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Abstract 

 

Self-polarized ferrimagnetic nanowires of CoFe2O4 are electrochemically grown by the 

electrodeposition technique in AAO membranes. XRD, EDS and SQUID analysis confirm the 

formation of highly stoichiometric CoFe2O4 nanowires with high magnetic response into 20 nm 

-AAO membrane. SEM and AFM images revealed a total filling of the AAO membrane with Co 

and Fe at an applied potential of -1.2 V. In addition, the electrodeposition and cooling in the 

presence of an applied magnetic field improve the magnetic response of CoFe2O4 nanowires. 

The SQUID measurements confirmed the elaboration of CoFe2O4 nanowires with an internal 

magnetic field of 1.52 T. As a result, this ferrimagnetic nanowired substrate will be suitable for 

future miniaturized self-biased microwave devices. 

 

Keywords: Cobalt ferrite, Self-polarized ferrimagnetic nanowires, AAO membranes, 

electrodeposition, magnetic properties, microwave devices. 

 

1. Introduction 

In recent years, the field of nanomaterials and nanotechnology has emerged as one of the most 

attractive areas for scientists in both fundamental and technological terms due to the wide range 

of possible applications [1]. The ferrimagnetic nanowires have been included in this category. 

They have potential applications in various fields, including the development of self-biased 

miniaturized devices. Cobalt ferrite (CoFe2O4) is a ferrimagnetic material widely recognized and 
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employed in many applications due to its high coercivity, high saturation magnetization and 

strong magnetic anisotropy. CoFe2O4 nanowires are widely used for magnetoresistive sensors, 

magnetic random access memories, microwave devices [2,3]. For this reason, in the past, several 

papers dealing with the structure and magnetic properties of CoFe2O4 nanowires, elaborated by 

different methods, have been published [4-6]. It has been highlighted that the magnetic behavior 

of CoFe2O4 depends on the structure which is related to the method and conditions of 

elaboration. However, more detailed investigations on CoFe2O4 nanowires have been carried out 

due to the evolution of the elaboration techniques as well as the characterization techniques [7-

9]. Recently, scientists have focused on the study of CoFe2O4 deposited in nanoporrous 

membranes, with the objective of studying the magnetic behavior of this material in these porous 

templates. The bibliographical study, carried out in our work, has attracted our attention to the 

recent work performed on the deposition of CoFe2O4 nanowires. Unfortunately, there is very 

limited studies on the enhancement of the magnetic properties of CoFe2O4 nanowires with a 

very detailed approach. From there, we wished to focus our research on the development of a 

low cost, fast and easy technique to elaborate a hard ferrimagnetic CoFe2O4 nanowires.  The 

chemical synthesis techniques have made such progress that it is now possible to develop 

magnetic nano-objects of complex shapes, especially nanowires with a defined shape. This 

specific shape gives the objects notable magnetic properties [10,11]. Among the chemical 

methods for synthesizing nanostructures, we have used the electrodeposition under magnetic 

field (magneto-electrodeposition) as a technique to synthetize CoFe2O4 nanowires. In the present 

paper, we will focus on the magneto-electrodeposition of CoFe2O4 nanowires in AAO 

nanoporous membranes. The effects of the experimental parameters such as AAO pore diameter, 

applied potential, magnetic field and annealing temperature on the electrochemical, structural, 

morphological, elementary composition and magnetic properties will be discussed. 

 

2. Experimental 

Commercially available Anodic aluminium oxide (AAO) membranes (Anodisc 13, Whatman, 

UK) with a variable average pore diameter ranging from 20 to 200 nm, a nominal thickness of 

60 µm and pores density of 109 pores/cm2 (50% porosity), were used as supports of the 

electrochemical growth of nanowires. These AAO membranes were coated via rf sputtering by a 

thin layer of cupper to serve as the working electrode as shown in Fig.1. 

 

Fig.1 (Here) 

 



 

 

 

The platinum sheet served as counter electrode and an Ag/AgCl electrode was used as reference 

electrode. All the electrodes are connected to a three electrode setup, controlled by a potentiostat 

(PGZ 301, Voltamaster 4), allowing the electrodeposition of Co and Fe into AAO membranes 

(see Figure 2). The distance between the working electrode and the counter electrode in all 

experiments was 1.5 cm. All the electrodes have the same exposed surface to the electrolyte. In 

order to find the right electrochemical synthesis protocol for CoFe2O4, several concentrations 

and pH values were systematically tested at room temperature (25 oC). The working 

concentrations adopted for a 100 mL of an electrolyte are 0.06 M of FeSO4, 0.04 M of CoSO4, 

