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ABSTRACT:  

Cylindrical nanowires made of Co2FeSn Heusler alloy with high spin polarization have been synthetized 

via template-assisted electrochemical deposition in nanoporous anodic alumina membranes. Their 

microstructure and morphology have been characterized by in situ studies of X-ray diffraction, together 

with scanning and transmission electron microscopy techniques. The basic structural and magnetic 

characterization revealed a B2-type cubic ordered Heusler structure with a lattice parameter of around 

5.8 Å and the [110] direction, preferably aligned with the longitudinal axis of the polycrystalline 

nanowires. The easy magnetization axis is parallel to the nanowire´s axis too. The Point-Contact Andreev 

Reflection spectroscopic measurements performed on the nanowire´s fresh surface released high 

polarization values i.e., P = 0.85-1 and prove that the high spin polarization or half-metallicity will be 

preserved in the nanoscale regime. The presented results open the possibilities towards future exploration 

of Heusler nanowires with high spin polarization, which are promising materials for applications in 

spintronics and high-density magnetic data recording.  

 

Keywords: Heusler alloys, electrodeposition, ferromagnetic nanowires, spin polarization, Spintronics 
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1. Introduction 

The performance of conventional electronic devices can be significantly enhanced with spintronics, 

where not only the charge of the electron but also its spin is used to transfer and store the information.1 

Several Heusler alloys exhibit half-metallic nature, high Curie temperature, high magnetic moment, and 

low Gilbert damping, that makes them suitable candidates for spintronic applications.2-5 The peculiar 

properties of Half-metallic materials arise from their electron density of states. While one of the spin 

channels behaves like an ordinary metal, the other one behaves as an insulator and exhibits an energy 

band gap at Fermi energy level.3, 4 Therefore, Heusler alloys may enhance the performance of spintronic 

devices like magnetic tunnel junctions, giant magnetoresistance, or spin-transfer torque.6, 7  

Previously, spin polarization values close to 100 % were observed for several materials, such as: 

EuS,8 and EuO,9 (both highly spin-polarized), Fe3O4,
10 and metastable CrO2.

11 However, the mentioned 

materials are neither suitable for large spin transport effect nor compatible with applications or silicon 

platforms due to the poor electrical contact.1, 2 Consequently, the search for novel materials with high 

spin polarization values continuously increases. Heusler alloys are another example of materials 

exhibiting excellent physical properties. Generally, Heusler alloys have X2YZ stoichiometry and 

crystalize in L21 structure. In some cases, Heusler alloys may crystalize in disordered phases such as B2 

(Y-Z disorder), DO3 (X-Y disorder), or A2 (X-Y-Z disorder).12, 13 Some of the disorders must be present, 

especially in the case of off-stoichiometric Heusler alloys. However, the influence of disorder on spin 

polarization in Heusler alloys is a complex task, since the spin polarization may be affected differently.  

Page 3 of 34

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



4 
 

Sometimes the disorder may stabilize the half-metallicity, and in some cases, the presence of the disorder 

may reduce the spin polarization values.13 

Thanks to the new experimental approaches, a significant evolution can be observed, especially 

in Heusler alloys, which are suitable for spintronic applications.14 Heusler alloys have been widely 

studied in the form of bulk materials and thin films,15-17 whereas the synthesis and study of these alloys 

in the form of 1D and 0D nanostructures remains an open challenge. The reduced size and the size- and 

shape-dependent properties of such nanostructures could preserve a disruptive role in diverse 

technological areas such as in spintronics, skyrmionic structures and topological insulators.18 

Co2-based Heusler alloys are well known for their high saturation magnetization and Curie 

temperature, which are the essential requirements for spintronic devices or magnetic-based memories.19 

