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Abstract: 

Magnetic characterization of ferromagnetic Ni-Fe-Ga shape memory nanowires using a 

temperature-dependent FORC analysis is shown. The hysteresis loops’ shape indicates a 

magnetic anisotropy that is governed by the magnetostatic interaction among neighboring 

nanowires. FORC measurement proved that the Ni-Fe-Ga nanowires´ array is a multi-domain 

and highly interacting system. The FORC analysis shows a minimal coercivity distribution 

that points to a uniform and homogeneous nanowires´ array. The change of the vertical spread 

of the FORC distribution divergence at about 395 K supports the ferromagnetic shape 

memory behavior and the structural transformation of the presented nanowires. The previous 

results are also supported by a unique TFORC analysis, showing structural changes within the 

transformation temperature region. 
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1. Introduction: 

 

The fabrication and design of advanced electronics, nanosensors, and nano-actuators is 

strongly dependent on the research of novel multifunctional materials [1–4]. Ferromagnetic 

shape memory alloys (FSMA) are among the most promising materials displaying optimal 

functionalities for smart electronics, sensors, and actuators [5–8]. Heusler alloys include 

materials with a wide range of properties. They are suitable for multifunctional applications 

using their multicaloric, half-metallic, or ferromagnetic shape memory behavior [9–16]. 
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Among Heusler alloys, the Ni2FeGa-based chemical composition is one of the most 

suitable for multifunctional applications. Ferromagnetic shape memory behavior of the 

Ni-Fe-Ga Heusler alloy has been investigated, and it shows strain values up to 10% under 

cyclic mechanical loading [17]. Structural features of the Ni2FeGa Heusler alloy reveal a 

characteristic L21 Heusler cubic structure at room temperature, and the alloy undergoes 

a martensitic transformation between the L21 high-temperature phase to the low temperature 

martensitic phases. Martensitic transformation temperature of the Ni-Fe-Ga Heusler alloy can 

be tuned by changing its chemical composition [9,18]. Its multicaloric behavior encloses an 

elastocaloric and magnetocaloric effect, which shows a large change of the total entropy, 

resulting from the combination of both the structural and magnetic phase transformations 

[9,19,20]. Moreover, its shape memory behavior can be used together with the multicaloric 

effect to produce an application-ready multifunctional material [16,21]. Its limitations depend 

on the fabrication technique and the resulting morphology of the prepared material. 

Magnetocaloric cooling devices might be prepared from the bulk samples of the Ni-Fe-Ga 

Heusler alloy [22], while the micro- and nanowires might work as a self-driven sensor of 

physical properties or as a nanoactuator in the field of biomedicine and nanoelectronics 

[23,24]. 

Preparation of nanomaterials offers new possibilities for the Ni-Fe-Ga Heusler alloy 

sensor and actuator applications. Multicaloric Ni-Fe-Ga thin films can be used for microchip 

cooling or precise temperature control during biomedical experiments and hypothermic 

cancer treatment [25–28]. Ni-Fe-Ga Heusler alloy nanowires offer application possibilities 

during the production of nano-scaled sensors and actuators, as shown in [23,24]. Moreover, 

since the magnetic field induced shape memory effect requires no additional energy source, 

the sensing and actuation process could run simultaneously [29].  
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However, the downsizing of a well-known material inserts additional effects into the 

system [30–33]. In Heusler alloys, the downsizing has been studied among the martensitic 

transformation temperature of thin films [34]. It has been shown that the reduction of a film 

thickness causes the martensite start temperature (   ) to decrease [30,31]. Therefore, the 

preparation of Heusler alloy nanowires opens a gateway towards a new research area, where 

the differences between the bulk and the nanodimensional materials are being studied.  