0.12 M of (NH4)2SO4, 0.08 M of  H2SO4 and 0.4 M of H3BO3. All chemical products have 

analytical purity (99%, Sigma Aldrich) and have been used as received. During the cathodic 

reaction, the evolution of hydrogen can lead to the precipitation of hydroxides (if the pH is not 

maintained constant at the solution-electrode interface). To avoid this harmful phenomenon for 

the quality of the deposit, the bath pH is adjusted to 3 by H2SO4 and stabilized by the addition of 

the boric acid (H3BO3), which compensates for the loss of protons since it decomposes 

according to the reaction: 

 

����� � ��� → ������ � ���																																																					�1
 
Its action being, according to the literature, highest at about pH of 4 and is very commonly used 

as a buffering agent in electrodeposition baths [12]. Before starting the electroplating process, 

the AAO membranes were ultrasonically cleaned for 10 minutes with acetone and double 

distilled water. Three NdFeB permanent magnets (30 mm diameter and 15 mm height), have 

been separately placed for each growth test under the AAO membrane. These magnets produce a 

static magnetic field ranging from 0.4 to 0.6 T perpendicular to the working electrode. In the 

electrochemical growth of CoFe2O4 composite, the applied potential was ranged from -1 to -1.2 

V versus Ag/AgCl at room temperature. 

 

Fig.2 (Here) 

 

Characterization: The XRD spectra of CoFe2O4 nanowires was recorded using X’Pert 

PRO X-ray diffractometer (λCu = 1.5406 Å) in the angular range 15-82° with a step size of 

0.03° at room temperature. The XRD data are processed by FullProf program. Then, the 

morphology and the elementary composition of the nanowires have been examined by 

scanning electron microscope (SEM-Quanta 200-FEI) operating at 20 kV and equipped with 

energy-dispersive X-ray detector. Moreover, the hysteresis loops of the ferrimagnetic 



 

 

 

CoFe2O4 nanowires have been measured by a superconducting quantum interface device 

magnetometer (MPMS SQUID VSM) 

3. Results and discussion 

3.1 Cyclic Voltametric study 

The cyclic voltammetry (CV) is an electrochemical technique used in order to evaluate the 

suitable potentials region of metals growth. The CV curve of the precursor solution was directly 

performed on the AAO membranes. The potential sweep was ranged from 0 to -1.3 V with a 

scan rate of 30 mV/s. Therefore, for simultaneous co-deposition of Co and Fe metals, the 

deposition potential should be such the deposition potential of individual metals, comes closer to 

each other. It is known that the standard reduction potentials at room temperature for the Fe and 

Co metals are -0.44 V and -0.28 V, respectively [13]. 

 

Fig.3 (Here) 

 

According to Fig. 3, the oxidation peak of CoFe composite is appeared at -0.28 V. The singular 

peaks of Co2+ and Fe2+ reduction are masked by the water reduction, which is kinetically more 

favorable on aqueous bath. Moreover, the voltammogram shows an increase of the cathodic 

current with negative scan of the electrode potential from -0.9 to -1.2 V, which might be related 

to the reduction of Co and Fe ions as described by the following equations: 

���	 � 2�� → ��																																																																					�2
 
���	 � 2�� → ��																																																																					�3
 

From -1.2 down to -1.3 V, the current density increases rapidly, showing another reaction except 

for the reduction of ions. Indeed, in the case of an applied potential more than -1.2 V, a large 

bubbles appeared on the AAO membrane surface which can significantly affect the 

electrochemical growth of CoFe composite. As a matter of fact, in order to grown 

electrochemically the CoFe composite without the generation of hydrogen bubbles, it is 

recommended to apply a potential less than -1.3 V. 

 

 

 
 

3.2 Effects of the pore diameter of the AAO membrane 

Chronoamperometry study 



 

 

 

The chronoamperometry analysis provides information of the nucleation and growth 

mechanisms. Especially, the synthesis duration and the critical overflow time of the deposit 

from the pores. Figure 4 shows the chronoamperograms recorded during the growth of CoFe 

composite within the AAO membranes of different nominal diameters (20 nm, 100 nm, 200 

nm).  

 

Fig.4 (Here) 

The synthesis conditions are the same for every sample, i.e. an applied potential of -1.2 V and 

an identical membrane exposed surface of 1 cm in diameter. As shown in Fig.4, in the early 

stages of the electrochemical growth, the establishment of the diffusion layer contributes to 

the decrease of the current density. Once the diffusion layer is occurred, the growth of the 

wires takes place inside the porous AAO membrane. The current density is quasi-static during 

the pore filling (zone 1), then the pores become completely filled (zone 2). In addition, 

hemispherical overflow caps are starting to be formed (zone 3) on the outer face of the AAO 

membrane, which increases the deposition area and thus, the current density. Finally, in the 

last phase (zone 4), the current density continues to rise when the entire upper surface of the 

membrane is covered and a thin film is growing as shown in Fig.5. Similar behaviors have 

been reported by Riveros et al. [14]. 