Even though it is a hot topic, the fabrication of Co2-based Heusler nanowires is not a trivial task, and 

only a few scientific papers are dealing with this issue.20-29 The nanowires may exhibit strong 

perpendicular magnetic anisotropy for spintronics applications, but usually with the lack of spin 

polarization characterization.30 There is still a strong demand for the preparation of next-level 3D 

magnetic “racetrack” memory devices. The racetracks are generally presented as magnetic arrays made 

of nanowires with a diameter of about 100 nm and few micrometers tall. One of the crucial parameters 

is the presence of the spin-polarized current that shifts the information written in the magnetic domain 

wall pattern with high efficiency.31 Therefore we have decided to prepare Co2-based nanowires with an 

even lower diameter (60 ±5 nm) as compared to our previous work (180 ±20 nm) and additionally 

determined the spin polarization.26 

  One of the biggest challenges for new materials that are considered for spin-injection is to 

determine their spin polarization ratio.1 Therefore, the measurement of spin polarization in magnetic 

nanomaterials remains still as a difficult task. To the best of our knowledge, there are no experiments, 
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dealing with the direct experimental study of spin polarization in half-metallic nanowire arrays. Due to 

the limitation of optical methods on the nanoscale, electrical transport measurements are one of the 

simplest approaches for the determination of the spin polarization.1 There is only one report on spin 

polarization measurements on Fe1-xCoxSi nanowires, but with only the highest observed value of P = 

0.35.1  Here the question arises whether the half-metallicity is preserved in the nanoscale dimension.  

The mentioned low spin polarization was obtained using a four-probe scheme with lithographically 

fabricated nanowire contacts.1 On the other hand, classical point-contact Andreev reflection (PCAR) 

spectroscopy allows for the experimental study of spin polarization in a much simpler way, by measuring 

current-voltage (CV) characteristics on ballistic point-contacts formed by pressing a sharp 

superconducting tip to the surface of a spin polarized system.1, 15, 32-34 

Co2FeSn Heusler alloy is a suitable candidate from the Co2-based group because of the predicted 

high spin polarization values.35 It has also been shown earlier that the deposition of Co2FeSn Heusler 

alloy from aqueous solution in the form of thin films and nanowires is possible.36-38 Therefore, Co2FeSn 

alloy nanowires have been grown in the nanopores of Anodic Alumina Oxide (AAO) membrane using 

the pulsed electrochemical deposition method (Figure 1). The presented approach can be used to fabricate 

new Heusler nanowires with high spin polarization for spintronic applications.26 Moreover, it allows the 

fast production of a large amount of uniform ferromagnetic nanowires formed in dense arrays. To 

determine the spin polarization values of prepared nanowires, we have performed PCAR spectroscopy 

measurement using mechanically formed ballistic point-contacts between the array of Co2FeSn 

nanowires and the superconducting Nb tip. It is shown that by creating a contact with a fresh surface of 

the nanowires in the array it is possible to obtain very high spin polarization values.  
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Figure 1. Schematic representation of Co2FeSn nanowires synthesis method based on AAO template-

assisted electrodeposition. The nanowires are covered with a protective SiO2 layer deposited by ALD, 

and they can be easily released from the AAO membrane by selective chemical etching.  

 

2. Results and Discussion 

2.1. Microstructure and compositional analysis of Heusler nanowires 

The shape, chemical composition, and crystalline structure of the Co2FeSn nanowires were characterized 

by transmission, scanning, and scanning transmission electron microscopy techniques (TEM, SEM and 

STEM, respectively), and energy dispersive X-ray spectrometry (EDS). Figure 2 (left) shows the cross-

section of the AAO membrane filled with deposited Co2FeSn nanowires (60 (±5) nm diameter, 10 μm 

long) and having about 105 nm of internanowires spacing distance. The gold nanocontacts and the 

additional Au segments on the top of the nanowires may be well recognized as well. The thickness of the 

protective SiO2 coating layer deposited by atomic layer deposition (ALD) technique is about 4 nm. EDS 

elemental mapping studies show a rather uniform distribution of the Co, Fe and Sn elements along the 

entire nanowires (Figure 2 (right, down)). The quantification of the atomic composition of the Co-Fe-Sn 
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alloyed nanowires obtained from the EDS measurements indicates the following atomic contents: 53 (±2) 

at% of Co, 20 (±2) at% of Fe, and 27 (±2) at% of Sn. 