In order to understand the changes that take place within a multifunctional 

ferromagnetic material, it is necessary to determine the materials’ magnetic properties, which 

include the measurement of the samples’ magnetization or hysteresis loops. Magnetization 

measurements in the form of hysteresis loops, however, may provide only limited information 

about the coercivity distribution [35]. Therefore, it is necessary to employ additional research 

methods to determine the magnetic properties of a ferromagnetic material more precisely. One 

of the most promising methods is the First-Order Reversal Curve (FORC) measurement [36]. 

The FORC analysis of a magnetic material was firstly introduced by Roberts et al., who 

created a connection between the Preisach model and the first-order reversal curves measured 

from different values of the reversal magnetic field [37].  At first, the sample is magnetically 

saturated with a sufficient magnetic field. Then, the magnetic field is reduced to a value of the 

first reversal field Hr, and the sample is saturated again. Material analysis using the FORC 

method typically consists of many (>100) measured FORCs.  

Therefore, FORC measurement provides information about the distribution of the 

coercive and interaction field of a magnetic material. Interpretation of the measured data can 

also be used to determine the changes that are present within the measured sample at different 

temperatures. During the FORC investigation of the structural transformation of CoNi alloy 

nanowires, the change of the structural phase from hcp to fcc was accompanied by 

a modification of the FORC distribution into a more symmetric shape [38]. The FORC 
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material analysis is especially suitable to study the magnetic properties of a system of 

nanowires, because an array of ferromagnetic nanowires can be properly approximated as a 

multi-domain material, where each single magnetic domain would be represented by a single 

isolated but interacting ferromagnetic nanowire in the array [36,39–42].  

On the other hand, the FORC analysis can also provide limited information on the 

thermal hysteresis of the structural transformation. Therefore, Temperature First Order 

Reversal Curve (TFORC) analysis was invented to study magnetocaloric materials [43]. 

Using the TFORC analysis might also provide additional insight into the structural 

transformation of ferromagnetic shape memory materials. The TFORC analysis implies that 

the results might be represented as the distribution of thermal hysterons, as with the Preisach 

hysterons in the conventional FORC analysis [44]. Therefore, one might be able to use the 

TFORC analysis as a fingerprint method, although the exact mechanism is still under 

discussion. 

Research of application-ready multifunctional materials in the nanoscale with a single-

step production process is necessary to fulfill the growing need for novel devices, such as 

wearable electronics, biomedical sensors, or bioinspired robotics, nanodimensional drug 

delivery and cancer treatment. In the case of the materials that were prepared using a large-

scale preparation technique, it is necessary to define their behavior mechanism. This research 

aims to perform a deeper characterization of ferromagnetic shape memory Ni-Fe-Ga 

nanowires. To achieve this, a temperature-dependent FORC and a unique TFORC analyses 

were performed to test their suitability for a trivial thorough characterization of a 

ferromagnetic sample of nanowires array. 
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2. Experimental Part: 

2.1. Nanowires preparation: 

To prepare a large amount of nanowires, template-assisted electrochemical deposition 

is one of the most suitable options. At first, it is necessary to optimize the deposition 

conditions, which could be time-consuming. After the method optimization, the resulting 

nanowires are prepared in minutes and their number exceeds 10
9
 nanowires per 1 cm

2
. The 

electrodeposition bath used for the preparation of the Ni-Fe-Ga nanowires within this research 

contained: NiSO4 . 6H2O (100 mM), FeSO4 . 7H2O (30 mM), and Ga2(SO4)3 . 18H2O (15 

mM). The electrodeposition bath also contained additives: H3BO3 (50 mM), Na3-Citrate  . 

2H2O (100 mM) and (NH4)2SO4 (100 mM). The electrodeposition was carried out as a 

template-assisted pulsed electrochemical process, using the anodized aluminum oxide (AAO) 

membrane with the diameter of the nanopores of 60 nm [45]. The deposition time was 

adjusted to obtain nanowires of an appropriate length, which was 7.5 μm. The growing 

process was performed at a laboratory temperature with a deposition pulse of 12 mA for 1 

s and a resting pulse of 0 mA for 2 s. The gold nanocontacts within the AAO membrane were 

used as a working electrode, and a Pt grid was used as a counter.  

