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ABSTRACT 

Cylindrical Co2FeIn Heusler alloy nanowires are synthesized via template-assisted 

electrochemical deposition into the hexagonally self-ordered nanopores of hard-anodic alumina 

membranes. The electroplated nanowires, with 180 ±20 nm in diameter and around 14.5 µm in 

length, exhibit a polycrystalline nature and they are homogenous in composition. High-resolution 

transmission electron microscopy (HR-TEM), selected area electron diffraction (SAED) and X-

ray diffraction (XRD) analysis confirmed a cubic A2 disordered phase of the ferromagnetic 

Heusler compound, with a lattice parameter of a = 5.764 ± 0.001 Å. In addition, these structural 

characterizations reveal that the Co2FeIn nanowires display a polycrystalline structure with a 

pronounced {220} texture. The temperature dependent magnetization behavior and anisotropy 

field distribution calculations display a dominant role of shape, magnetocrystalline and 

magnetoelastic terms on the effective magnetic anisotropy of Co2FeIn alloyed nanowire arrays. 

Magneto-optical Kerr effect measurements performed on single freestanding nanowires, after 

releasing from the hosting alumina templates, confirmed competing behavior between shape and 

magnetocrystalline anisotropy contributions, which lead to complex magnetization reversal 

process. This fabrication technique offers a promising and new forward-looking synthesis of novel 

Heusler nanomaterials for spintronics applications. 
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1. Introduction 

Nowadays there is an increasing interest for searching novel magnetic nano-materials with a 

high spin polarization at the Fermi energy, which are interesting for spintronics applications in 

magnetic data storage, like magnetic hard discs and random access memories (MRAMs), or 

magnetic domain wall race-track memory devices [1-4]. 

Heusler alloys are well-known suitable candidates for many applications, due to their tunable 

electronic structure, which influences their peculiar physical properties ranging from 

superconductivity [5], through semiconductivity [6], even to half-metallic ferromagnetism [7]. 

Half-metallicity is characterized by a metallic behavior in the majority spin channel and a 

semiconducting behavior with a gap at the Fermi level in the minority spin channel, which provides 

a 100% spin polarization [8]. Therefore, the half-metallic character of some Heusler alloys have 

attracted great interest due to their potential application as a highly spin-polarized current source 

in the research fields of thermoelectric [9], and spintronic devices [10-13]. 

Heusler alloys are ternary compounds with chemical formula X2YZ showing various structures 

ranging from ordered L21, moderately ordered B2 (Y-Z disorder), to completely disordered A2 (X-

Y-Z disorder) structural types. The X and Y atoms are usually selected from either transition or 

rare-earth metals, while the Z sub-lattice is represented by p-block element [8]. Heusler alloys are 

usually prepared as single or polycrystalline bulk materials or thin films [14-16]. Currently this 

fascinating group of materials faces a new challenge because of the downsizing to the nanoscale 

regime for numerous potential applications such as in spintronics, topological insulators and 

magnetic skyrmions [17]. 
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The research on nanostructures is strongly motivated by the observation that points to the fact 

that the bulk material properties can abruptly change by scaling the material size down to the 

nanoscale dimension [18, 19]. This approach may enhance the typical properties of Heusler alloys 

usually exhibited in the form of bulk and offers the opportunity to incorporate these novel 

nanoscale materials into the products of industrial technologies, such as in data storage and 

thermoelectric cooling devices, among many other applications [20-24]. 

The large interest on the fabrication of metallic and magnetic nanowires for many kinds of 

applications resulted in the revelation of novel binary or ternary Co-based alloy nanowires, such 

as Co-Ni [25-27], or Co-Cu [28, 29], Co-Fe-Ni [30] and Co-Fe-Cu [31] prepared by 

electrochemical deposition into the self-ordered nanopores of the anodic aluminum oxide (AAO) 

membranes. The peculiar one-dimensional (1D) geometry of the electrodeposited ferromagnetic 

nanowires has been recently reported to exhibit novel structural and physic-chemical features [32-

35]. 

