging distribution shrinks
with the decrease of outer dimensions [64]. As can be seen in Figure 10b, the elongation of
the FORC distribution of the Ni-Fe-Ga nanowires decreases at the temperature of 395 K.
This points to shape changes that may occur in the nanowires when they transform into a
more symmetrical phase at high temperatures.
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Figure 10. FORC analysis of the Ni66Fe21Ga13 nanowires at 100 K (a) and 395 K (b) the scale is the
same for both temperatures, to emphasize the different FORC distribution.

Next, the distributions show how the interaction of the nanowires varies at various
temperatures. At 100 K, the ρ(FORC) values reach the maximum at the interaction field
values of 0 Oe, while at 395 K, the maximum is reached at the values of HI = 150 Oe. This
indicates a different distribution occurring at high temperatures, confirming the austenitic
phase evolution.

The maximum of the ρ(FORC) values occurs at different HI for 100 K and 395 K
measurements. At 100 K, the values start to increase at the coercive field of 100 Oe, and the
distribution diminishes at HC = 700 Oe. At the high temperature, the whole distribution
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occurs between the HC values of 50 Oe and 500 Oe. Such behavior can be ascribed to a
diminishing of the low-temperature phase at some point within the temperature range of
100 K and 395 K.

To confirm the proposed changes in the nanowires’ magnetic behavior, a TFORC
analysis was performed. Here, the TFORC distribution is studied in the temperature
plane, where the ρ(TFORC) values are shown in a 2D contour plot as a function of the
temperature hysteresis (TH on the X-axis) and temperature of the phase transformation (TU
on the Y axis) (Figure 11). To prevent the magnetization process (domain wall movement
and magnetization vector rotation) of the nanowires during the TFORC analysis, it was
performed at the applied magnetic field of 10 kOe. This value is well above the saturation
field, and all the nanowires are magnetically saturated. Therefore, the only changes that
can be tracked arise from the phase transformation in the case of a material that is capable
of a martensitic transformation. Figure 11 shows the TFORC distribution of the Ni-Fe-Ga
nanowires. Here, the TFORC maximum can be seen at the transformation temperature
of TU ≈ 373 K, with the temperature hysteresis distribution that ranges from 0 K to
approx. 5 K. These values correspond to the measurement of the temperature dependence
of magnetization.
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Since the functional behavior of these nanowires might arise from their proposed marten-
sitic transformation capability, it is possible to study their magnetocaloric response using the
indirect method, evaluating the changes in the magnetic entropy of the nanowires array.

To study the magnetocaloric behavior, the ∆SM values were calculated from the isother-
mal magnetization measurements (Figure 12a). This figure shows the magnetic entropy
change at various values of the applied magnetic field (Figure 12b). First, the magnetic
entropy change of the Ni-Fe-Ga nanowires increases slowly, showing a typical ferromag-
netic behavior. This can be seen as a slow increase of the ∆SM values as the temperature
increases towards the Curie point. At the temperature of 360 K, a sharp peak begins to
appear with the maximum at ≈380 K and the corresponding magnetic entropy change
of |∆SM| ≈ 0.12 J·kg−1·K−1 at the magnetic field change of µ0∆H = 1 T, which is usually
ascribed to a first-order phase transformation—martensitic transformation. A broad peak
of magnetic entropy change also occurs as the material approaches the Curie temperature.
However, the nanowires’ Curie temperature is above the experimental temperature range.
Therefore, corresponding to the previous analysis, the first-order phase transformation
begins to occur at the temperature of ≈375 K. As was mentioned earlier, around this temper-
ature, the magnetic entropy change acquires the maximum values. Typically, the magnetic
entropy change of a nanowire-shaped material shows the values of |∆SM| ≈ 1 J·kg−1·K−1

at various temperatures and the change of magnetic field of up to µ0∆H = 5 T [34,65,78].
On the other hand, these materials include expensive metals or perovskite materials,
which have energy- and time-consuming fabrication procedures [34,65,78]. To avoid using
expensive materials, a nanodimensional HA can be used repeatedly, despite the lower
magnetocaloric response. A down-sized Ni-Fe-Ga HA in the form of a microwire shows
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a magnetic entropy change of up to 1 J·kg−1·K−1 due to the first-order phase transforma-
tion at the magnetic field change of µ0∆H = 2 T [75]. The fabricated nanowires in this
research show a lower magnetic entropy change compared to the mentioned materials,
but it occurs at a much lower change in the magnetic field. Therefore, the efficiency of
the magnetocaloric effect is higher due to an easier magnetic saturation ensured by the
shape anisotropy, making the nanowires suitable for magnetocaloric applications in the
nanoscale [34,65].
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Figure 12. (a) Isothermal magnetization measurements of the Ni66Fe21Ga13 nanowires; (b) ∆SM

values calculated for the Ni66Fe21Ga13 nanowires.

The maximum values of the ∆SM for Ni-Fe-Ga nanowires samples exceed the max-
imum entropy change of Ni–Mn–Ga nanowires published previously and produced by
electrospinning (≈0.15 J·kg−1·K−1 at the higher applied magnetic field change of 2 T) [34],
despite the superiority of the Ni-Mn-Ga HA regarding the magnetocaloric effect efficiency.
Since the Ni–Mn–Ga HA nanowires prepared by the electrospinning method exhibit a
random orientation, the applied magnetic field is perpendicular to a considerable num-
ber of nanowires. Hence, a higher applied magnetic field is necessary to saturate all the
nanowires, which results in a lower magnetocaloric effect efficiency compared to the pre-
sented electrodeposited Ni-Fe-Ga nanowires. Therefore, the magnetocaloric behavior might
result in a higher value of the magnetic entropy change at a lower applied magnetic field
due to the homogeneous composition and the parallel alignment of the electrodeposited
nanowires within this research.