 

Figure 2. (left) the corresponding cross-section for the Co2FeSn nanowires in the array and SEM 

micrograph of the top view of free-standing nanowires without upper Au caps and protective SiO2 coating 

layer which is not present in the case of the sample prepared for microcontact spectroscopy (inset). (right, 

down) STEM analyses of Co2FeSn nanowires with EDS mapping disclose the uniform distribution of 

the atomic content of Co, Fe and Sn into the nanowires and the presence of the SiO2 coating layer. 
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X-ray diffraction (XRD) pattern (Figure 3a) of self-assembled Co2FeSn nanowires 

electrodeposited into the alumina template, measured at room temperature, displays an intense peak at 

44.25º and a very small peak at around 30°, which are assigned to the (220) and (200) reflections, 

respectively, of the body-centered cubic (bcc) Co2FeSn Heusler structure with a lattice parameter of 

5.784 (±4) Å, in agreement with the previous studies.38 Other reflections are not observed in this pattern. 

This fact and the large difference between the intensities of the (200) and (220) diffraction peaks indicate 

that the nanowires exhibit a crystalline texture with the [110] direction preferentially oriented along the 

nanowire axis. The obtained value of the mean coherence length, L220 = 10 nm, is significantly smaller 

than the length and width of the nanowires, indicating that the nanowires are polycrystalline and formed 

by several nanocrystals that tend to share their [110] direction oriented along the long nanowire axis. 

Microstructural analysis using high resolution (HR) and dark-field TEM images in combination 

with Selected Area Electron Diffraction (SAED) measurements (Figures 3b-3e), confirm the 

polycrystalline character of the nanowires and their B2 cubic crystalline structure. Fig. 3b is a SAED 

pattern of several nanowires that may be indexed to the reflections of the (200), (220), (400), (422), 

(440), and (620), which are characteristic for a pure cubic B2 Heusler structure.39 This structure is defined 

with the Y-Z (Fe-Sn) disorder, and according to theoretical calculation this fact may result in a slight 

reduction of the spin polarization values.40 Figure 3c shows a dark-field TEM image of a single nanowire 

where several nanocrystals are distinguished.  The study of a small area of a single Co2FeSn Heusler 

nanowire by HRTEM (Figure 3d) and SAED (Figure 3e) shows that the B2 Heusler nanocrystals of the 

nanowires roughly tend to display their [110] direction along the long nanowire axis in agreement with 

the conclusions obtained from the XRD analysis. 
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Figure 3. (a) XRD pattern of Co2FeSn nanowires electrodeposited into the alumina template with B2 

cubic phase, (b) SAED pattern corresponding of several nanowires indexed to the B2-type cubic Co2FeSn 

Heusler structure. (c) Dark-field TEM image of a single nanowire. (d) HR-TEM micrograph of a single 

Co2FeSn nanowire, the arrow indicates the direction of the long axis of the nanowire, (e) SAED pattern 

of the same area studied in the panel (d). It is observed that the direction of the long nanowire axis, 

highlighted in panel (d), roughly falls in the <110> direction (see panel (e)). 

 

2.2. Magnetic properties and Spin Polarization of Co2FeSn nanowires 

The magnetic properties of Co2FeSn Heusler nanowires located in the AAO membrane have been 

determined with the magnetic hysteresis loop measurements. The sample has been measured in the 

magnetic field with the parallel and perpendicular orientation to determine the nanowire´s easy 

magnetization axis, at the temperature of 300 K (Figure 4a). The bulk hysteresis loops of the NW array 

reveal their soft magnetic behavior with a saturation magnetization of about 1657 emu/cm3 and low 

coercive field (HC) values. It can be seen (inset of Figure 4) that the coercivity measured in the parallel 

direction reaches higher values (~360 Oe) than in the perpendicular direction (~17 Oe). This indicates 

that the easy magnetization axis is parallel to the nanowires axis due to the shape anisotropy. 