Co2-based Heusler alloys have a peculiar role in the potential applications of spintronics based 

on their theoretically predicted half-metallic nature at the Fermi energy (100% spin polarization), 

high Curie temperature and small Gilbert damping [36]. However, up to now there are only few 

reports in the literature dealing with ternary intermetallic Co-based Heusler alloys nanowires: such 

as single crystal nanowires made of CoSiGe alloys grown by spontaneous chemical vapor transport 

displaying orthorhombic Co2Si structure [37]; Co2FeAl prepared by electrospinning with a wide 

range of thickness from 50 to 500 nm and having B2 or A2 disordered crystalline structure [38]; 

polycrystalline fcc CoNiGa nanowires array potentiostatically electrodeposited into AAO 

templates [39]; electron-beam evaporated CoFeAl nanowires exhibiting highly efficient spin 

current induced by thermal-gradient spin injection [40]; Co2FeGa nanowires prepared by silica 
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template assisted method exhibiting a highly ordered L21 crystalline structure, and with an 

additional nonmagnetic CoxFe3-xO4 surface layer of about 10 nm [41]; half-metal CoH3 1D 

molecular nanowires exhibiting ferromagnetic ground state induced by carrier doping with a 

theoretically predicted 100% spin-polarized current [42]; and more recently, Fe2CoSn [43] and 

Co2Mn0.5Fe0.5Sn [44] nanowires showing a L21 crystal structure (with an A2 and/or B2 type 

disorder), which were synthesized by template-based ac electrodeposition; among other nanowire 

shape Heusler based alloys [45, 46]. 

Since Co2FeIn Heusler alloy was also predicted to exhibit a half-metallic nature [47], and it has 

also been earlier shown that the deposition of both Co-Fe and Co-In alloys from aqueous solutions 

is allowable [48, 49], we have synthetized Heusler-based Co2FeIn alloy nanowires via template-

assisted electrochemical deposition in the pores of AAO membranes. This easy and low-cost 

fabrication method opens up to the new possibility in the synthesis of novel Heusler nanomaterials 

suitable for spintronic applications. 

2. Electrochemical synthesis and characterization of Co2FeIn alloyed nanowires in hard-

anodic alumina templates 

The fabrication procedure here employed is based on the template-assisted pulsed 

electrodeposition method, as schematized in Figure S1 a) to S1 c), by employing highly ordered 

nanoporous AAO membranes obtained through hard anodization (HA) method in oxalic acid 

electrolyte, as previously reported elsewhere [50-52]. Additional details on the synthesis of H-

AAO and their use as templates are given in the Supporting Information. 
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Figure 1: (a) SEM micrograph of the hexagonally self-ordered nanopores of the H-AAO membrane, 

which was employed afterwards as a template for DC deposition of Co2FeIn alloyed nanowires 

inside, and (b) the corresponding SEM cross-section image for the gold-capped Co2FeIn nanowires 

array. The inset shows a higher magnification of the SEM cross-section image of nanowires array. 

In the scanning electron microscopy (SEM) top-view image of Figure 1 a), it is shown the 

hexagonally self-ordered nanoporous hard-anodic aluminum oxide (H-AAO) membrane, where a 

mean nanopore diameter of about 180 nm and interpores distance around 300 nm can be 

respectively measured. 

2.1 SiO2 cover layer by atomic layer deposition 

The prepared H-AAO membranes were coated by atomic layer deposition (ALD) technique  with 

a protective SiO2 layer of 5 nm in thickness, as schematically depicted in Figures S1 b) and 1 c), 

to protect the further deposited metallic nanowires against corrosion and chemical etching [25, 27, 

53]. The SiO2, cover layer was deposited into the pores of the H-AAO membranes by ALD 

working at 150°C from aminopropyltriethoxysilane (100°C), water (RT), and ozone (RT), which 

 

d)

a) b) c)

e)

500 nm

a) b)
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were employed as precursors and oxidant agent, respectively [25-27, 53]. The ALD processes were 

performed in a Savannah 100 reactor (Cambridge Nanotech), employing long exposure times (45 

s) of the H-AAO membranes to the ALD precursors, followed by extended purge steps (90 s). 

High Purity Ar (99.999 %), with a flow of 50 sccm was employed as carrier and evacuation gas 

throughout the depositions.  