3.2. Ni58Fe28In14 Nanowires

Current applications research regarding HAs also focuses on the tuning of their
functional behavior, which might be achieved through a complete substitution of the
individual constituents of the original HAs. Such an approach was also chosen during
the fabrication of Ni-Fe-In nanowires, where the Ga3+ ions were replaced by In3+ in the
solution that was used to prepare the Ni-Fe-Ga nanowires within this research. The
electrodeposition approach is particularly suitable during the co-electrodeposition of the
Fe2+ and In3+ ions since the pure metals of Fe and In are nearly immiscible within the
standard high-temperature alloying process. Such insufficiency within alloy preparation
can be solved by electrodeposition [69].

The Ni58Fe28In14 nanowires show a length of approx. 10 µm, and the average chemical
composition of Ni58Fe28In14 (Figure 13). Since the fabricated Ni58Fe28In14 nanowires pro-
vided no sufficient XRD signal, their structure was analyzed using the electron diffraction
(SAED method) of the individual nanowires using the TEM (Figure 14). The obtained
structural features can only be ascribed to a cubic L21 lattice (Fm-3m) with a lattice constant
of a ≈ 5.62 Å.
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of the Ni58Fe28In14 nanowires showing some of the areas that were chosen for the composition
determination.
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Figure 14. (Left) 2D electron diffraction pattern of the fabricated Ni58Fe28In14 nanowires, (Right)
Integrated 2D pattern showing the contribution of the L21 cubic phase to the nanowires’ composition.

The fabricated Ni-Fe-In nanowires with the ordered HA structure show a weak mag-
netic moment signal and no significant changes in their magnetic behavior can be seen from
the low-field temperature dependence of magnetization and hysteresis loops (Figure 15a,b).
The temperature changes are accompanied by a slight change in the saturation magnetic
field, together with the thermal decrease of the nanowires’ coercivity. The distribution of
the magnetization properties (interaction field HI and coercivity HC) also shows a decrease
in the area that might be ascribed to the change in the materials’ temperature. Nevertheless,
the FORC contour plot shows the same HI distribution for both temperatures (Figure 15c,d),
pointing to a lack of functional behavior.
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Figure 15. (a) Hysteresis loops of the Ni58Fe28In14 nanowires at 395 K showing negligent changes with
temperature; (b) Low-field temperature dependence of magnetization of the Ni58Fe28In14 nanowires;
(c) FORC analysis of the Ni58Fe28In14 at 100 K; (d) FORC analysis of the Ni58Fe28In14 nanowires at
395 K.

3.3. Ni50Fe31Sn19 Nanowires

The Ni-Fe-Sn nanowires show a length of approx. 5 µm (Figure 16). The functional
behavior was initially studied through M(T) analysis above room temperature (Figure 17a),
which showed no significant changes that could be ascribed to a phase transition. The
structural analysis of the Ni-Fe-Sn nanowires was not performed since no significant
evidence was observed in the magnetic measurements, which would indirectly indicate
structural transformation. The hysteresis loop, measured at room temperature, shows a
coercivity of ≈ 700 Oe and a saturation field of 3.3 kOe, which points to a strong interaction
among the neighboring nanowires, which results in a leaning of the nanowires’ hysteresis
loop toward higher saturation magnetic field (Figure 17b) [79].
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Figure 17. (a) M(T) dependence of the electrodeposited Ni-Fe-Sn nanowires above room temperature,
showing the Curie point of approximately 750 K; (b) Hysteresis loop of the Ni-Fe-Sn nanowires with
the coercivity of up to 750 Oe and magnetic saturation visible at ≈3.5 kOe.

The FORC analysis was performed to determine the interaction and coercivity field
distributions of the Ni-Fe-Sn nanowires (Figure 18a). It can be seen that the majority of the
nanowires exhibit a coercive field between 450 and 700 Oe, which might represent a small
inhomogeneity of the electrodeposited Ni-Fe-Sn nanowires (Figure 18b). The interaction
field distribution of ±3000 Oe shows that the array of Ni-Fe-Sn nanowires is a highly
interacting and multi-domain material (Figure 18b), as has been ascribed to nanowires in
the published research [77].
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Figure 18. (a) Measurements of the individual FORCs of the Ni-Fe-Sn nanowires at room temperature;
(b) Evaluated contour plot of the Ni-Fe-Sn nanowires’ ρ(FORC) distribution.