In both parallel and perpendicular directions, the magnetization saturation of the nanowires arrays 

is reached in the high magnetic field range via magnetization rotation process. The presence of strong 

magnetostatic interactions between the nearest neighboring nanowires leads to the poor squareness and 

narrow coercive field.26, 41-43 This effect results in a subsequent switching of individual nanowires even 

though the nanowires exhibit similar coercive fields and good squareness, as observed in our previous 

study.26 Additionally, the temperature dependence of magnetization confirmed high Curie temperature 

well above 1000 K, as shown in Figure 4b. On the other hand, in the case of magnetic racetrack memory 
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the huge anisotropy is not necessary, the squareness of a single domain (bit) is almost 100%, and the 

coercivity can be enhanced with the pinning centers.44 

 

Figure 4. (a) Magnetic hysteresis loops measured at 300 K in an array of Co2FeSn nanowires for both 

the parallel and perpendicular direction with respect to the nanowire´s axis, (b) normalized temperature 

dependence of magnetization M(T)/M(RT), revealing high Curie temperature (>1000 K).  

 

The spin polarization of the Co2FeSn nanowire arrays was studied by means of PCAR 

spectroscopy measurements.15, 32, 45, 46 This method enables direct experimental study of the 

superconducting energy gap through point-contacts formed between a normal metal (N) and a 

superconductor (S).32 The spectroscopy conditions are fulfilled only in ballistic contacts, where the 

dimension of the microconstriction is smaller than the mean free path of electrons. The PCAR 

conductance measured on N-S ballistic point-contacts can be described with the Blonder-Tinkham-

Klapwijk (BTK) theory.45, 46 This theory, introducing parameters of the superconducting energy gap Δ, 

the barrier strength Z and the spectral broadening Γ (which is the imaginary part of the energy 15, 45 E = 

E’ + iΓ), explains the evolution of the PCAR spectra between a pure metallic (Z = 0) and a tunneling like 
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(Z >> 0) point-contact. At low temperatures T→ 0 and high contact transparency Z = 0, the Cooper pairs 

are injected at the PC interface at energies E < Δ through Andreev reflection. Accordingly, the PC 

conductance doubles at energies inside the gap. The increase of the barrier strength Z reduces the PC 

conductance around zero energy forming two well-defined peaks at ± Δ. It is important to notice, that 

only non-polarized electrons can take a part at the Andreev scattering processes.    

When a ballistic point-contact is formed between a superconductor and a metal with the degree 

of spin polarisation, the Andreev reflection contribution is reduced with the level of spin polarisation.32 

The transport of charge carriers through such point-contact can be described with the BTK model 

modified for the Andreev-reflection of quasiparticles in spin-polarized systems (MBTK). This two-

channel model defines the PCAR conductance as the weighted sum of the Andreev-reflection and the 

spin-polarized channel contribution. 11, 15, 45, 47 The value of P is then defined through the weight of the 

spin-polarized channel.15 

Our experiments were performed on Nb/NW array point-contacts. Due to the direct contact of the 

Nb tip with several Co2FeSn nanowires, multiple ballistic contacts offered ideal conditions for PCAR 

measurements. There will be no difference between PCAR spectra measured on one or more nanowires. 

All parameters determined from fitting procedure represent the average value of the multiple ballistic 

contact. Tens of point-contact spectra were measured on different areas of NW array at T ~ 1.5 K. The 

ballistic PCAR spectra with a characteristic superconducting gap structure were measured at contact 

resistances in the range RPC = 5 – 35 Ω. The spin polarization parameter P was determined from fitting 

of the PCAR spectra to the thermally smeared MBTK model. The fitting procedure employed a constant 

value ΔNb(0) = 1.53 meV, so the Andreev reflection contribution was controlled mainly through the 

parameters P, Z and Γ. The suppression of spectral features with increased Γ had to be excluded because 

its strongly enhanced value shifts the gap maxima positions to higher energies and the gap ΔNb(0) = 1.53 