Fig.5 (Here) 

 

Moreover, we noticed that the current density of the electrochemical reduction of Co and Fe 

ions during the phase 1 is more important as the pore diameter increases. Indeed a very close 

current density values of -0.74 mA, -0.80 mA, and -0.85 mA for the AAO membranes with 

20, 100, and 200 nm in diameter pore have been observed, respectively. This small difference 

in the resulting current density is explained by the difference in the electrochemically active 

surface of the working electrode, which can be related to the geometry defects of the wires 

after the copper metallization. Moreover, we can see that the synthesis time that is required to 

fill the AAO membrane pores is almost the same, i.e. around 40 min. 
 

Structural and morphological properties 

Figure 6.b shows the X-ray diffractograms of the samples electrodeposited electrodeposited 

at -1.2 V into various nanoporous AAO membranes and annealed at 500 oCfor 24 hours. 

 

Fig. 6 (Here) 



 

 

 

The formation of the spinel phase of CoFe2O4 within the AAO membranes was confirmed by 

the appearance of these characteristic peaks in the XRD patterns (JCPDS no. 22−1086). The 

obtained spectra for the synthesized CoFe2O4 nanowires indicate that the samples are well 

crystallized and polycrystalline. Moreover, the analyses revealed the birth of three other peaks 

located at 2θ = 37.11o, 2θ = 71.5o and 2θ = 79.8o, which are assigned respectively to the plans 

(222), (620) and (444). In addition, the XRD spectra revealed the presence of a strong 

diffraction intensity of the plane (331) for all elaborated samples, indicating the presence of a 

partial orientation along this reflection. The AAO membrane peaks were designated by Al2O3. 

The crystallographic lattice parameter a of the spinel phase of CoFe2O4 crystallized in face-

centred cubic (fcc), was determined for the higher peak (331) in all XRD spectra using the 

following equation: 

a � �√�� � �� � ��2	�����
 																																																									�4
 
 

The calculated values are 8.378 Å, 8.382 Å and 8.386 Å for the CoFe2O4 embedded in AAO 

membranes of 200, 100 and 20 nm in pore diameter, respectively. The calculated value for a 

is in good agreement with the standard lattice constant value reported in the literature [15]. 

 

Williamson and Hall proposed that the total enlargement of XRD peaks is originated from the 

sum of the enlargement due to the size and to the defects, with the simplifying assumption 

that all the contributions have a lorentzian character; so, they established the following 

equation [16]: 

 !"# 	cos � � 0.9�* � 4+ sin �																																								�5
 
The instrumental broadening  !"#	 is corrected from the adjustment of the XRD peaks by 

using the following equation: 

 !"# � /� !"#
01234516� 7 � !"#
892:6256� 																												�6
 
The best approach to make this correction and to determine the standard broadening is to 

anneal the sample at high-temperature. The elaborated samples are annealed at 850 oC for 24 

hours. This heat treatment will remove not only the stored strain energy, but also the 

broadening associated to small crystallites.  As a result, a deposit consisting of large 



 

 

 

crystallites can be obtained. Then, the Williamson-Hall standard formula is used to extract the 

corrected values of  !"#	 from the sample without large crystallites. 

Therefore, Eq.5 is a straight-line equation. Accordingly, the Williamson-Hall plot consists of 

plotting the points on a graph, with known coordinates, on a graph. A linear regression and Y-

Intercept extrapolation of the experimental points allow to obtain the parameters of the line 

and deduce the value of the crystallite size * and the slope	+.  

* � 0.9�<=:915>1?9 																																																											�7
 
+ � ���A�																																																													�8
 

 This protocol has been adopted for all the synthesized samples in this work. 

Figure 6.a shows the XRD spectrum of the annealed sample at 850 oC. It can be noticed that 

the peaks become very fine which indicates the formation of large crystallites inside the AAO 

membrane pores. The crystallite size of CoFe2O4 nanowires was evaluated from the XRD line 

broadening using the Williamson-Hall method.  

The calculations revealed that the CoFe2O4 nanowires grown into AAO membranes of 200 

and 100 nm in pore diameter have approximately 40.25 and 32.21 nm in crystallite size, 

respectively. However, the sample grown into AAO membrane of 20 nm in pore diameter has 

14.05 nm in crystallite size. 