The lack of shape-memory functionality corresponds to the previous analysis by
Frolova et. al, where the bulk Ni-Fe-Sn alloys did not exhibit the presence of the ordered
L21 cubic phase of the HAs [80]. The Ni2FeSn alloys in the bulk form showed the presence
of a hexagonal structure with the space group P63/mmc [80]. Nevertheless, the unique
Ni-Fe-Sn nanowires were analyzed to obtain their magnetocaloric response in relation to
the second-order phase transition (Curie point). The indirect approach was chosen to allow
a comparison of the previously published research with the novel nanowire materials. The
measurements of the isothermal magnetization with decreasing temperature are shown
in Figure 19a. The TC of the Ni-Fe-Sn nanowires is approximately 750 K (from M(T)
measurement), and the individual M(H)T measurements correspond to the M(T) analysis,
showing a gradual decrease of MS with temperature until TC. The magnetic entropy change
(Figure 19b) has a peak at the Curie temperature with the maximum magnetic entropy
change of ∆SM(max) ≈ 0.25 J·kg−1·K−1 at the magnetic field change of µ0∆H = 1 T.
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4. Conclusions

In this article, a summarization of the published Heusler alloy nanowires is followed by
our attempt to fabricate a functional nanowire array focusing on a near-stoichiometric com-
position. The Ni-Fe-Ga nanowires show first-order phase transition behavior, which was
confirmed by subsequent analysis of the structural, magnetic, and magnetocaloric proper-
ties. The magnetic entropy change during the magnetocaloric analysis is ≈0.12 J·kg−1·K−1

at a magnetic field change of µ0∆H = 1 T and a temperature of ≈375 K, which approaches
previously published Ni-Fe-Ga Heusler alloy materials. The suitability of the nanowire
arrays for magnetocaloric applications was discussed since they show a moderate, but re-
peatable magnetocaloric response, enabling the nanowires for magnetocaloric applications
in the nanoscale.

The following substitution of Ga in the Ni-Fe-Ga composition resulted in near-
stoichiometric Ni-Fe-In nanowires fabricated for the first time, which show a weak mag-
netic moment signal and no detectable functional behavior, despite the presence of a single
L21 cubic phase. Nevertheless, these results point to the possibility of fabrication of an alloy
from immiscible metals using the electrodeposition approach. Substitution of Ga by Sn
resulted in nanowires with moderate magnetocaloric response (due to the 2nd order phase
transformation—Curie temperature at 750 K) of ≈0.25 J·kg−1·K−1 at the magnetic field
change of µ0∆H = 1 T.

The fabrication process was based on electrodeposition, which requires optimization
of multiple degrees of freedom (such as current density/deposition potential, pH, tempera-
ture, concentration of the individual constituents of the electrodeposition bath, etc.). On
the other hand, electrodeposition provides flexibility regarding the composition of the pre-
pared material. Moreover, once optimized, electrodeposition yields billions of nanowires in
several minutes. It is also a scalable method, which is desirable for practical applications of
fabricated materials. In the future, the small inhomogeneities of the nanowires’ composition
can be improved by the introduction of a new degree of freedom within the deposition
process (such as stirring combined with a pulsed/AC electrodeposition). Nevertheless,
the discussed results and the fabrication method of the Ni66Fe21Ga13, Ni58Fe28In14, and
Ni50Fe31Sn19 nanowires offer the possibility of research on Heusler alloy nanowires with
novel compositions that show functional behavior.

Author Contributions: M.V. (Michal Varga): Data Curation, Methodology, Investigation, Writing—
original draft, Writing—review and editing; L.G.: Methodology, Writing—review and editing; M.V.
(Marek Vronka): Data Curation, Methodology, Investigation; P.D.: Supervision, Resources, Fund-
ing Acquisition; O.H.: Supervision, Funding Acquisition, Resources; R.V.: Project Administration,
Writing—original draft, Writing—review and editing, Resources, Funding Acquisition. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the following grants: Project APVV-16-0079 of the Slovak Re-
search and Development Agency, and project VEGA 1/0180/23 of the Scientific Grant Agency of the



Materials 2024, 17, 407 21 of 24

Ministry of Education, Science, Research and Sport of the Slovak Republic and Slovak Academy of Sci-
ences, as well as project VVGS-2022-2408 of the P. J. Safarik University in Kosice. Oleg Heczko thanks
the Czech Science Foundation, grant No. 23-04806S. Moreover, we acknowledge CzechNanoLab
Research Infrastructure supported by MEYS CR (LM2023051).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

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

References
1. Graf, T.; Felser, C.; Parkin, S.S.P. Simple Rules for the Understanding of Heusler Compounds. Prog. Solid State Chem. 2011, 39,

1–50. [CrossRef]
2. Salazar-Mejía, C.; Devi, P.; Singh, S.; Felser, C.; Wosnitza, J. Influence of Cr Substitution on the Reversibility of the Magnetocaloric

Effect in Ni-Cr-Mn-In Heusler Alloys. Phys. Rev. Mater. 2021, 5, 104406. [CrossRef]
3. El-Khouly, A.; Novitskii, A.; Serhiienko, I.; Kalugina, A.; Sedegov, A.; Karpenkov, D.; Voronin, A.; Khovaylo, V.; Adam, A.M.

Optimizing the Thermoelectric Performance of FeVSb Half-Heusler Compound via Hf–Ti Double Doping. J. Power Sources 2020,
477, 228768. [CrossRef]

4. Pfeuffer, L.; Lemke, J.; Shayanfar, N.; Riegg, S.; Koch, D.; Taubel, A.; Scheibel, F.; Kani, N.A.; Adabifiroozjaei, E.; Molina-Luna,
L.; et al. Microstructure Engineering of Metamagnetic Ni-Mn-Based Heusler Compounds by Fe-Doping: A Roadmap towards
Excellent Cyclic Stability Combined with Large Elastocaloric and Magnetocaloric Effects. Acta Mater. 2021, 221, 117390. [CrossRef]

5. Winiarski, M.J.; Kuderowicz, G.; Górnicka, K.; Litzbarski, L.S.; Stolecka, K.; Wiendlocha, B.; Cava, R.J.; Klimczuk, T. MgPd2Sb: A
Mg-Based Heusler-Type Superconductor. Phys. Rev. B 2021, 103, 214501. [CrossRef]