meV cannot fit the suppressed Andreev reflection contribution. The values of P were determined 
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exclusively from PCAR spectra measured on highly transparent contacts (Z<0.5).11, 15 46, 47 The 

correctness of the fitting procedure was verified with fitting of the temperature dependence of the PCAR 

spectra from the lowest experimental temperatures up to the critical temperature of the superconducting 

state of niobium. When the value of P is determined correctly, the whole temperature dependence can be 

fitted with the same values of P, Z, Γ and the only temperature-dependent parameter Δ reveals BCS-like 

temperature dependence.32  

Figure 5 shows the temperature dependence of the Nb/NW array point-contact spectra (solid gray 

lines).  The solid lines represent the fitting curves, which have been obtained at almost temperature-

independent values of the fitting parameters P = 0.65, Z = 0.34, Γ = 0.16 ± 0.2 meV. The only temperature 

dependent parameter, the energy gap Δ(T) is plotted with black symbols in the inset of Figure 5. It is 

evident, that the suppression of the gap with increased temperature follows the predictions of the BCS 

theory (solid line).  The obtained BCS-like temperature dependence of the energy gap of niobium with 

ΔNb(0) = 1.53 meV and the almost temperature-independent values of the fitting parameters  P, Z and  Γ 

strongly support the correctness of the fitting procedure. 
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Figure 5. Temperature dependence of the Point-Contact Andreev Reflection spectra measured on an 

Nb/NW array point-contact at temperatures from the bottom curve 2.3 K, 3.1 K, 4.1 K, 5.1 K, 6.1 K, 7.1 

K, 8.1 K, 8.6 K, and 9.1 K (gray symbols) and the corresponding fitting curves (green lines) and fitting 

parameters (see the legend). The inset shows the evolution of the superconducting energy gap of the Nb 

tip with temperature (black symbols) and predictions of the BCS theory (red line).  

 

The left panel of Figure 6 depicts typical PCAR spectra measured on Nb/NW array point-contacts 

at T = 1.5 K with symbols, where the solid green lines are fitting curves. The corresponding fitting 

parameters P and Z are shown in the legends. The smearing parameter Γ was in the range Γ ~ 0.1Δ-0.5Δ. 

PCAR spectra measured through point-contacts formed with weakly (weak PC) and strongly pressed Nb 

tip (strong PC) to the natural surface of NW array are shown in the bottom and middle panel, respectively. 

The upper panel shows the spectra measured on freshly cleaved surfaces of the Heusler nanowires (fresh 

point-contacts). The cleavage (breaking of nanowires) was performed in-situ with a horizontal movement 

of the strongly pressed Nb tip. Our main result, concerning the evolution of the spin polarization 

parameter P with the point-contact barrier strength Z determined from the fitting of all measured PCAR 

spectra at the lowest experimental temperatures, is displayed in the right panel of Figure 6.  
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Figure 6. Spin polarization (P) dependence on barrier strength (Z) for Co2FeSn nanowire arrays - right 

panels and examples of PCAR experimental data (gray lines) and fits (green symbols) at T = 1.5 K in 

three different measuring modes – left panels.  The values of spectral smearing parameter Γ were between 

Γ ~ 0.1Δ-0.5Δ. The results shown in the bottom and middle panels are characteristic for the point-contacts 

formed with weakly and strongly pressed Nb tip to NW array, respectively. The upper panels show results 

obtained on freshly cleaved NW array surfaces. The central 3D pictures visualize the point contact area 

in each mode. 