2.2 Electrodeposition of Co2FeIn alloyed nanowire arrays 

Co2FeIn alloyed nanowires were grown into the nanopores of H-AAO membranes from aqueous 

electrolytes of Co, Fe and In salts, as well as a mixture of additives comprising boric and ascorbic 

acids, sodium chloride, saccharin and gelatin, respectively. For the electrodeposition process of 

Co2FeIn alloy nanowires inside the pores of the H-AAO template, it consisted firstly of the 

backside coating of one side of the SiO2 functionalized H-AAO membranes with a gold layer by 

means of sputtering (Polaron SC 7620), which served as working electrodes in further 

electrodeposition steps (see Figure S1 b)). The potentiostatic Au electrodeposition made from a 

commercial gold plating solution (Orosene 999), gives rise to the growing of gold nanocontacts 

with length of about 2 µm, as shown in Figure 1b), Figure S1b), and Figure S3 a) of Supporting 

Info. After that, the Co2FeIn nanowires were electrochemically grown starting from an aqueous 

electrolytic bath containing: 0.198 M CoCl2, 0.072 M FeSO4, 0.023 M In2(SO4)3, 0.243 M H3BO3, 

1.49 M NaCl, by adding a mixture of additives like ascorbic acid (5 mg/l), gelatine (2.5 mg/l) and 

saccharin (5 mg/l). A galvanostatic pulsed electrodeposition (PED) approach was followed for the 

synthesis of Co2FeIn Heusler alloy nanowires, as indicated in Figure S2 of the Supporting 

Information. The PED process was carried out in a common two-electrode electrochemical cell 

made of Teflon, with Pt serving as the counter electrode and the gold-coated H-AAO template as 

the working electrode, and performed at room temperature (RT), with a deposition pulse of 12 mA 

Page 7 of 35

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8 

 

for 1 s and a resting pulse at 0 mA (open circuit potential) for 1 s. The number of deposition pulses 

was adjusted in order to grow the Co2FeIn nanowires of about 15 µm in length. Afterwards, gold 

caps about 1.6 µm long were deposited in the upper part of the Co2FeIn nanowires, as a protection 

against corrosion in further chemical etching steps, as schematized in Figure S1 c), and can be 

clearly distinguished in the scanning electron micrograph of Figure 1 b).  

2.3 Experimental characterization of Co2FeIn alloy nanowires 

Linear sweep voltammetry (LSV) technique was used to obtain polarization curves (I-V), by 

employing a potentiostat-galvanostat Amel 7050 measured in a three-electrode configuration with 

an Ag/AgCl reference electrode, and a Pt wire as the working electrode. The potentials were 

scanned in the range from 0.5 to -2.0 V, in negative direction, and afterwards reversed to the 

starting potential (0.5 V), at the three different sweeping rates of 20, 50 and 100 mV/s. 

Structural characterization of the overall crystalline structure of Co2FeIn nanowire arrays grown 

in the H-AAO templates was determined by X-ray diffraction (XRD) analysis measured with a 

PANalytical X´Pert Pro MPD diffractometer employing Cu Kα radiation (λ = 1.5418 Å). The 

morphology and microstructure of the nanowires were respectively checked by using a scanning 

electron microscope (SEM), JEOL-6100 operated and 20 kV, and a transmission electron 

microscope (TEM), FEI-TITAN 80-300 kV operated at 300 kV. By employing the scanning 

transmission electron microscopy (STEM) mode, energy dispersive spectrometry (EDS) mapping 

images were obtained to take information on the distribution of chemical elements within 

individual nanowires. In order to perform the TEM analysis for the microstructural 

characterization of individual nanowires, they were released from the alumina membrane by 

chemical etching after dissolving it in a mixture of H3PO4 (6 wt.%) and CrO3 (1.8 wt.%) at 45 °C 
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for 48 h. The Co2FeIn nanowires coated with SiO2 layer and covered with gold caps at both ends 

were then filtered and suspended in an absolute ethanol solvent. Subsequently, a small amount of 

nanowires was dispersed in ethanol-distilled water mixture (1:1) and sonicated for 30 min at RT. 

Finally, the released nanowires with the protective coating were dropped in a Lacey carbon grid, 

which was dried for 30 min under ambient environment for evaporating the solvent. 