6. Górnicka, K.; Kuderowicz, G.; Winiarski, M.J.; Wiendlocha, B.; Klimczuk, T. Superconductivity in LiGa2Ir Heusler Type
Compound with VEC = 16. Sci. Rep. 2021, 11, 16517. [CrossRef] [PubMed]

7. Hennel, M.; Varga, M.; Frolova, L.; Nalevanko, S.; Ibarra-Gaytán, P.; Vidyasagar, R.; Sarkar, P.; Dzubinska, A.; Galdun, L.; Ryba, T.;
et al. Heusler-Based Cylindrical Micro- and Nanowires. Phys. Status Solidi Appl. Mater. Sci. 2022, 219, 2100657. [CrossRef]

8. Guillemard, C.; Petit-Watelot, S.; Rojas-Sánchez, J.C.; Hohlfeld, J.; Ghanbaja, J.; Bataille, A.; Le Fèvre, P.; Bertran, F.; Andrieu, S.
Polycrystalline Co2Mn-Based Heusler Thin Films with High Spin Polarization and Low Magnetic Damping. Appl. Phys. Lett.
2019, 115, 172401. [CrossRef]

9. Munir, J.; Jamil, M.; Jbara, A.S.; Fatima, K.; Ain, Q.; Ullah, H.; Yousaf, M. Spin-Polarized Electromagnetic and Optical Response of
Full-Heusler Co2VZ (Z = Al, Be) Alloys for Spintronic Application. Eur. Phys. J. Plus 2021, 136, 1009. [CrossRef]

10. Nawa, K.; Kurniawan, I.; Masuda, K.; Miura, Y.; Patrick, C.E.; Staunton, J.B. Temperature-Dependent Spin Polarization of Heusler
Co2MnSi from the Disordered Local-Moment Approach: Effects of Atomic Disordering and Nonstoichiometry. Phys. Rev. B 2020,
102, 054424. [CrossRef]

11. Hennel, M.; Galdun, L.; Ryba, T.; Varga, R. Study of Martensitic Transition Temperature on Ni54Fe19Ga23X4 Heusler Glass-Coated
Microwires Doped by X = B, Al, Ga, In. J. Magn. Magn. Mater. 2022, 542, 168605. [CrossRef]

12. Stern-Taulats, E.; Castillo-Villa, P.O.; Mañosa, L.; Frontera, C.; Pramanick, S.; Majumdar, S.; Planes, A. Magnetocaloric Effect in the
Low Hysteresis Ni-Mn-In Metamagnetic Shape-Memory Heusler Alloy. J. Appl. Phys. 2014, 115, 173907. [CrossRef]

13. De Groot, R.A.; Mueller, F.M.; Engen, P.G.; Buschow, K.H.J. New Class of Materials: Half-Metallic Ferromagnets. Phys. Rev. Lett.
1983, 50, 2024–2027. [CrossRef]

14. Wolf, S.A.; Awschalom, D.D.; Buhrman, R.A.; Daughton, J.M.; Von Molnár, S.; Roukes, M.L.; Chtchelkanova, A.Y.; Treger, D.M.
Spintronics: A Spin-Based Electronics Vision for the Future. Science 2001, 294, 1488. [CrossRef] [PubMed]

15. Dieny, B.; Speriosu, V.S.; Metin, S.; Parkin, S.S.P.; Gurney, B.A.; Baumgart, P.; Wilhoit, D.R. Magnetotransport Properties of
Magnetically Soft Spin-Valve Structures (Invited). J. Appl. Phys. 1991, 69, 4774. [CrossRef]

16. Moodera, J.S.; Kinder, L.R.; Wong, T.M.; Meservey, R. Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film
Tunnel Junctions. Phys. Rev. Lett. 1995, 74, 3273–3276. [CrossRef]

17. Hirohata, A.; Sagar, J.; Lari, L.; Fleet, L.R.; Lazarov, V.K. Heusler-Alloy Films for Spintronic Devices. Appl. Phys. A Mater. Sci.
Process. 2013, 111, 423–430. [CrossRef]

18. Dunand, D.C.; Müllner, P. Size Effects on Magnetic Actuation in Ni-Mn-Ga Shape-Memory Alloys. Adv. Mater. 2011, 23, 216–232.
[CrossRef]

19. Ahmad, A.; Mitra, S.; Srivastava, S.K.; Das, A.K. Size-Dependent Structural and Magnetic Properties of Disordered Co2FeAl
Heusler Alloy Nanoparticles. J. Magn. Magn. Mater. 2019, 474, 599–604. [CrossRef]

20. Aslani, A.; Ghahremani, M.; Zhang, M.; Bennett, L.H.; Torre, E. Della Enhanced Magnetic Properties of Ni51Mn33.4In15.6 Heusler
Alloy Nanoparticles. IEEE Trans. Magn. 2017, 53, 2504006. [CrossRef]