 

Comparing the experimental conditions (depicted in 3D drawings in Figure 6) with the obtained 

P-Z dependence, important surface properties of our Co2FeSn nanowires can be found. The very first 

“weak PCs” measured on different areas of the NW array sample show the lowest point-contact 

transparency and the lowest values of the spin polarization parameter. When the Nb tip was weakly 

pressed into the NW array surface, we observed a decrease of the contact resistance from 35 Ω to 25 Ω, 

a reduction of the barrier strength Z from 0.5 to 0.4 and an evident increase of the spin polarization 

parameter P from 0.2 to 0.5 (lower panels in Fig. 5). It indicates the presence of surface phase(s) or 
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material deterioration with lower spin polarization compared to the inner part of the nanowires.  Surface 

oxidation can occur during the chemical etching of the alumina membrane. Therefore, we tried to 

suppress the influence of surface effects or oxides by pressing the Nb tip deeper into the surface of 

nanowires. We were able to reduce the point-contact resistance down to R →10 Ω and the barrier strength 

parameter to Z → 0.2, keeping the ballisticity of the contacts. The possible partial cleaning of the surfaces 

enabled us to see deeper into the sample and approach the phase(s) with polarization P→0.8 (Figure 6, 

middle panels).  

The highest values of the spin polarization were observed on “fresh PCs” (top panels in Figure 

6). In these contacts, the spin polarization P is not a function of the barrier strength Z. The values are 

scattered in the range P = 0.85–1 in the broad interval of the barrier strength Z = 0.1-0.4. It means that, 

due to the in situ cleaving, the influence of the oxidized surface layer is missing. The obtained P values 

represent the average of the spin polarization of each nanowire forming the point-contact. It suggests, 

that, the very high spin polarization P is an inherent property of the Co2FeSn nanowires. These values of 

the spin polarization are much higher than in the case of Co2FeSn layers studied in a sandwich of 

Fe/MgO/Co2FeSn magnetic tunnel junctions (MTJ).48 Moreover, the obtained values are even higher 

than in the case of PCAR measurements performed on Heusler alloys with similar composition.33, 34, 49, 

50 We suppose that the high values of spin polarization observed in our experiments on Co2FeSn 

nanowires are connected with the unique presented experimental approach. 

A dense array of parallel nanowires protruding from a conducting substrate enabled in situ 

cleaving and forming ballistic point-contacts for a direct experimental study of spin polarization on 

extremely clean surfaces of Co2FeSn nanowires. When the cleavage is made carefully, the broken parts 

of the nanowires will not cover the full contact area, and the point-contact current will flow through the 

areas with the lowest resistances (cleaved surfaces of nanowires in the NW array). 
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3. Conclusions  

 In conclusion, Co2FeSn Heusler alloy nanowires having a mean diameter of 50 nm, 105 nm of 

internanowires distance, and around 10 μm in length have been grown in nanoporous AAO membranes 

using potentiostatic pulsed electrochemical deposition. Structural XRD, HR-TEM and SAED, together 

compositional EDS analysis and basic SQUID magnetic characterization confirmed uniform chemical 

distribution of the elements and the polycrystalline character of Co2FeSn nanowires having a B2-type 

cubic ordered Heusler structure, with a lattice parameter of 5.784 (±4) Å that displays the grain [110] 

direction preferably aligned with the longitudinal axis of the nanowires. The basic magnetic 

characterization carried out on the Co2FeSn nanowires array supports their soft magnetic character 

having a saturation magnetization of about 1657 emu/cm3 and with their easy magnetization axis lying 

along the nanowire´s longitudinal direction. The spin polarization measurements were performed by 

using the Point-Contact Andreev Reflection spectroscopy, where a superconducting Nb tip was used to 

make the point-contact with the surface of the free-standing nanowires. After the mechanical cleavage 

of the Heusler nanowires in the array, the PCAR measurement revealed high spin polarization values in 

the range of P = 0.85-1 %. We show that the high spin polarization values or even the half-metallicity is 

preserved in the nanoscale regime, and the presented approach enables the direct experimental study of 

spin polarization on extremely clean, freshly cleaved surfaces. Therefore, the presented template-based 

synthesis method offers an easy approach for producing a considerable amount of uniformly arranged 

nanowires with novel chemical composition. Such architecture made of spin-polarized Heusler based 

alloy with high spin polarization is suitable for the future 3D “racetrack” memory, enhancing the capacity 

of solid-state magnetic data storage devices. Moreover, with the reduction of the pore diameters it is 

possible to prepare nanowires with lower diameter (10-15 nm) and therefore significantly enhance the 

density of the nanowires and possible data storage capacity.   
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4. Experimental Section 