Moreover, the morphology of the nanowires embedded into AAO membranes with 

different pore sizes has been studied using SEM microscopy. To do this, all membranes are 

firstly immersed for a duration of 30 s in a diluted iron perchloride solution for removing the 

copper serving as cathode. Next, the samples are then dissolved in 1 M of sodium hydroxide 

(NaOH) for 40 min in order to remove the alumina from the elaborated nanocomposites. This 

protocol is illustrated in Fig.7. 

Fig.7 (Here) 

 

 

Fig.8 (Here) 



 

 

 

As shown in Fig. 8.a, b and c, the top view images revealed that the electrodeposited 

CoFe2O4 nanowires are completely filled and have average diameters of 200, 100 and 20 nm, 

respectively. These values are approximately equal to the pore diameters of the AAO 

templates. The cross-sectional images of the nanowires are shown in Fig. 8.d, e and f. They 

show that the nanowires are well filled and oriented after the dissolution process. 

On the other hand, the chemical composition was examined in various zones of the 

samples in order to study the effect of the pore diameter variation on the stoichiometry of the 

electrodeposited nanowires (Table. 1). 

 

Table 1 (Here) 

 

The EDS spectra indicate the existence of peaks corresponding to Co, Fe and O. The Al peaks 

originate from the residues of the alumina membranes. In addition, no copper peak is 

detected, confirming that 30 s of sample immersion in the iron perchloride solution is 

sufficient to completely remove the copper film. Indeed, the purity of the synthesized samples 

could be confirmed by the absence of any impurities in the EDS spectra. From the table.1, it 

can be concluded that the average atomic ratios of O, Co and Fe vary from (62.25%, 12.81% 

and 22.72%) to (58.08%, 14.2% and 26.41%) as the pore diameter decreasing from 200 to 20 

nm. This enhancement could be justified by the fact that the decreasing pore diameter 

promotes the formation of a pure CoFe2O4 spinel phase. As a result, the nanowires deposited 

in AAO membranes of 20 nm in pore diameter possess a high stoichiometry of O, Co and Fe 

elements. 

Magnetic properties 

The magnetic properties of the developed nanowires have been measured using a SQUID 

magnetometer. The electrochemical synthesis was interrupted before the deposition over-flow 

from the pores of AAO membranes to avoid any kind of thin layer on the surface of the 

nanowires. During the measurement, the magnetic field was systematically applied parallel to 

the nanowires. Figure 9 shows the hysteresis cycles measured at 300 K for CoFe2O4 nanowires 

with different pore diameters of AAO membranes (200, 100, and 20 nm). 

 

Fig. 9 (Here) 

 



 

 

 

Table.2 summarizes the estimated magnetic parameters characterizing the CoFe2O4 nanowire 

arrays.  

Table 2 (Here) 

The measurements reveal that the nanowires array is ferrimagnetic. Moreover, it is noted that 

the squareness ratio (Mr/Ms) and the coercive field (Hc) increase as the diameter of the 

nanowires decreases (pore diameter) from 200 to 20 nm. This enhancement is generally 

attributed to the transition from a dominated mode with magnetic domains in large diameter 

nanowires (200 nm) towards a monodomain mode in small diameter nanowires. The critical 

diamater (Dc) that produced the monodomain structure of CoFe2O4 is estimated using the 

following formula [17]: 

*> � 92CD3�E2�FG>HIa 																																																											�9
 
where HI � 2.5	10J	�KL/NO�		is the magnetocrystalline anisotropy constant, G> � 800	H the 

Curie temperature, �F  the Boltzmann constant, and a the lattice parameter. For	* > *> , the 

particles exist in a multidomain structure, while for 	* > *> , the particles exist in a 

monodomain structure. 

 The estimated value of Dc is about 14.47 nm, which is comparable to the average diameter 

(14.05 nm) of the synthesized CoFe2O4 crystallite. So the grown CoFe2O4 crystallites into the 

pores of 20-nm-diameter show rather a monodomain behavior. This result indicates the 

dominance of the shape anisotropy for the nanowires inside the pores of 20-nm-diameter. 

Furthermore, the EDS measurements (Table.1) emphasized that the chemical stoichiometry 

of the spinel structure is better for the nanowires of 20 nm. In this case, the reduction of the 

crystallite size confirmed by the XRD analyses can be considered as an additional reason to 

explain the modification of the magnetic properties. The obtained results are in good 

agreement with previous literature reports [18,19]. Therefore, we decided to only work with 

the membrane in 20 nm of pore diameter due to the best magnetic response. 

3.3 Effects of the applied potential 

Chronoamperometry study 

Figure 10 presents the CA curves obtained during the deposition of the CoFe composite into 

AAO membranes of 20 nm in the pore diameter, at several applied potentials. 