21. Taylor, R.C.; Tsuei, C.C. Amorphous Heusler Alloys: The Effect of Annealing on Structure and Magnetic and Transport Properties.
Solid State Commun. 1982, 41, 503–506. [CrossRef]

https://doi.org/10.1016/j.progsolidstchem.2011.02.001
https://doi.org/10.1103/PhysRevMaterials.5.104406
https://doi.org/10.1016/j.jpowsour.2020.228768
https://doi.org/10.1016/j.actamat.2021.117390
https://doi.org/10.1103/PhysRevB.103.214501
https://doi.org/10.1038/s41598-021-95944-1
https://www.ncbi.nlm.nih.gov/pubmed/34389763
https://doi.org/10.1002/pssa.202100657
https://doi.org/10.1063/1.5121614
https://doi.org/10.1140/epjp/s13360-021-01968-x
https://doi.org/10.1103/PhysRevB.102.054424
https://doi.org/10.1016/j.jmmm.2021.168605
https://doi.org/10.1063/1.4874935
https://doi.org/10.1103/PhysRevLett.50.2024
https://doi.org/10.1126/science.1065389
https://www.ncbi.nlm.nih.gov/pubmed/11711666
https://doi.org/10.1063/1.348252
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1007/s00339-013-7679-2
https://doi.org/10.1002/adma.201002753
https://doi.org/10.1016/j.jmmm.2018.12.035
https://doi.org/10.1109/TMAG.2017.2734880
https://doi.org/10.1016/0038-1098(82)90535-X


Materials 2024, 17, 407 22 of 24

22. Hayashi, N.; Morii, K.; Matsui, T.; Nakayama, Y. Formation of the PtMnSb Phase in Thin Multilayered Pt/Mn/Sb Films. Mater.
Trans. JIM 1991, 32, 192–198. [CrossRef]

23. Wang, C.; Meyer, J.; Teichert, N.; Auge, A.; Rausch, E.; Balke, B.; Hütten, A.; Fecher, G.H.; Felser, C. Heusler Nanoparticles for
Spintronics and Ferromagnetic Shape Memory Alloys. J. Vac. Sci. Technol. B 2014, 32, 020802. [CrossRef]

24. Wang, C.; Casper, F.; Guo, Y.; Gasi, T.; Ksenofontov, V.; Balke, B.; Fecher, G.H.; Felser, C.; Hwu, Y.K.; Lee, J.J. Resolving the Phase
Structure of Nonstoichiometric Co2FeGa Heusler Nanoparticles. J. Appl. Phys. 2012, 112, 124314. [CrossRef]

25. Nadutov, V.M.; Perekos, A.O.; Kokorin, V.V.; Trachevskii, V.V.; Konoplyuk, S.M.; Vashchuk, D.L. 27Al, 63Cu NMR Spectroscopy
and Electrical Transport in Heusler Cu–Mn–Al Alloy Powders. Appl. Nanosci. 2018, 8, 965–971. [CrossRef]

26. Du, J.H.; Zuo, Y.L.; Wang, Z.; Ma, J.H.; Xi, L. Properties of Co2FeAl Heusler Alloy Nano-Particles Synthesized by Coprecipitation
and Thermal Deoxidization Method. J. Mater. Sci. Technol. 2013, 29, 245–248. [CrossRef]

27. Andrade, V.M.; Checca, N.R.; de Paula, V.G.; Pirota, K.R.; Rossi, A.L.; Garcia, F.; Vovk, A.; Bunyaev, S.A.; Kakazei, G.N. Full
Heusler Fe2CrAl Nanogranular Films Produced by Pulsed Laser Deposition for Magnonic Applications. J. Appl. Phys. 2023,
134, 023901. [CrossRef]

28. Ghahremani, M.; Aslani, A.; Hosseinnia, M.; Bennett, L.H.; Della Torre, E. Direct and Indirect Measurement of the Magnetocaloric
Effect in Bulk and Nanostructured Ni-Mn-In Heusler Alloy. AIP Adv. 2018, 8, 056426. [CrossRef]

29. Aksoy, S. Synthesis and Characterization of NiMnIn Nanoparticles. J. Magn. Magn. Mater. 2015, 373, 236–239. [CrossRef]
30. Vallal Peruman, K.; Mahendran, M.; Seenithurai, S.; Chokkalingam, R.; Singh, R.K.; Chandrasekaran, V. Internal Stress Dependent

Structural Transition in Ferromagnetic Ni-Mn-Ga Nanoparticles Prepared by Ball Milling. J. Phys. Chem. Solids 2010, 71, 1540–1544.
[CrossRef]

31. Wang, C.; Levin, A.A.; Karel, J.; Fabbrici, S.; Qian, J.; ViolBarbosa, C.E.; Ouardi, S.; Albertini, F.; Schnelle, W.; Rohlicek, J.; et al.
Size-Dependent Structural and Magnetic Properties of Chemically Synthesized Co-Ni-Ga Nanoparticles. Nano Res. 2017, 10,
3421–3433. [CrossRef]

32. Seo, K.; Bagkar, N.; Kim, S.I.; In, J.; Yoon, H.; Jo, Y.; Kim, B. Diffusion-Driven Crystal Structure Transformation: Synthesis of
Heusler Alloy Fe3Si Nanowires. Nano Lett. 2010, 10, 3643–3647. [CrossRef] [PubMed]

33. Sapkota, K.R.; Gyawali, P.; Forbes, A.; Pegg, I.L.; Philip, J. Synthesis and Characterization of Co2FeAl Nanowires. J. Appl. Phys.
2012, 111, 123906. [CrossRef]

34. Zhang, Y.C.; Qin, F.X.; Estevez, D.; Franco, V.; Peng, H.X. Structure, Magnetic and Magnetocaloric Properties of Ni2MnGa Heusler
Alloy Nanowires. J. Magn. Magn. Mater. 2020, 513, 167100. [CrossRef]