Thermomagnetic measurements and hysteresis loops (both, in parallel and perpendicular 

direction with respect to the nanowires axis), were measured in the arrays of nanowires by using a 

superconducting quantum interference device (SQUID), and Quantum Design magnetic property 

measurement system (MPMS) technique, within the temperature range from 10 to 400 K, under 

applied magnetic fields up to 50 kOe.  

The magnetic behavior of single nanowires was also measured by magneto-optical Kerr effect 

(MOKE) microscope in a NanoMOKE3 device (Durham Magneto-Optics) under applied AC fields 

of 500 Oe at a frequency of 2.1 Hz. For that purpose, the nanowires were dropped into 

monocrystalline Si wafers after releasing them from the nanoporous alumina template by wet-

chemical etching and suspended in ethanol, and then individually located by employing the laser 

scanning microscopy option of the NanoMOKE3. The single isolated Co2FeIn nanowires were 

carefully aligned with the direction of the applied magnetic field and measured employing 

longitudinal MOKE configuration. Averaging of up to 200 cycles was performed in order to 

improve the signal to noise ratio. Over 50 different nanowires were measured and the hysteresis 

loops were analyzed in order to extract the switching field distribution. 

3. Results and discussions 

3.1 Cyclic voltammetry of electrodeposited Co2FeIn Heusler alloy 
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The electrochemical features of the Co-Fe-In alloy electrodeposition behavior in the presence of 

additives were investigated by linear sweep voltammetry, LSV, by measuring the current-voltage 

(I-V) curves. Figure 2 shows the cathodic parts of cyclic voltammograms obtained for deposition 

of individual elements of Co, Fe, In and Co-Fe-In alloy on a Pt wire electrode, measured employing 

an Ag/AgCl reference electrode. All electrolytes contained the same mixture of additives (0.243 

M H3BO3, 1.49 M NaCl, ascorbic acid, gelatine and saccharin). The cyclic voltammetry for a 

solution containing 0.198 M CoCl2 shows a single cathodic peak with the maximum at -0.83 V, 

which corresponds to the reduction of Co2+ into cobalt metal (see inset of Figure 2). This process 

was subsequently followed by the reduction of H+ leading to H2 evolution, which is also present 

in the same range of voltage for the supporting electrolyte containing no metal salts (labelled as 

Additives in Figure 2).  

The voltammetric curve for the aqueous solution containing 0.072 M FeSO4 indicates the 

reduction of Fe2+ by a broad peak starting at -0.9 V, which gradually passes to the hydrogen ion 

reduction reaction. Similarly, as in the case of Co the cyclic voltammetry curve corresponding to 

the deposition of In from the aqueous solution containing 0.023 M In2(SO4)3 shows a well-defined 

anodic peak with the maximum at -0.81 V. Nevertheless, iron and indium could also be inductively 

codeposited with Co(II) ions, in both, simple salt or complexed aqueous electrochemical baths [48, 

49, 54-55]. The initial abrupt current drop as the potential decreases is due to concentration 

depletion of metallic (Fe2+, Co2+, In3+) ions near the electrode surface. Subsequently, the current 

slowly reaches a stable plateau. Noteworthy, for Co and In baths the diffusion-controlled 

mechanism reaches its limit current density at lower potential values than for the Co-Fe-In 

electrolyte. Therefore, the addition of Fe together with rest of additives causes essential changes 

in electrolyte solution, which ultimately might affect the characteristics of the reduction process. 
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Figure 2: Cyclic voltammogram of the supporting electrolyte (labelled as additives), as well as the 

electrolytes containing individual elements (Co, Fe and In) and mixed Co-Fe-In electrolyte. The inset 

shows a detail of the potentials range at which appear the deposition peaks of Co, Fe and In, together 

with the corresponding one of the respective Co-Fe-In alloy. 

In the case of the Co-Fe-In alloy, the electrodeposition starts at -0.77 V and results in a single 

cathodic peak with maximum at -0.98 V. It is clear, that the co-deposition of the Co-Fe-In alloy 

takes place in the same range of voltage as for the deposition of individual elements. Therefore, 

this electrolyte is especially suitable for the electrochemical deposition of a ternary Co2FeIn 

Heusler alloy. 