 

 

 

Fig.10 (Here) 

From the recorded CA curves, at the early stages of the electrochemical reduction a non-

faradaic process is involved resulting from the double layer charging (DLC) in which Co and 

Fe ions migrate to the bottom of the AAO membrane pores [20]. Then, a new phase of stable 

current, reflecting the growth of CoFe in the nanopores, appears. Moreover, the current 

density was clearly increased in absolute value with the rising of the applied deposition 

potential, which justifies the difference and the delay in the starting increase of the current 

density for the potentials -1.1 V and -1 V. In addition, the CA results indicate that the pore 

filling time tends towards 55 and 70 min for the applied potentials -1.1 V and -1 V, 

respectively. On the other hand, a duration of 40 min is sufficient for a total pore filling in the 

case of -1.2 V, which corroborates the enhanced nucleation efficiency of the CoFe composite. 

The observations of the pore-filling time drop is in accordance with Faraday’s law	�Q � �	R
, 
which suggests that more the reduction current of ions increases more the pore filling time is 

reduced. In this context, a good reproducibility is achieved in the different electrodeposition 

experiments. After this first deposition step, all the electrodeposited samples were annealed at 

500 oC in air for 24 hours in order to promote the formation of the CoFe2O4 spinel phase and 

also to keep the AAO membranes more thermally stable. 

 

Structural and morphological properties 

The crystalline structure of the nanowires electrodeposited at various potentials was explored by 

XRD as shown in Fig. 6.c. 

Table 3 (Here) 

 

 

The recorded XRD spectra suggest that all the elaborated nanowires possess a spinel phase, 

confirming the growth of CoFe2O4 into the porous AAO membranes according to the JCPDS 

standard data (no. 22−1086). Moreover, the XRD patterns revealed that the all nanowires 

exhibited a partial orientation along the (311) reflection. However, we can note the appearance 

of a new peak of CoFe2O4 at 2θ = 79.8o for the nanowires deposited at -1.1 V. Furthermore, for 

the nanowires electrodeposited at -1.2 V, the XRD spectra emphasized the birth of two new 

peaks at 2θ = 71.62o and 2θ = 37.36o corresponding to spinel CoFe2O4 phase. The lattice 

parameters were determined for the intense reflection (311) of each spectrum. As a consequence, 



 

 

 

the lattice parameter (a) was found to be 8.325 Å, 8.331 Å and 8.354 Å for the nanowires 

electrodeposited at -1 V, -1.1 V and -1.2 V, respectively. Indeed, the obtained values are in good 

agreement with that corresponding to CoFe2O4 single-crystals (a = 8.394 Å). The average 

crystallite size (D) for CoFe2O4 sample is also calculated from XRD data using the Williamson-

Hall method. The calculations revealed that the crystallite size of the CoFe2O4 depends on the 

applied potential. In fact, the average crystallite size decreases from 15.17 to 14.04 nm for the 

applied potentials of -1 V and -1.2 V, respectively. Moreover, the XRD investigations globally 

indicate that the crystallinity degree is enhanced as the applied voltage becomes more negative. 

The evolution of the lattice parameter and crystallite size is associated to the fact that the 

crystallites agglomerations become smaller by varying the applied potential from -1 V to -1.2 V. 

Within this context, similar results are reported recently by Franco et al. [21]. 

Figure 11 shows the SEM images that evaluated the effect of the potential variation on the 

morphology and the ratio of the pore-filling. The electrodeposition time was interrupted at 40 

min in order to evaluate the difference in the pore-filling of the AAO membranes. 

 

Fig.11 (Here) 

As shown in Fig.11, the filling ratio of the AAO membrane pores strongly depends on the 

applied voltage. Figure.11.c reveals that a total and uniform pore-filling with CoFe2O4 

crystallites is reached at -1.2 V for 40 min, unlike the samples deposited at -1 and -1.1 V, 

contain unfilled pores as observed in Fig.11.a and b. In this case, the samples need more time 

to reach the total filling of the pores as indicated in the CA curves (Fig.10). This difference in 

the pore filling ratio arises from various phenomena that have occurred during the 

electrochemical growth of metal ions in the AAO membrane. However, the thickness 

reduction of the diffusion layer, that controls the dynamic of ions, can drastically affects the 

kinetics of the diffused ions from the electrolyte to the pores, thus modifying the nucleation 

and the growth rate. Consequently, the structure and the composition of the CoFe2O4 

nanowires showed a noticeable modification. The diameter of the elaborated nanowires is 

ranging from 20 to 23 nm, which is roughly equal the pore diameter of the used AAO 

membrane. In addition, the elementary composition of the synthesized nanowires, 

investigated by the EDS analysis (Table. 4), confirms that no relevant impurities are detected 

inside the CoFe2O4 nanowires. Moreover, the EDS analysis revealed a better stoichiometry of 

the CoFe2O4 nanowires with 16.44%- Co, 25.81%-Fe and 57.92%-O obtained with an applied 

potential of -1.2 V. 