2.2. Materials Characterization: 

 The microstructure was studied in a MIRA3 TESCAN scanning electron microscope 

(SEM) with a field emission cathode, equipped with AzTEC Energy Dispersive Spectroscopy 

(EDS) analysis system. The structural characterization was performed in a transmission 

electron microscope (TEM) FEI-TITAN operated at 300 kV with a Gatan CCD camera. The 

composition of the samples was studied with an Energy dispersive spectroscopy (EDS) 

detector, employed within the transmission electron microscope. 

During the magnetic characterization, the nanowires were studied as-prepared in the 

form of an array. Magnetic measurements were performed by vibrating sample magnetometry 
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(VSM) in a Quantum Design MPMS® SQUID VSM system. The magnetic measurements 

were performed with the magnetic field applied in the parallel direction with respect to the 

nanowires´ longitudinal axis. The hysteresis loops were measured at the temperatures of 100 

and 395 K. The temperature dependence of magnetization was measured with a temperature 

sweep rate of 1 K.min
-1

. The FORC measurements were performed at 100, 200, 300 and 395 

K. In total, there were 120 FORCs measured at each temperature with the starting point for 

each measured FORC lying on the descending branch of the major hysteresis loop. After the 

positive saturation at the magnetic field of 6 kOe, the decreasing reversal fields ranged from 

5.9 kOe down to the negative saturation at the magnetic field of -6 kOe with the step of 100 

Oe. As a result, a grid of  (    ) points was specified using a smoothing factor SF = 2 [46]. 

The FORC distribution is defined as a mixed second derivative of the sample 

magnetization with the given    and   (Equation 1): 

     (    )   
 

 

       (    )

      
  ( )  

where      (    ) is the FORC distribution at the given magnetic field   with the reversal 

field    from which the individual FORC measurements started.      (    ) represents the 

measured magnetization at the given magnetic fields. The results are usually displayed in the 

field plane with the following coordinates (Equation 2): 

   
(    )

 
    

(    )

 
  ( )  

where    represents the coercive field and    is the interaction field within the measured 

specimen. The results are depicted as a 2D contour plot with the Hc and Hi coordinates as 

shown in Ref. [46]. 

TFORC measurement consists of individual reversal curves measured within the 

hysteretic region of the  ( ) dependence. During the cooling TFORC analysis, the sample is 

firstly heated above the transformation temperature, followed by a magnetization 
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measurement during the cooling process. Then, the temperature was reversed to a temperature 

       , where    is the reversal temperature, and the cooling  ( ) dependence is 

measured again. The temperature sweep rate was the same as with the  ( ) dependence (1 

K.min
-1

). The TFORC analysis consists of several individual measurements with equal steps 

of decreasing    values. The   (    ) values measured during the cooling TFORC analysis 

are evaluated according to (Equation 3):  

  (    )    
    (    )

     
  ( )  

where   (    ) is the TFORC distribution of the cooling measurement. The heating 

measurement is evaluated similarly, but the   (    ) values have a positive sign. The 

TFORC distribution is then plotted as a function of the temperature hysteron width (  ) and 

its central position (  ) according to [44]  (Equation 4): 

   
|    |

 
    

    
 

 ( )  

The TFORC analysis was performed at the applied magnetic field of 10 kOe to ensure 

the magnetic saturation of the nanowires´ sample. The nanowires were first heated up to 

395 K, and the decreasing reversal temperatures ranged from 390 K to 250 K with the step of 

5 K. 
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3. Results and Discussion: 

The electrodeposition was performed into a well-ordered nanoporous AAO membrane, 

shown in Figure 1a. The nanopores within the AAO membrane have a 65 ± 4 nm diameter, 

with the interpore distance between the nanopores centers ≈ 105 nm. The overall chemical 

composition of the prepared nanowires is Ni55Fe43Ga2 (at.%), with the deviation from the 