35. Simon, P.; Wolf, D.; Wang, C.; Levin, A.A.; Lubk, A.; Sturm, S.; Lichte, H.; Fecher, G.H.; Felser, C. Synthesis and Three-Dimensional
Magnetic Field Mapping of Co2FeGa Heusler Nanowires at 5 Nm Resolution. Nano Lett. 2016, 16, 114–120. [CrossRef] [PubMed]

36. Xu, Y.; Yang, D.; Luo, Z.; Wu, F.; Chen, C.; Liu, M.; Yi, L.; Piao, H.G.; Yu, G. Fabrication and Magnetic Properties of Structure-
Tunable Co2FeGa-SiO2 Heusler Nanocompounds. AIP Adv. 2018, 8, 055107. [CrossRef]

37. Prida, V.M.; Salaheldeen, M.; Pfitzer, G.; Hidalgo, A.; Vega, V.; González, S.; Teixeira, J.M.; Fernández, A.; Hernando, B. Template
Assisted Deposition of Ferromagnetic Nanostructures: From Antidot Thin Films to Multisegmented Nanowires. Acta Phys. Pol. A
2017, 131, 822–827. [CrossRef]

38. Ma, X.; Chen, G.; Zhang, X.; Jia, T.; Zhao, W.; Mo, Z.; Liu, H.; Dai, X.; Liu, G. Fabrication and Growth Mechanism of One-
Dimensional Heusler Alloy Nanostructures with Different Morphologies on Anodic Aluminum Oxide Template by Magnetron
Sputtering. Front. Mater. Sci. 2022, 16, 220615. [CrossRef]

39. Keller, F.; Hunter, M.S.; Robinson, D.L. Structural Features of Oxide Coatings on Aluminum. J. Electrochem. Soc. 1953, 100, 411–419.
[CrossRef]

40. Despic, A.; Parkhutik, V. Electrochemistry of Aluminum in Aqueous Solutions and Physics of Its Anodic Oxide. In Modern
Aspects of Electrochemistry; Bockris, J.O., White, R.E., Conway, B.E., Eds.; Springer: New York, NY, USA, 1989; pp. 401–504. ISBN
978-0-306-43127-2.

41. Heber, K.V. Studies on Porous Al2O3 Growth-I. Physical Model. Electrochim. Acta 1978, 23, 127–133. [CrossRef]
42. Poinern, G.E.J.; Ali, N.; Fawcett, D. Progress in Nano-Engineered Anodic Aluminum Oxide Membrane Development. Materials

2010, 4, 487–526. [CrossRef] [PubMed]
43. Galdun, L.; Vega, V.; Vargová, Z.; Barriga-Castro, E.D.; Luna, C.; Varga, R.; Prida, V.M. Intermetallic Co2FeIn Heusler Alloy

Nanowires for Spintronics Applications. ACS Appl. Nano Mater. 2018, 1, 7066–7074. [CrossRef]
44. Penner, R.M.; Martin, C.R. Preparation and Electrochemical Characterization of Ultramicroelectrode Ensembles. Anal. Chem.

1987, 59, 2625–2630. [CrossRef]
45. Brenner, A. Electrodeposition of Alloys; Academic Press Inc.: Cambridge, MA, USA, 1963; ISBN 978-1-4831-9807-1.
46. Yang, R.; Sui, C.; Gong, J.; Qu, L. Silver Nanowires Prepared by Modified AAO Template Method. Mater. Lett. 2007, 61, 900–903.

[CrossRef]
47. Foss, C.A.; Hornyak, G.L.; Stockert, J.A.; Martin, C.R. Optical Properties of Composite Membranes Containing Arrays of

Nanoscopic Gold Cylinders. J. Phys. Chem. 1992, 96, 7497–7499. [CrossRef]
48. Han, N.; Sun, M.; Zhou, Y.; Xu, J.; Cheng, C.; Zhou, R.; Zhang, L.; Luo, J.; Huang, B.; Li, Y. Alloyed Palladium–Silver Nanowires

Enabling Ultrastable Carbon Dioxide Reduction to Formate. Adv. Mater. 2021, 33, 2005821. [CrossRef]
49. Pardavi-Horvath, M.; Si, P.E.; Vazquez, M.; Rosa, W.O.; Badini, G. Interaction Effects in Permalloy Nanowire Systems. J. Appl.

Phys. 2008, 103, 07D517. [CrossRef]

https://doi.org/10.2320/matertrans1989.32.195
https://doi.org/10.1116/1.4866418
https://doi.org/10.1063/1.4770477
https://doi.org/10.1007/s13204-018-0672-5
https://doi.org/10.1016/j.jmst.2013.01.001
https://doi.org/10.1063/5.0151291
https://doi.org/10.1063/1.5007223
https://doi.org/10.1016/j.jmmm.2014.04.003
https://doi.org/10.1016/j.jpcs.2010.07.022
https://doi.org/10.1007/s12274-017-1554-y
https://doi.org/10.1021/nl102093e
https://www.ncbi.nlm.nih.gov/pubmed/20677783
https://doi.org/10.1063/1.4729807
https://doi.org/10.1016/j.jmmm.2020.167100
https://doi.org/10.1021/acs.nanolett.5b03102
https://www.ncbi.nlm.nih.gov/pubmed/26674206
https://doi.org/10.1063/1.4986545
https://doi.org/10.12693/APhysPolA.131.822
https://doi.org/10.1007/s11706-022-0615-7
https://doi.org/10.1149/1.2781142
https://doi.org/10.1016/0013-4686(78)80108-X
https://doi.org/10.3390/ma4030487
https://www.ncbi.nlm.nih.gov/pubmed/28880002
https://doi.org/10.1021/acsanm.8b01836
https://doi.org/10.1021/ac00148a020
https://doi.org/10.1016/j.matlet.2006.06.009
https://doi.org/10.1021/j100198a004
https://doi.org/10.1002/adma.202005821
https://doi.org/10.1063/1.2833304