 

 

 

Table 4 (Here) 

This result indicates the good arrangement of the Co, Fe, O cations in the tetrahedral and 

octahedral sites of the elementary lattice of CoFe2O4 and confirms the good formation of the 

spinel phase for the CoFe2O4 nanowires. As a matter of fact, the obtained stoichiometry 

degree confirms again the birth of the new peaks observed in the XRD spectrum for a pure 

spinel phase. 

As shown in Fig.12, the AFM probing technique was used to characterize the topography of 

CoFe2O4 nanowires elaborated by electrodeposition at various applied potentials. 

Fig.12 (Here) 

As a preliminary step, the 3D AFM images are recorded in tapping mode in order to determine 

the surface topography of the different samples. AFM images of the CoFe2O4 nanowires 

deposited at -1 V and -1.1 V clearly confirm the absence of the total pore-filling. The surface of 

both samples is generally rough and contains many areas with different levels and lengths of 

nanowires. In addition, the surface of the nanowires deposited at -1.2 V shows a total pore 

filling. The surface is very homogeneous and compact, which confirms that the pores are 

completely filled by the CoFe2O4 crystal. The AFM results greatly reproduced the SEM 

observations discussed in the previous paragraph 
 

Magnetic properties 

The magnetic properties of the CoFe2O4 nanowire arrays grown at different deposition 

potentials have been measured at room temperature under an applied field up to 1500 kA/m. 

Fig. 13 displays the variation of squareness ratio Mr/Ms as a function of the applied field H. 

 

Fig.13 (Here) 

 

 

Their corresponding magnetic parameters are listed in Table 5 

 

Table 5 (Here) 

 



 

 

 

We have investigated the evolution of the magnetic properties of CoFe2O4 nanowire arrays as 

a function of their average chemical composition. Thus, within the elementary composition 

ranges between 28.39% and 16.44% of Co as shown in EDS spectra (Table. 4) for the applied 

potential varying from -1 V to -1.2 V, it was found that the nanowires grown at -1.2 V exhibit 

a quasi-perfect stoichiometry. Table 5 reveals that the squareness ratio and coercive field are 

enhanced in both parallel and perpendicular directions as the applied field negatively 

increases. Therefore, the nanowires deposited at -1.2 V present high squareness ratio of 0.41 

and coercivity Hc of 118 kA/m along the wire axis, in comparison to squareness ratio of 0.36 

and coercivity of 111 kA/m in the perpendicular direction. It is obvious that the squareness 

ratio and the coercivity are highly affected by the elementary composition of CoFe2O4 into 

AAO membrane. The magnetic response of the CoFe2O4 nanowires is closely related to the 

cations distribution in tetrahedral and octahedral sites of spinel phase and also the 

crystallographic microstructure [22]. Due to the rapid growth of Co and Fe  metals into AAO 

membrane pores with the variation of the applied potentials from -1 V to -1.2 V, the intrinsic 

stress and defects increase with the decrease of Co atoms in the nanopores. As a consequence, 

this enhances the crystallographic structure to obtain a pure spinel phase. From the recorded 

hysteresis loops, it has been observed that at -1.2 V, the easy axis is slightly controlled by the 

shape anisotropy of CoFe2O4 crystallites into the nanopores. Indeed, there is a remarkable 

improvement in the coercivity parallel and perpendicular to the wire axis when the applied 

voltage is maintained at -1.2 V. Indeed, this effect is expected due to the decrease in the 

crystallite size as shown in XRD analysis (i.e. transition from multidomain state to 

monodomain one), as well as the more efficiency reduction of Fe2+ and Co2+ metallic ions. It 

has been reported that the crystallites deposited at -1 and -1.1 V possess comparable sizes 

(15.17 nm, 14.76 nm) with the monodomain size (14.47 nm). On the other hand, the 

crystallite deposited at -1.2 V has a size of 14.04 nm, so the formation of the monodomain 

state can be ensured. Within this context, similar findings have been reported by Wu et al. 

[23]. Moreover, the internal magnetic field (Hi) acting inside the CoFe2O4 nanowires 

embedded into AAO template, can be expressed in the remanent state by the following 

formula [24]: 

�S � �T 7 UD3 																																																													�10
 
where �T is the anisotropy field of CoFe2O4 nanowires, and N is the demagnetizing factor, 

close to 0 in the case of an elongated magnetic cylinder polarized vertically along the z axis. 