3.2 Morphological, compositional and microstructural analysis of Co2FeIn nanowires 

Figure 1 b) corresponds to a typical SEM cross-section view of the as-deposited densely packed 

array of Co2FeIn alloyed nanowires inside the pores of the H-AAO template. Additional bottom 
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and top protective Au caps can also be well distinguished due to the back-scattered electrons (BSE) 

contrast. The resulting electroplated nanowire arrays have an averaged diameter of 180 ±20 nm, 

around 300 nm of interspacing distance and 14.5 µm in length, with a Co48Fe25In27 averaged 

composition obtained from EDS analysis with the SEM, (see Figure S3 from Supporting Info). 

STEM mode images and EDS elemental mapping of the single isolated nanowires after releasing 

them from the nanoporous H-AAO template have been taken in order to verify the shape and 

composition homogeneity of the Co2FeIn alloyed nanowires grown by pulsed electrodeposition, 

as they are shown in Figure 3.  

These micrographs reveal that the Co, Fe and In chemical content distributions are very uniform 

along the entire nanowires. The protective SiO2 coating layer that covers the Co2FeIn nanowires 

is rather uniform, as it can be clearly distinguished in the upper end of nanowire shown in the 

Figure 3 a). Local EDS analyses with TEM indicate an averaged percentage in atomic composition 

(at%) of Co = 47 ± 1, Fe = 25 ± 1, In = 28 ± 1, for the Co-Fe-In alloyed nanowires, in good 

agreement with the EDS analysis carried out by SEM. Individual Co2FeIn nanowires released from 

the hosting H-AAO membrane can be clearly distinguished form the low-magnification TEM 

image shown in the Figure S4 a) of Supporting Info, confirming the average nanowire diameter 

and length previously checked in the SEM images. 
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Figure 3: STEM image (a) and EDS elemental mapping analysis (b-d) of a single nanowire revealing 

that Co, Fe and In elements are uniformly distributed throughout the whole nanowire dimension. The 

scale shown in (a) applies also to figures (b-d). 

High-magnification TEM image shown in Figure S4 b) of Supporting Info, disclose the rather 

uniform conformal SiO2 coating layer deposited by ALD that covers the Co2FeIn alloyed 

nanowires, with a thickness of around 6 nm.  

Microstructural analysis of single isolated Co2FeIn Heusler nanowires was performed by high-

resolution transmission electron microscopy (HR-TEM) mode, as reported in Figure 4 a). The HR-

TEM images, combined with electron diffraction experiments shown in Figure 4 b), reveal the 

a)

c)

b)

d)
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polycrystalline features of electrodeposited nanowires. In the HR-TEM analysis shown in Figure 

4 a), the polycrystalline structure of the nanowires is disclosed by direct observation of nanograins 

into the same nanowire. However, they tend to display the {220} planes nearly oriented 

perpendicular to the nanowire long axis exhibiting a pronounced {220} texture. The selected area 

electron diffraction, SAED, patterns (Figure 4 b) show spotted rings that can be indexed to the 

reflections of the (220), (400), (422), (440), (620), (444), (642), (660), (840) and (862) planes of a 

Co2FeIn Heusler phase with a lattice parameter of a = 5.72 ± 0.03 Å, which is lower than the 

calculated equilibrium lattice constant reported in reference [47]. All of such reflections satisfy the 

condition h + k + l = 4n (where n is an integer) with h, k and l all even. This fact is characteristic 

of a pure A2 Heusler structure [38], within which the Co, Fe and In sites are disorderly distributed 

into the cubic crystalline structure of the Co2FeIn nanowires. For B2 and L21 structures, reflections 

satisfying the condition h + k + l = 4n + 2 with h, k, l all even are also expected. Additionally, odd 

superlattice reflections (with h, k and l all odd) is only expected for the L21 structure [38]. 