Materials 2024, 17, 407 23 of 24

50. McGary, P.D.; Tan, L.; Zou, J.; Stadler, B.J.H.; Downey, P.R.; Flatau, A.B. Magnetic Nanowires for Acoustic Sensors. J. Appl. Phys.
2006, 99, 08B310. [CrossRef]

51. Maleki, K.; Sanjabi, S.; Alemipour, Z. DC Electrodeposition of NiGa Alloy Nanowires in AAO Template. J. Magn. Magn. Mater.
2015, 395, 289–293. [CrossRef]

52. Li, W.J.; Khan, U.; Irfan, M.; Javed, K.; Liu, P.; Ban, S.L.; Han, X.F. Fabrication and Magnetic Investigations of Highly Uniform
CoNiGa Alloy Nanowires. J. Magn. Magn. Mater. 2017, 432, 124–128. [CrossRef]

53. Khan, S.; Ahmad, N.; Ahmed, N.; Safeer, A.; Iqbal, J.; Han, X.F. Structural, Magnetic and Transport Properties of Fe-Based Full
Heusler Alloy Fe2CoSn Nanowires Prepared by Template-Based Electrodeposition. J. Magn. Magn. Mater. 2018, 465, 462–470.
[CrossRef]

54. Khan, S.; Ahmad, N.; Ahmed, N.; Han, X.F. Analysis of Electronic, Magnetic and Half-Metallic Properties of L21-Type
(Co2Mn0.5Fe0.5Sn) Heusler Alloy Nanowires Synthesized by AC-Electrodeposition in AAO Templates. J. Magn. Magn. Mater.
2018, 460, 120–127. [CrossRef]

55. Lu, H.; Liu, Y.; Kou, X. Communication—Electrodeposition, Microstructure and Magnetic Properties of Co2FeSn Heusler Alloy
Nanowires. J. Electrochem. Soc. 2018, 165, D813. [CrossRef]

56. Galdun, L.; Szabo, P.; Vega, V.; Barriga-Castro, E.D.; Mendoza-Reséndez, R.; Luna, C.; Kovac, J.; Milkovic, O.; Varga, R.; Prida,
V.M. High Spin Polarization in Co2FeSn Heusler Nanowires for Spintronics. ACS Appl. Nano Mater. 2020, 3, 7438–7445. [CrossRef]

57. Safeer, A.; Ahmad, N.; Khan, S.; Azam, L.A.; Bashir, D. Magnetization Behavior of Electrochemically Synthesized Co2MnSn Full
Heusler Alloy Nanowire Arrays. J. Appl. Phys. 2019, 125, 034302. [CrossRef]

58. Sharma, M.; Das, A.; Kuanr, B.K. Co-Based Full Heusler Alloy Nanowires: Modulation of Static and Dynamic Properties through
Deposition Parameters. AIP Adv. 2019, 9, 125054. [CrossRef]

59. Javed, K.; Zhang, X.M.; Parajuli, S.; Ali, S.S.; Ahmad, N.; Shah, S.A.; Irfan, M.; Feng, J.F.; Han, X.F. Magnetization Behavior of
NiMnGa Alloy Nanowires Prepared by DC Electrodeposition. J. Magn. Magn. Mater. 2020, 498, 166232. [CrossRef]

60. Wei, H.; Kou, X. Size-Dependent Magnetic and Magnetoresistance Properties of Co2FeGa Nanowires. Funct. Mater. Lett. 2022, 15,
07n08. [CrossRef]

61. Parajuli, S.; Cheng, C.; Wei, J.W.; Martuza, K.G.; Irfan, M.; Zhang, X.M.; Javed, K.; Feng, J.F.; Han, X.F. Heusler Compound
Ni2FeGa Nanoarchitectures. J. Magn. Magn. Mater. 2021, 539, 168355. [CrossRef]

62. Hilse, M.; Jenichen, B.; Herfort, J. GaAs-Fe3Si Semiconductor–Ferromagnet Core–Shell Nanowires for Spintronics. In Novel
Compound Semiconductor Nanowires: Materials, Devices, and Applications; Ishikawa, F., Buyanova, I.A., Eds.; Jenny Stanford
Publishing: Dubai, United Arab Emirates, 2017; pp. 221–253. ISBN 9781315364407.

63. Ali, S.S.; Cheng, C.; Parajuli, S.; Zhang, X.; Feng, J.; Han, X.F. Fabrication, Structural and Magnetic Behavior of Novel One-
Dimensional Fe2MnGa Nanostructures. J. Magn. Magn. Mater. 2022, 549, 169022. [CrossRef]

64. Varga, M.; Galdun, L.; Kunca, B.; Vega, V.; García, J.; Prida, V.M.; Barriga-Castro, E.D.; Luna, C.; Diko, P.; Saksl, K.; et al. FORC and
TFORC Analysis of Electrodeposited Magnetic Shape Memory Nanowires Array. J. Alloys Compd. 2022, 897, 163211. [CrossRef]

65. Varga, M.; Galdun, L.; Diko, P.; Saksl, K.; Varga, R. Analysis of Magnetocaloric Effect in Parallel Ni-Mn-Ga Heusler Alloy
Nanowires. J. Alloys Compd. 2023, 944, 169196. [CrossRef]