X2YZ Heusler chemical composition caused probably due to the difficult determination of the 

AAO membrane effective deposition area. Several spots on the individual nanowires have 

been used for the analysis and the composition has been measured using an EDS detector that 

was employed within the SEM and in the subsequent TEM analysis. The average composition 

of the nanowires is Ni55Fe43Ga2. It was calculated to be in the composition interval of 

Ni (58 ± 5 %), Fe (40 ± 5 %) and Ga (1.5 ± 0.7 %) in atomic % The nanowires show a 

homogeneous morphology and a length of 7.5 μm  Figure 1b). The homogeneity of the 

sample was studied using an EDS mapping method (Figure 2b). It shows a homogeneous 

distribution of the individual elements within the nanowires. 
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Figure 1: a) – AAO membrane used for the nanowires preparation with a hexagonal pattern of the 

nanopores arrangement; b) – The prepared nanowires within the AAO membrane having the length of 

7.5 μm and a homogeneous morphology 

 

 The structural characterization of the nanowires reveals a Heusler cubic phase diffused 

homogeneously along the Ni-Fe rich regions of the nanowires. The structural characterization 

was performed using a Selective Area Electron Diffraction (SAED) method. At room 

temperature, it is possible to identify a Ni-Fe rich phase (a = 3.53 Å  together with a L21 cubic 

Heusler phase with a lattice constant a = 5.745 Å and L10 tetragonal phase with the lattice 

parameters a = 3.85 Å and c = 4.31 Å  Figure 2a . The L10 tetragonal phase has been ascribed 

to the low-temperature martensitic state of the nanowires and the L21 Heusler phase 

represents the high-temperature austenite. Moreover, it is possible to observe several 

elongated spots within the SAED pattern (Figure 2a - red arrows), that suggest a tweed 

structure, which might be associated with a martensitic transformation [47]. The martensitic 

transformation between the L10 and L21 Heusler phases has been reported in similar 

temperature intervals in published research [33,48]. 
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Figure 2: a - SAED pattern of the prepared nanowires showing the corresponding Miller indices for the 

phases that can be identified within the nanowires. The red arrows indicate the striations, which might be 

caused by a martensitic transformation [49]. b - EDX maps of the individual elements within the 

nanowires 

Moreover, high-resolution transmission electron microscopy (HR-TEM) measurement 

showed a tweed contrast, that may be assigned to the ongoing structural transformation 

(Figure 3) [50]. 

 
Figure 3: Tweed contrast within the HR-TEM analysis of a single nanowire; a) false color; b) original 

picture 
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The nanowires´ magnetization has been studied during the heating and cooling process 

at a low magnetic field (100 Oe) and at saturation magnetic field (10 kOe) (Figure 4). The 

magnetization shows a typical ferromagnetic behavior. At low magnetic field, the 

magnetization decreases monotonously with temperature up to 300 K where a slight increase 

of magnetization can be observed. Similar ferromagnetic behavior can be observed also in the 

cooling process, which causes an appearance of thermal hysteresis at both, low and high 

magnetic field measurements. The hysteresis within the magnetization – temperature ( ( )) 

dependence could be ascribed to the structural transformation between a low-temperature 

phase and a high-temperature austenite phase. The transformation temperatures measured 

from the derivative of the low magnetic field M(T) dependence are: Martensite start (MS) = 

360 K, Martensite finish (MF) = 265 K, Austenite start (AS) = 300 K and Austenite finish (AF) 

= 380 K.  