XRD pattern of the Co2FeIn nanowires array shown in the Figure 4 c), confirmed the results 

obtained from the SAED analysis. Three well-defined peaks are observed at 44.4º, 64.6º and 81.8º, 

which can be indexed as the diffractions coming from the (220), (400) and (422) planes of a 

Heusler phase of the Co2FeIn alloy with a lattice constant a = 5.764 ± 0.001 Å. The coherence 

lengths obtained from these diffraction peaks using the Scherrer formula [56], (13, 11 and 10 nm, 

respectively), are significantly smaller than the dimensions of the nanowires, indicating that 

nanowires are polycrystalline. On the other hand, the dominant (220) diffraction peak indicates 

that the Co2FeIn nanowires exhibit a crystalline texture with the [110] direction along the long axis 

of the nanowires, in agreement with the HR-TEM results. Moreover, a very small peak ascribed 

to the diffraction of the (111) planes corresponding to the fcc phase of metallic gold appears at 
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38.3º. The observed peaks of the Co2FeIn phase satisfy the condition h + k + l = 4n, (where n is an 

integer), characteristic for a pure A2 Heusler structure, similarly as in the case of SAED pattern of 

a single nanowire [38]. 

 

20 30 40 50 60 70 80 90

(4
2

2
)

(4
0

0
)

 

 

In
te

n
s

it
y

 (
a
rb

it
ra

ry
 u

n
it

s
)

2 (º)

(2
2

0
)

Au

a) b)

c)

Page 15 of 35

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16 

 

Figure 4: (a) HR-TEM micrograph of a single Co2FeIn alloy nanowire. The inset image is a 

magnification of the highlighted area. (b) SAED pattern of the single nanowire. (c) XRD spectrum 

of the Co2FeIn nanowires array embedded inside the pores of the H-AAO template. 

3.3 Magnetic behavior of Co2FeIn nanowires 

In order to determine the whole magnetic behavior of the Co2FeIn Heusler alloy nanowires in 

the arrays, the magnetic hysteresis loops were measured in both, parallel and perpendicular 

directions of the applied magnetic field with respect to the nanowires axis, at the temperature of 

10 K (Figure 5 a). The parallel and perpendicular hysteresis loops displayed in Figure 5 a, which 

are normalized by the maximum signal at saturation of the magnetization (MS), show a noticeable 

tilting towards increasing applied field values that is usually ascribed to the magnetostatic dipolar 

interactions among the nanowires in the array [26]. The squared shape of bulk magnetic hysteresis 

loop carried out in the parallel direction to the nanowires axis, points to the fact to a more bistable 

magnetic behavior whose easy magnetization axis lies parallel to the nanowire´s longitudinal 

direction. Domain wall propagation dominates in this axial direction, as confirmed also by MOKE 

measurements carried out in single isolated nanowires.  

The bulk hysteresis loops of the nanowire arrays measured in the perpendicular direction reveal 

that the magnetization rotation process becomes dominant along this hard magnetization axis. In 

this last direction, the magnetization begins to saturate at higher value of the applied magnetic field 

(7 kOe) in comparison to the hysteresis loop measured along the parallel direction (3 kOe). This 

fact indicates an anisotropic behavior where the easy magnetization axis may be close to the 

parallel direction to the nanowires axis. Coercive field (HC) of nanowires array for both applied 

magnetic field directions are also enhanced in the inset shown in the panel below. It can be clearly 
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seen that coercivity measured at 10 K along the parallel direction to the nanowires axis reaches 

higher value (265 Oe), than in the perpendicularly magnetized direction (1.5 Oe), what also 

indicates that the easy magnetization axis of the Co2FeIn alloy nanowires array lies along the 

nanowires length. This fact is due to the combined effects of the dominant role played by the 

magnetostatic shape anisotropy of the high aspect ratio (length/diameter) cylindrical nanowires, 

together with the crystalline texture along the [110] direction observed by XRD and HR-TEM in 

the polycrystalline nanowires. 
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Figure 5: (a) Hysteresis loops of Co2FeIn Heusler alloy nanowires array embedded in H-AAO 

template measured at 10 K along both, the parallel (line) and perpendicular (line with empty circles) 

direction of the applied magnetic field with respect to the nanowires axis. The inset displayed in the 

panel below shows a magnification of hysteresis loops at coercivity values. (b) Isothermal 
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magnetization curves and corresponding anisotropy field distribution (AFD), obtained as a function 

of the temperature, for the Co2FeIn Heusler alloy nanowires perpendicularly magnetized to their 

longitudinal axis. (c) The comparison of temperature dependence of the maxima of the anisotropy 

field distribution (Hamax(T)), temperature dependence of saturation magnetization (MS(T)) measured 

under an external magnetic field of 10 kOe and coercive field evolution with temperature (HC(T) 

measured in the parallel direction to nanowires axis. 