66. Pecharsky, V.K.; Gschneidner, K.A. Giant Magnetocaloric Effect in Gd5(Si2Ge2). Phys. Rev. Lett. 1997, 78, 4494–4497. [CrossRef]
67. Hennel, M.; Galdun, L.; Ryba, T.; Varga, R. Transition Temperature Tuning of Ni2FeGa Based Heusler Alloys in Form of

Glass-Coated Microwires. J. Magn. Magn. Mater. 2020, 511, 166973. [CrossRef]
68. Santhi, K.; Kumarsan, D.; Vengidusamy, N.; Arumainathan, S. Electrochemical Alloying of Immiscible Ag and Co for Their

Structural and Magnetic Analyses. J. Magn. Magn. Mater. 2017, 433, 202–208. [CrossRef]
69. Roy, M.K.; Subrahmanyam, V.S.; Verma, H.C. Defect Studies in Fe-Cu Alloys Prepared by Electrodeposition. Phys. Lett. Sect. A

Gen. At. Solid State Phys. 2004, 328, 375–379. [CrossRef]
70. Roberts, A.P.; Pike, C.R.; Verosub, K.L. First-Order Reversal Curve Diagrams: A New Tool for Characterizing the Magnetic

Properties of Natural Samples. J. Geophys. Res. Solid Earth 2000, 105, 28461–28475. [CrossRef]
71. Pike, C.; Fernandez, A. An Investigation of Magnetic Reversal in Submicron-Scale Co Dots Using First Order Reversal Curve

Diagrams. J. Appl. Phys. 1999, 85, 6668–6676. [CrossRef]
72. Franco, V.; Gottschall, T.; Skokov, K.P.; Gutfleisch, O. First-Order Reversal Curve (FORC) Analysis of Magnetocaloric Heusler-Type

Alloys. IEEE Magn. Lett. 2016, 7, 6602904. [CrossRef]
73. Díaz-García, A.; Moreno-Ramírez, L.M.; Law, J.Y.; Albertini, F.; Fabbrici, S.; Franco, V. Characterization of Thermal Hysteresis in

Magnetocaloric NiMnIn Heusler Alloys by Temperature First Order Reversal Curves (TFORC). J. Alloys Compd. 2021, 867, 159184.
[CrossRef]

74. Moreno-Ramírez, L.M.; Franco, V. Setting the Basis for the Interpretation of Temperature First Order Reversal Curve (TFORC)
Distributions of Magnetocaloric Materials. Metals 2020, 10, 1039. [CrossRef]

75. Hennel, M.; Galdun, L.; Varga, R. Analysis of Magnetocaloric Effect in Ni2FeGa-Based Glass-Coated Microwires. J. Magn. Magn.
Mater. 2022, 560, 169646. [CrossRef]

76. Brown, P.J.; Gandy, A.P.; Ishida, K.; Kainuma, R.; Kanomata, T.; Morito, H.; Neumann, K.U.; Oikawa, K.; Ziebeck, K.R.A. Crystal
Structures and Magnetization Distributions in the Field Dependent Ferromagnetic Shape Memory Alloy Ni54Fe19Ga27. J. Phys.
Condens. Matter 2007, 19, 016201. [CrossRef]

https://doi.org/10.1063/1.2167332
https://doi.org/10.1016/j.jmmm.2015.07.069
https://doi.org/10.1016/j.jmmm.2017.01.074
https://doi.org/10.1016/j.jmmm.2018.05.013
https://doi.org/10.1016/j.jmmm.2018.03.028
https://doi.org/10.1149/2.0751816jes
https://doi.org/10.1021/acsanm.0c01024
https://doi.org/10.1063/1.5058066
https://doi.org/10.1063/1.5130036
https://doi.org/10.1016/j.jmmm.2019.166232
https://doi.org/10.1142/S1793604722500333
https://doi.org/10.1016/j.jmmm.2021.168355
https://doi.org/10.1016/j.jmmm.2022.169022
https://doi.org/10.1016/j.jallcom.2021.163211
https://doi.org/10.1016/j.jallcom.2023.169196
https://doi.org/10.1103/PhysRevLett.78.4494
https://doi.org/10.1016/j.jmmm.2020.166973
https://doi.org/10.1016/j.jmmm.2017.03.020
https://doi.org/10.1016/j.physleta.2004.06.015
https://doi.org/10.1029/2000JB900326
https://doi.org/10.1063/1.370177
https://doi.org/10.1109/LMAG.2016.2541622
https://doi.org/10.1016/j.jallcom.2021.159184
https://doi.org/10.3390/met10081039
https://doi.org/10.1016/j.jmmm.2022.169646
https://doi.org/10.1088/0953-8984/19/1/016201


Materials 2024, 17, 407 24 of 24

77. Muxworthy, A.R.; Roberts, A.P. First-Order Reversal Curve (FORC) Diagrams. In Encyclopedia of Geomagnetism and Paleomagnetism;
Gubbins, D., Herrero-Bervera, E., Eds.; Springer: Dordrecht, The Netherlands, 2007; pp. 266–272. ISBN 978-1-4020-3992-8.

78. Chandra, S.; Biswas, A.; Datta, S.; Ghosh, B.; Raychaudhuri, A.K.; Srikanth, H. Inverse Magnetocaloric and Exchange Bias Effects
in Single Crystalline La0.5Sr0.5MnO3 Nanowires. Nanotechnology 2013, 24, 505712. [CrossRef]
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