Synthesis of Co2FeSn Heusler alloy nanowires: In the present work, the Co2FeSn nanowires were 

electrochemically deposited from the aqueous electrolyte, which contained metallic (Co, Fe, Sn) salts 

and different additives. To be able to perform the synthesis of Co2FeSn nanowires, (Figure 1), the 

backside of a SiO2 modified AAO template was firstly coated with a gold layer using Au sputtering 

(Polaron SC 7620). In the next step, Au nanocontacts with a length of about 1 μm, have been 

potentiostatically deposited from a gold plating solution Orosene 999.26 The Au nanocontacts can be 

distinguished in the light gray bottom part of the scanning electron micrograph of Figure 2. Subsequently, 

the deposition of Co2FeSn nanowires was performed from the aqueous solution (pH = 1.4) containing: 

Cobalt chloride (0.16 M), Iron sulfate (0.072 M) and Tin chloride (0.243 M), Sodium chloride (0.34 M), 

Gelatin (0.1 g/l) Saccharin (1 g/l) and Ascorbic acid (1 g/l). The acidic pH value of the electrolyte was 

carefully optimized to avoid precipitation of Sn. At the same time, gelatin enhances nucleation and 

minimizes dendritic growth, thus allowing the creation of complete Co2FeSn nanowires with a smooth 

surface, analogously to the case of Sn coatings.51 

The Co2FeSn nanowires synthesis was performed by potentiostatic pulsed electrodeposition (PED). 

The electrochemical set up consisted of a Teflon cell, a counter electrode (Pt wire mesh), a working 

electrode (AAO template with the gold coating), and a reference electrode (Ag/AgCl). The PED mode 

consists of pulses of 1.3 V (vs. reference electrode) and break pulses (open circuit potential). Each pulse 

was applied for 1 s. After about 30 minutes, the nanowires with approximately 10 μm in length were 

grown. The nanowires were released from the AAO membrane for transmission electron microscopy 

(TEM), by using chemical etching. Therefore, protective Au caps (0.4 μm) were deposited on the top 

side of the nanowires (Figure 2).26 The sample for spin polarization measurement was prepared without 

the SiO2 layer and protective Au caps on the free side of the nanowires. After the electrodeposition of 
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the nanowires, the AAO membrane was completely removed by selective chemical etching using 3M 

NaOH. After this modification, the dense NW array is suitable for point-contact spectroscopy. The 

bottom (golden) side of the sample was supported with additional Cu electrodeposited layer to enable 

electrical contacting of each nanowire in the array and avoid the destruction of the NW array sample.  

Microstructural and compositional characterization: A PANalytical X´Pert Pro MPD 

diffractometer, equipped with an Anton Paar HTK 1200N oven furnace and with Cu Kα radiation 

(λ=1.540598 Å), was employed to measure the X-ray diffraction (XRD) patterns of samples at room 

temperature. The scattering angles 2θ was varied in the range from 30º to 90º with a scan step size of 

0.0394º. The mean coherence length along the [220] direction, L220, of the body-centered cubic (bcc) 

Co2FeSn Heusler phase was determined using the Scherrer formula:52 

L220 =  
0.9𝜆

(𝛽 cos𝜃 )
                                                                  (1) 

where λ is the x-ray wavelength, β is the broadening of the (220) peak of a bcc phase and θ is the Bragg 

angle. 

The morphology and compositional analysis of the NW array were performed on Scanning 

electron microscope (SEM), JEOL-6100 with an accelerating voltage of 20 kV. 

A FEI-TITAN 80-300 kV microscope was operated at 300 kV to collect transmission electron 

microscopy (TEM) images and selected area electron diffraction (SAED) patterns at room temperature. 