The �T  value is experimentally determined by the intersection between the edges of the 



 

 

 

hysteresis cycles in the both measurement directions as described in Fig.13. Table 5 

summarizes the values collected for �T. As expected, the nanowires electrochemically grown 

at -1.2 V exhibit an anisotropy field of 1.4 T. In this case, the internal magnetic field �S  of the 

CoFe2O4 nanowires is proportional to the anisotropy field, and we can approximatively 

write	�S ≅ �T 

The results reached in this section are encouraged to maintain -1.2 V as a reduction potential for 

Co and Fe ions in the future electrodeposition experiments of this work. 

3.4 Effects of applied magnetic field 

Chronoamperometry study 

To investigate the effect of the magnetic field on the electrochemical growth of Co and Fe 

within AAO membranes, chronoamperometric curves have been recorded during the 

electrodeposition process (Fig.14). The CoFe nanowires were electrodeposited at room 

temperature in potentiostatic mode (deposition potential fixed at -1.2 V). 

Fig.14 (Here) 

. 

As displayed in Fig.14, the resulting current density of CoFe reduction into AAO membranes 

increases when the applied magnetic field B ranges from 0.4 to 0.6 T. However, the current 

density enhancement is mainly explained by the fact that the migration of the electro-active 

species towards the bottom of the nanopores becomes faster in the presence of the magnetic 

field � which decreases the thickness of the DLC according to the following formula [25]: 

WX � 1.59	YZ[\I/�*I/�]I/�����
�I/���I/�																																		�11
 
where [ is the radius of the working electrode, Z the density of electrolyte, \ the bulk flow 

velocity, � the electron number, � the Faraday constant, * the diffusion coefficient, and � the 

concentration of electroactive ions in the electrolyte. 

 

Indeed, in the case of the system with mass transport control, the limiting current density of 

diffusion increases with � and the species concentration gradient Δ� following the law [26]: 

_ � 0.45[C�I`���*
��a/*
�/��\b
�IΔ���																											�12
 
where `  is the rotation efficiency introduced by the deviation from the ideal parallel 

arrangement of current lines, and b the dynamic viscosity. 



 

 

 

 

 

Thus, the amount deposited increased with the D.C applied magnetic field. As a result, the total 

filling time of AAO membrane nanopores is reduced from 37 to 30 min as displayed in Fig.14, 

which confirms our results. During the electrochemical analysis for the electrochemical growth 

of CoNiMo films, Aaboubi et al. [27] have reported that the presence of the magnetic field 

modifies the polarization curves and clearly increases the current density of growth. Such result 

is obtained in our work, indicating the presence of the MHD convection responsible for 

enhancing the rate of ions transferred to the active deposition surface. This process is illustrated 

in Fig.15. 

Fig.15 (Here) 

 

From the adopted scheme, two types of MHD convections are produced by the action of 

Lorentz force: (i) a macroscopic MHD convection around the AAO membrane edges, and (ii) 

a micro-MHD convection around the nonequilibrium fluctuations such as hemispherical 

diffusion zones around each pore. 

Structural and morphological properties 

In order to determine the effect of the applied magnetic field on the CoFe2O4 

microstructure, the X-ray diffraction technique was employed. Figure 6.d shows three 

diffractograms obtained for the magneto-electrodeposited nanowires at -1.2 V with B = 0.4 T, 

0.5 T and 0.6 T, after annealing for 24 hours at 500 oC. 

From these diffractograms, the formation of the spinel phase of cobalt ferrite is confirmed by 

the presence of these characteristic peaks. Moreover, the XRD spectra show that the magnetic 

field partially increases the enlargement and intensities for the different peaks with a partial 

texture following the crystallographic direction [311]. The shown result reveals that the 

CoFe2O4 nanowires exhibit a higher degree of crystallinity. Quantitatively, the lattice 

parameter (a) and the average crystallite size (D) have been evaluated by exploiting the XRD 

data. The calculations have revealed that the magneto-electrodeposition decreases the 

crystallite size into the nanopores from 12.82 to 10.54 nm, and also shifted the lattice 

parameter from 8.361 Å to 8.383 Å, which approaches to the value of bulk cobalt ferrite 

(8.394 Å). In conclusion, the growth is strongly affected by the action of the magnetic field. 

This effect is attributed to the micro-MHD convection acting on the ions during the cathodic 



 

 

 

reaction. The bias magnetic field controls and enhances the current density (Fig.14), thus 

promoting a constant growth of the germs. This would explain the modifications of the 

CoFe2O4 crystalline properties such as texture and structure [28]. The observed XRD results 

are in good agreement with those reported by Ganesh et al. [29]. 