 

 
Figure 4: High-field Magnetization-Temperature behavior normalized by the value at room temperature 

at 10 kOe showing a magnetization hysteresis in the temperature region from 340 K to 395 K; inset: Low-

field Magnetization-Temperature dependence measured at the applied magnetic field of 100 Oe 

normalized to the magnetization at high magnetic field and room temperature 

Isothermal magnetization curves (Figure 5) have been measured to confirm the 

structural transformation at different temperatures from the magnetization hysteresis within 

the  ( ) dependence. After applying the external magnetic field at temperatures below 300 

K, magnetization increases up to the magnetic field of about 6 kOe, where it slowly 
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approaches magnetic saturation. However, in the temperature region from 300 K to 360 K, a 

magnetization jump occurs within the saturation approach. The first visible magnetization 

jump appears during the  ( ) measurement at 300 K and at the magnetic field of 17 kOe. 

With increasing temperature, the saturation magnetic field shifts to lower values, as well as 

the magnetization jump, which occurs at 10 kOe and 7.5 kOe for the temperatures of 320 K 

and 340 K, respectively. The presented behavior may be ascribed to a ferromagnetic shape 

memory effect, where the structural transformation is induced by an external magnetic field 

[51]. 

 

 
Figure 5: Isothermal magnetization measurements normalized by the saturation magnetization value at 

room temperature of the Ni-Fe-Ga nanowires with the magnetization jumps being visible in the selected 

temperature region 

An array of magnetic nanowires can be considered as a material, where each nanowire 

represents an individual and at the same time identical magnetic entity or region. During the 

FORC and TFORC measurements, reversal curves are measured with respect to the magnetic 

field and temperature, respectively. In the case of magnetic nanowires array, each reversal 

curve represents only the nanowires that are subjected to the change of an external magnetic 

field or temperature. Therefore, the magnetic nanowires array may be considered as an ideal 

material for the FORC and TFORC analyses from its definition. 
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A conventional FORC analysis of the Ni-Fe-Ga nanowires was performed at four 

different temperatures for a deep characterization of their magnetic properties. Typical FORC 

measurement for the temperature of 300 K is shown in Figure 6.  

 

 
Figure 6: Ni-Fe-Ga nanowires´ FORCs measured at the temperature of 300 K and normalized by the 

saturation magnetization value. The total number of the individual FORC measurements exceeds 100 for 

every measurement temperature.  

FORC analysis of an array of nanowires usually exhibits a two branch  “T-shape”  

structure [36]. One of the branches is allocated along the    axis and intersects the      

region of the FORC distribution contour plot. The second branch lies at the      axis and 

represents a distribution of the Preisach hysterons with a minimal interaction field but a 

notable coercive field distribution [36]. 

FORC distribution of the Ni-Fe-Ga nanowires that was calculated from the individual 

FORC measurements is shown in Figure 7. Contour plots of the Ni-Fe-Ga nanowires do not 

exhibit the usual “T-shape” structure since the branch that is parallel to the    axis is missing. 

Each measurement shows a diverging FORC distribution, defined by Pike, et al. [52]. 

Contours within the calculated FORC distribution diagram diverge from the      axis. The 

FORC distribution with the diverging shape shows that the nanowires array is a multi-domain 

and highly interacting system, as stated by Muxworthy, et al. [53]. We can assume that the 

Ni-Fe-Ga nanowires exhibit a homogeneous composition within the AAO membrane, since 
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their    distribution is narrow, and it does not change throughout the measurement. 

Nanowires´ FORC distribution also depends on the nanowires diameter and the distance 

between the individual nanowires. Ni-Fe-Ga nanowires show a divergence that is similar to 

nanowires with approximately the same diameter investigated elsewhere [54]. 

 

 
Figure 7: FORC distribution of the Ni-Fe-Ga nanowires at different temperatures. Instead of the 

“T-shape“ structure of the FORC distribution contour plot, the diverging FORC distribution is visible, 

indicating a very narrow coercivity distribution within the prepared Ni-Fe-Ga nanowires. The total 

spread of the FORC distribution changes significantly during the high-temperature measurement, which 

indicates a volume change of the Ni-Fe-Ga nanowires within the temperature range. 