One of the crucial parameters that describes the magnetic properties of any magnetic system is 

its magnetic anisotropy, which is characterized by the anisotropy field, Ha. The anisotropy field 

distribution (AFD) can be easily determined from the magnetic hysteresis loops measured in the 

perpendicular direction with respect to the wires axis. Considering the magnetization curve of each 

nanowire, measured perpendicularly to the easy magnetization axis, which saturates at the 

anisotropy field value, Ha, the second order derivative of the magnetization curve gives the 

distribution of the anisotropy field [57, 58]. 

According to this method, the anisotropy field distribution, P(Ha), can be deducible from the 

positive descendent branch of the perpendicular hysteresis loop between saturation and remanence, 

detected in the perpendicular direction to the easy magnetization axis: 

𝑃(𝐻a) =  −𝐻
𝑑2

𝑑𝐻2 < 𝑀(𝐻) > |𝐻=𝐻a,       (1) 

where M is the magnetization and H is the applied field [57, 58]. 

Figure 5 b) shows the isothermal magnetization curves and their corresponding anisotropy field 

distributions, P(Ha), obtained at different temperatures, for the Co2FeIn Heusler alloy nanowires 

when the magnetic field was applied perpendicularly to the nanowires length. The P(Ha) obtained 
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from the hysteresis loop measured at 10 K shows a symmetric shape with a maximum at 6234 Oe 

and a full width at half maximum (FWHM) of 2468 Oe. With the increase of the temperature, the 

peak of the anisotropy distribution shifts to lower magnetic field value, which has been similarly 

observed in nanostructured systems [59]. The temperature dependence of the maximum of the 

P(Ha) distribution, together with the coercive field, HC (measured in the parallel direction), and 

saturation magnetization, MS, are also plotted in Figure 5 c). The similar decrease observed for 

these three magnitudes (P(Ha), HC, MS) with the temperature suggest the same origin, which can 

be explained in terms of the homogenization of the effective magnetic anisotropy. Small variations 

may be caused by the thermomagnetic evolution of the saturation magnetization. The origin for 

the temperature dependence of the effective magnetic anisotropy and coercivity should reflect the 

compromise of the temperature dependence for the overall magnetic anisotropy energy 

contributions namely, magnetoelastic, magnetocrystalline and shape or magnetostatic terms, 

where the most relevant role would be played by the magnetocrystalline and magnetoelastic 

anisotropy terms. In the last case, it has to be considered two contributions for the magnetoelastic 

coupling, the temperature dependence of the magnetostriction coefficient of the metallic alloy and 

that of the mechanical stress arising from the different thermal expansion coefficients between the 

metallic nanowires and the ceramic alumina template. On cooling, the metallic nanowires tend to 

contract faster than the ceramic alumina template, thereby giving rise to induced radial tensile 

mechanical stress, which result in an increasing of the uniaxial anisotropy parallel to the nanowires 

axis [29, 60]. 

Additionally, the temperature dependence of saturation magnetization, MS(T), of Co2FeIn 

Heusler nanowires shown in Figure 5 c), exhibits the ordinary ferromagnetic behavior. The Curie 

temperature (TC) was found to be well-above our experimental setup and room temperature, which 
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is in a good agreement with the TC values of other Co2Fe-based Heusler compounds (~1000 K) 

[61]. 

On the other hand, there are some experimental works dealing with the magnetic properties of 

Co2Fe-based Heusler alloys having similar compositions. Alloys in the form of bulk that were 

prepared by means of different experimental methods like electrochemical deposition (Co2FeSn) 

[62], arc melting (Co2FeSi) [63], and melt spinning (Co2FeSi) [64], exhibit a comparable soft 

ferromagnetic behavior with low HC values ranging up to 100 Oe. 