Scanning transmission electron microscopy (STEM) characterizations were carried out with the same 

microscope in high-angle annular dark-field (HAADF) mode. Energy dispersive X-ray spectroscopy 

(EDS) compositional mapping studies were also realized during the TEM and STEM measurements to 

determine the chemical composition with higher precision. 

Magnetic properties and spin polarization measurements: The magnetic characterization of the 

NW array was performed using the Magnetic Property Measuring System (MPMS) with a 
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Superconducting QUantum Interference Device (SQUID), Quantum Design. The hysteresis loops were 

measured under applied magnetic field up to 50 kOe and in the temperature range from 10 to 400 K.   

The temperature dependence of magnetization has been measured with an in-house-made VSM 

apparatus in the external applied magnetic field of 3.7 kOe.  

PCAR measurements have been performed in a home-made point-contact spectroscopy insert with 

a mechanical X-Z approaching system enabling measurements in the temperature range T = 1.5 – 300 K 

in magnetic fields up to B = 8 T.15, 32, 44, 46 The point-contacts have been performed on different surface 

areas at T = 1.5 K with a sequential pressing of a sharp superconducting Nb tip to the natural or freshly 

cleaved surface of the studied NW array samples (Nb/ NW array point-contacts). The cleavage has been 

performed in-situ below T < 4.2 K with a horizontal movement of the strongly pressed Nb tip. The 

differential conductance has been measured using a standard lock-in technique. 
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Figure 2. (left) the corresponding cross-section for the Co2FeSn nanowires in the array and SEM micrograph 
of the top view of free-standing nanowires without upper Au caps and protective SiO2 coating layer which is 
not present in the case of the sample prepared for microcontact spectroscopy (inset). (right, down) STEM 

analyses of Co2FeSn nanowires with EDS mapping disclose the uniform distribution of the atomic content of 
Co, Fe and Sn into the nanowires and the presence of the SiO2 coating layer. 
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Figure 3. (a) XRD pattern of Co2FeSn nanowires electrodeposited into the alumina template with B2 cubic 
phase, (b) SAED pattern corresponding of several nanowires indexed to the B2-type cubic Co2FeSn Heusler 

structure. (c) Dark-field TEM image of a single nanowire. (d) HR-TEM micrograph of a single Co2FeSn 
nanowire, the arrow indicates the direction of the long axis of the nanowire, (e) SAED pattern of the same 

area studied in the panel (d). It is observed that the direction of the long nanowire axis, highlighted in panel 
(d), roughly falls in the <110> direction (see panel (e)). 
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Figure 4. (a) Magnetic hysteresis loops measured at 300 K in an array of Co2FeSn nanowires for both the 
parallel and perpendicular direction with respect to the nanowire´s axis, (b) normalized temperature 

dependence of magnetization M(T)/M(RT), revealing high Curie temperature (>1000 K). 
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Figure 5. Temperature dependence of the Point-Contact Andreev Reflection spectra measured on an Nb/NW 
array point-contact at temperatures from the bottom curve 2.3 K, 3.1 K, 4.1 K, 5.1 K, 6.1 K, 7.1 K, 8.1 K, 
8.6 K, and 9.1 K (gray symbols) and the corresponding fitting curves (green lines) and fitting parameters 

(see the legend). The inset shows the evolution of the superconducting energy gap of the Nb tip with 
temperature (black symbols) and predictions of the BCS theory (red line). 
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Figure 6. Spin polarization (P) dependence on barrier strength (Z) for Co2FeSn nanowire arrays - right 
panels and examples of PCAR experimental data (gray lines) and fits (green symbols) at T = 1.5 K in three 
different measuring modes – left panels.  The values of spectral smearing parameter Γ were between Γ ~ 
0.1Δ-0.5Δ. The results shown in the bottom and middle panels are characteristic for the point-contacts 

formed with weakly and strongly pressed Nb tip to NW array, respectively. The upper panels show results 
obtained on freshly cleaved NW array surfaces. The central 3D pictures visualize the point contact area in 

each mode. 
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