  

The shape of the major loop within the FORC measurement (Figure 6) shows that the 

main contribution to the nanowires array magnetization process consists of the magnetostatic 

interactions of the neighboring nanowires. Similar results were shown for Heusler alloy 

nanowires with a different chemical composition [45]. The interaction field of the nanowires 

at different temperatures can be estimated as the half-width of the FORC distribution 

divergence (   ) [54].     of the FORC distribution is a function of the internal 

demagnetization field (magnetostatic interactions within the neighboring nanowires), but it 

depends on several magnetic domain properties (domain cancelation, domain shape and 

domain wall interactions) [55]. However, the vertical spread of the diverging FORC 

distribution should increase with the system volume. In the case of the Ni-Fe-Ga nanowires, 

the diverging FORC distributions decrease with temperature. This behavior may correspond 
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to the contraction of the nanowires within the membrane with increasing temperature. Similar 

behavior was observed in the case of multi-domain magnetic nanoparticles with a strong 

domain wall pinning, where the diverging FORC distribution widens vertically with the 

nanoparticles´ increasing volume [40]. 

A closer inspection can be performed by extracting the coercivity variation with the 

measurement temperature (   ( )  from the ρFORC contour plot [56,57]. For the quantitative 

analysis of the     values, the ρFORC coercivity dependence was extracted from the contour 

plot sections at different interaction fields. Then, the individual peaks were fitted with the 

Gaussian function. The     values correspond to the peak´s FWHM and their values are 

depicted in Figure 8. It also shows the temperature dependence of the overall coercive field 

(  ), which decreases with temperature. Such behavior is typical for ferromagnetic materials. 

The     values decrease with temperature in the temperature range from 100 K to 300 K. 

However, the value of     at the temperature of 395 K starts to increase. This effect may be 

ascribed to the magnetostructural changes within the Ni-Fe-Ga nanowires, assuming the 

structural transformation between the martensite phase in the low-temperature region and the 

cubic phase in the high-temperature region. 

 

 
Figure 8: ΔHc and overall coercive field (Hc) values at different temperatures, showing an coercive field 

change difference at the temperature of 395 K 
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 Examination of the      (    ) dependence can also provide additional information 

about different crystallographic phases that are present within the measured sample [38]. The 

measurements of the      (  ) dependence at the interaction fields        Oe,      Oe 

and         Oe are shown in Figure 9.      (  ) at the temperatures of 100, 200 and 

395 K exhibits a symmetrical Gaussian distribution (Figure 9a, b, c). However, the 

measurement at the temperature of 300 K shows a discrepancy between the usual Gaussian 

distribution and the experimental data. The      (  ) dependence at the temperature of 300 

K might consist of two phases contributions since this temperature is located close to the 

structural transformation temperature. Therefore, the 300 K measurement was fitted with a 

sum of two Gaussian peaks, which provides a satisfactory resulting dependence, as shown in 

the right hand side of Figure 9. The individual peaks of the summary Gaussian distribution at 

300 K have been ascribed to the high- and low-temperature phases according to the peak 

maxima of the measurements at the temperatures of 100 K and 395 K, respectively. 
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Figure 9: Investigation of the ρFORC behavior within different sections of the ρFORC contour plot with 

respect to the interaction field (normalized by the maximal value); a), b), c) - ρFORC at the interaction field 

of 500 Oe, 0 Oe and -500 Oe, respectively; right hand side – Gaussian distribution of ρFORC represented by 

two phases measured at 300 K at the presented interaction fields 

 Structural characterization has shown that the nanowires consist of more than one 

phase. Each phase has a different magnetic anisotropy and coercive field, which differs 

throughout the measurement. Therefore, plotting the section of the       contour plot with 

respect to the    axis provides further insight regarding the phases that are present within the 

nanowires array (Figure 10). The plots show different distributions of      (  ) with respect 

to the interaction field. At the coercivity value           , i.e. below the coercive field of 

the Ni-Fe-Ga nanowires array,       values exhibit two maxima, one within the negative and 

one in the positive interaction fields (Figure 10a). At        Oe (Figure 10b), the total 

coercive field of the nanowires has been exceeded at the temperature of 395 K and a change 

in the       values is visible for the 395 K plot with a single maximum appearing around the 