In order to determine also the magnetic behavior of a single isolated Co2FeIn nanowire, 

magneto-optical Kerr effect (MOKE) technique has been used. The intrinsic magnetic behavior of 

single, isolated nanowires may be determined by measuring their hysteresis loops using the 

magneto-optical Kerr effect. This technique allows for characterizing isolated Co2FeIn nanowires 

without considering the effect of strong magnetostatic dipolar interaction that take place in densely 

packet nanowire arrays. In addition, hysteresis loop measurements performed by MOKE on single 

freestanding nanowires under different temperatures could provide an approached method for 

unveiling the different contributions to the magnetothermal behavior induced by magnetoelastic 

effects that appear in nanowire arrays embedded in AAO templates [60, 65], which could be 

subject of future works.  

Figure 6 a) displays a representative example of the longitudinal MOKE hysteresis loops 

obtained for single isolated Co2FeIn alloy nanowires. The shape of the loops is similar to that 

previously reported in Co-rich nanowires [25], and it is characterized by a competition between 

shape and magnetocrystalline anisotropy contributions that lead to a complex magnetization 

reversal process.  
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Figure 6: (a) Longitudinal MOKE hysteresis loops of a single Co2FeIn Heusler alloy nanowire 

measured at RT. (b) Switching field, HSW, distribution obtained from MOKE measurements for a 

population of over 50 single isolated Co2FeIn Heusler alloy nanowires. 

In first place, the magnetization progressively decreases from saturation, suggesting local 

magnetization rotation processes as the applied magnetic field is reduced. Then, the magnetization 

of the nanowire switches in a single jump to the opposite value to that of the initial state. The 

switching field distribution (HSW), was obtained from the measurement of about 50 independent 

nanowires, as shown in Figure 6 b). The dispersion in switching fields, HSW, could be understood 

in terms of different factors, such as small variations in diameter and length between different 

nanowires. Nevertheless, a Gaussian-like distribution is found, with a mean value of <HSW>= 124 

Oe and a FWHM of 27 Oe. The mean value of the switching field as measured by MOKE, <HSW>, 

is slightly larger than the coercivity, HC, of the array of nanowires measured at the same 

temperature by SQUID, which takes a value of 85 Oe. This apparent discrepancy has been 

previously found in ferromagnetic nanowires and it is linked to the strong magnetostatic 

interactions that take place among neighboring nanowires in the array [25, 66]. 

4. Conclusions 
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In summary, we report on the first electrochemical synthesis of ternary Co2FeIn Heusler alloy 

nanowires, which are fabricated by a simple template-assisted electrodeposition method in H-AAO 

membranes. This template-based method of synthesis is a facile approach for obtaining large 

amounts (in the order of 109 nanowires/cm2) of dense metallic arrays of Heusler based nanowires 

with high aspect ratios, having a mean diameter of about 180 nm and around 14.5 µm in length. 

The EDS elemental mapping analyses reveal that the chemical compositional distributions of the 

elements (Co, Fe, In) is very uniform along the nanowires length. HR-TEM, SAED and XRD 

analyses confirmed that the Co2FeIn alloyed nanowires exhibit a polycrystalline character, having 

a cubic A2 disordered Heusler structure with a lattice parameter of 5.764 ± 0.001 Å and (220) 

texture. Magnetic measurements, performed on both, nanowire arrays or single isolated and non-

interacting nanowires, revealed their soft ferromagnetic behavior, where the magnetization 

rotation process dominate near saturation of magnetization and having the easy magnetization axis 

lying parallel aligned to the nanowires long axis, with the Curie temperature well-above the room 

temperature. As discussed before, the easy and low-cost preparation method of Heusler alloy 

nanowires via template-assisted electrochemical deposition is a promising and new forward-

looking fabrication of Heusler nanomaterials for their applications in many research fields such as 

in spintronics and magnetic data recording.  

Supporting Information.  

The supporting information is available free of charge, containing a detailed description of the 

fabrication of AAO templates by means of HA technique. In addition, current/voltage transients 

obtained during pulsed electrodeposition of Co2FeIn Heusler alloy nanowires are reported. SEM 

and TEM analysis of the Co2FeIn Heusler alloy nanowires, well in the array or after being released 

from the hosting pores of the alumina membrane, are also shown. 
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