     Oe region. At the magnetic fields applied above the total coercive field of the Ni-Fe-
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Ga nanowires, a single maximum is located within the zero Hi values (Figure 10c, d). In the 

case of the nanowires that have the coercive field of 275 Oe, the neighboring nanowires create 

an interaction field of |  | > 1 kOe (Figure 10a). Here, the       does not change with the 

temperature. For the nanowires that have the coercive field of 335 Oe (Figure 10b), the       

behavior behaves similarly to the previous type. However, at 335 Oe the       changes with 

temperature (Figure 10b). The change is most visible within the 395 K plot, where the 

neighboring nanowires belong into a different |  | interval. Nanowires within the array that 

exhibit the coercive field of 395 Oe exhibit a different behavior, because their neighboring 

nanowires create a different interaction field at all temperatures (Figure 10c). Most of these 

nanowires create an interaction field |  | < 2 kOe. The remaining nanowires are subjected to 

the interaction field |  | < 1.5 kOe created by their neighbors (Figure 10d). Their overall 

coercive field is    = 455 Oe. There was no temperature change visible within the last part of 

the membrane. These results imply that the nanowires membrane consists of several regions 

where different phases are dominant. It corresponds to the structural characterization that was 

performed previously on the same nanowires (Figure 2a). It shows that the nanowires consist 

of several phases with the dominant Ni-Fe rich phase with a homogeneously diffused Heusler 

phase. Only the phase within the nanowires that is capable of structural transformation is 

transforming. Therefore, the change of the       with respect to the interaction field is not 

visible at every coercive field. The change within the 395 K plot at           (Figure 10b) 

might represent the nanowires with the ongoing structural transformation.  
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Figure 10:   

    
 dependence on interaction field measured at different coercive fields (normalized by the 

maximal value): a) – Hc = 275 Oe; b) – Hc = 335 Oe; c) – Hc = 395 Oe and d) - Hc = 455 Oe 

 

A deeper analysis of the structural transformation was performed using the TFORC 

measurement technique to study the transformation temperature region. The TFORC analysis 

was performed following the cooling behavior of the previous measurements and the reversal 

temperature step was 5 K. Some of the measured TFORCs are shown in Figure 11a. At first, 

the magnetization increases in the temperature range from 390 to 255 K. Measurements from 

the reversal temperatures between 390 K and 380 K show a similar behavior. However, 

magnetization during the measurements from the reversal temperatures from 380 K to 320 K 

behaves differently. In the first stages of the measurement, the magnetization does not follow 

the previous behavior and returns to the original values after several temperature steps. The 

difference of the magnetization from the previous measurements corresponds to the 

magnetization hysteresis within the  ( ) measurement and the TFORC distribution was 

calculated within this region (Figure 11b). Unlike the conventional FORC measurement, the 

TFORC distribution is not evenly distributed within the contour plot. The difference may be 
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explained in terms of different approaches of FORC and TFORC analysis. While the FORC 

analysis includes the behavior of every magnetic phase within the studied system, the TFORC 

measurement is only sensitive to the phases that are capable of a phase transformation. 

 

 

 
Figure 11: a) - Measurements of the individual TFORCs showing only the plots with the temperature step 

of 10 K between 320 and 390 K (normalized by the maximal value); b) – TFORC distribution in the 

selected temperature range; Regions (1) and (2) correspond to the structural transformation of the phases 

present within the Ni-Fe-Ga nanowires; Region (3) represents a tail of negative values, arising probably 

due to the cooling behavior of the TFORCs measurement 

Figure 11b shows the TFORC distribution contour plot. The contours within the 

TFORC distribution are flat in the temperature range from 250 to 320 K (   axis of the 

TFORC diagram). However, at the temperature of ≈ 350 K, several features begin to appear. 

In region (1), a sharp maximum is observed between the temperatures of 360 and 380 K. The 

contours visible within the (1) and (2) regions of the TFORC distribution (Figure 11b) appear 

in a narrow    region, which also supports the discussion about the sample homogeneity 

following the FORC analysis. The sharp maxima appear in the middle of the structural 

transformation region derived from the  ( ) measurement. The sharp maximum within the 

TFORC distribution was ascribed to the martensitic transformation of the Ni-Fe-Ga nanowires 

according to the previous measurements. The transformation also appears within the region 

(2), which corresponds to other phases present in the nanowires. Another explanation of the 

multiple maxima might be found when looking into the substrate constraints. It has been 
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observed that the martensitic transformation was substrate-constrained during a research of a 

ferromagnetic shape memory Ni-Mn-Ga Heusler thin films [58].The results showed a step-

like transformation behavior, which could be induced within the studied Ni-Fe-Ga nanowires 

by the AAO membrane.    axis of the contour plot represents the transformation temperature 

region, where the temperature range is narrow, represented by sharp maxima in the region (1) 

and (2). Temperature hysteresis of the structural transformation can be found on the    axis of 

the TFORC distribution contour plot. In region (3), the TFORC distribution values exhibit a 

tail with negative values, which has been previously ascribed to the nature of the 

measurement [43]. The overall shape of the TFORC distribution implies that the structural 

transformation of the individual phases is symmetric because the shape of the individual 

maxima is circular in nature. However, transformation rate seems to be different at various 

stages, because of the ridges that form throughout the measurement. The nature of the ridges 

was discussed within the original research regarding the TFORC measurement technique [44]. 

The ridges might be formed during the cooling measurement because the transformation from 

the austenitic to the martensitic phase is slow. The change of the transformation rate might 

cause an asymmetry associated with magnetization differences at high temperatures, 

following the discussion in the previous research on TFORC analysis of magnetocaloric 

materials development [43], therefore creating the ridges that appear within the measured 

TFORC distribution. 

4. Conclusions: 

 Ni-Fe-Ga nanowires have been prepared using a template-assisted electrodeposition 

method. They exhibit several unusual properties, such as magnetization hysteresis during the 

measurement of the magnetization-temperature dependence, and magnetization jumps during 

the isothermal magnetization analysis, which may be attributed to a ferromagnetic shape 

memory behavior. A structural transformation might be represented by tweed contrast that 

Jo
ur

na
l P

re
-p

ro
of



22 

 

was present during the room temperature HR-TEM analysis. Structural analysis shows a 

presence of martensitic L10 and austenitic L21 phase distributed homogenously along the Ni-

Fe rich region of the nanowires.  

FORC analysis shows that the nanowires´ array behaves as a multi-domain and highly 

interacting system. The results point to the fact that the nanowires within the array exhibit a 

uniform chemical composition and homogeneous magnetic nature. The uniformity and 

homogeneity of the Ni-Fe-Ga nanowires result from the lack of the FORC distribution 

horizontal branch, which points to minimal coercive field distribution. Divergence along the 

   axis of the FORC distribution narrows with increasing temperature and the most visible 

change is seen between the room temperature measurement and 395 K. This change indicates 

an ongoing volume change within the temperature range.  

TFORC analysis shows high maxima within the temperature region corresponding to 

the structural transformation temperature region from the  ( ) dependence performed at the 

high magnetic field. These maxima suggest a phase transformation within the specified 

temperature region. 

Therefore, FORC and TFORC analyses are a promising tool for the characterization of 

the magnetic properties of the Ni-Fe-Ga nanowires, which show a high application potential 

in the field of nanodimensional sensors and actuators for biomedicine or smart electrical 

engineering. 
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HIGHLIGHTS 

 Classical FORC investigation of functional nanowires was performed 

 Unique TFORC analysis was employed as a trivial characterization technique 

 FORC and TFORC analysis showed a presence of shape memory behavior 
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