Moreover, the morphologies of the magneto-electrodeposited CoFe2O4 were examined 

using SEM analysis after the samples dissolution in 1 M of NaOH for 40 min. Figure 16 

presents the nanowires deposited for various filling times (30, 35 and 37 min), corresponding 

to each value of the applied magnetic field as described in Fig.14. 

 

Fig.16 (Here) 

 

As observed in the top SEM images, the pores of the AAO membranes are well filled by the 

CoFe2O4 crystal. The diameter of the nanowires is ranging from 20 to 22 nm, which is nearly 

equivalent to the nominal diameter of the used AAO membranes. The elementary composition 

of CoFe2O4 nanowires was investigated by the EDS analysis (Table. 6). As indicated by the 

collected data in the tables, the nanocomposite consisted only of Fe, Co and O, which 

confirms its purity. Moreover, it was observed that the nanocomposite magneto-

electrochemically grown at 0.6 T presents a great stoichiometry (15.15% - Co, 28.54% -Fe 

and 56.31% –O). In addition, this stoichiometry confirms the higher crystallinity of CoFe2O4 

and the formation of the spinel phase with regular distribution of Co and Fe ions on the 

tetrahedral and octahedral sites. Moreover, this result can explain the increasing of XRD 

reflections enlargements and intensities shown in Fig. 6.d. It is quite conceivable that for the 

ferromagnetic ions, the induced magnetic dipolar effects can have significant influence on the 

crystallographic distribution within the spinel structure of CoFe2O4 [30]. 

The AFM technique was used to investigate the surface uniformity. Figure 17 shows the 

AFM 2D surface topography of the CoFe2O4 nanowires deposited at different applied magnetic 

fields. 

 

Fig.17 (Here) 

 

The samples have uniform and well-filled nanopores, especially for the sample deposited at 

0.6 T, as shown by SEM analysis. Basically, under the effect of the applied magnetic field 



 

 

 

increase, the movement of ions in the electrolyte, the mass transport speed towards the 

electrochemically active surface and the MHD convection generated from Lorentz force reach 

their maximum levels. This is reflected by a remarkable enhancement of the current reduction 

(Eq.12), which corresponding to the formation of deposit inside the AAO pores. As a result, 

the surface of the deposit becomes more compact and homogeneous as the magnetic field 

increases Fig. 17.a, b and c. 

Magnetic properties 

The normalized M–H curves of CoFe2O4 nanowires magneto-electrochemically grown in 

the AAO membranes are obtained at 300 K for an applied scanning field parallel and 

perpendicular to the wire axis. Figure 18 shows the hysteresis loops of the annealed samples.  

Fig.18 (Here) 

 

Table 7 summarizes the estimated magnetic parameters characterizing the CoFe2O4 nanowire 

arrays. 

 

Table 7 (Here) 

 

The measurements reveal that the application of the magnetic field modifies the magnetic 

properties by enhancing the squareness ratio, the coercive field, and the anisotropy field in 

both scanning directions (Table 7). They report a remarkable shifting from 0.47, 120 kA/m 

and 1.4 T to 0.55, 130 kA/m and 1.5 T for D5/D3, �>  and �T of the magneto-electrodeposited 

nanowires at 0.4 and 0.6 T, respectively. 

From an electrochemical and microstructural point of view, this phenomenon  can be related 

to the mechanism of the reduction of Fe and Co ions, and also to the process of growth during 

the electrodeposition. The electrochemical growth in the magnetic field is influenced by an 

additional convection and the crystallites growth is favorable in the direction of the easiest 

magnetization. The nucleation rate is increased and small crystallites can uniformly grow 

since the convection near the interface provides sufficient magnetic ions to each crystallite. In 

this case, the reduction of the crystallite size in the presence of the magnetic field is 

essentially due to the increase of the nucleation rate, as confirmed by the XRD analysis, and 

can be considered as a key point to tailoring the magnetic properties of the cobalt ferrite 

nanocomposite. Furthermore, the EDS measurements emphasize that the chemical 



 

 

 

composition of nanowires is enriched in cobalt as the applied magnetic field increases from 

0.4 T to 0.6 T, which eventually forms a highly pure spinel phase inside the nanopores. These 

results could be explained by uniaxial magnetic anisotropy and the appearance of the single 

magnetic domain structure, i.e. induced by the walls displacement of the local domains 

formed between the clusters of crystallites, leading to a partial orientation on the magnetic 

moments into the AAO membranes. Moreover, its shape anisotropy favors the alignment of 

the easy axis along the nanowires. Consequently, these mentioned factors enhance the internal 

magnetic field �S	that greatly depends on the anisotropy field �T  estimated from the measured 

hysteresis loops. The current results of the magnetic measurements of our samples have 

shown a great similarity with those previously reported [31-33]. 

In conclusion, we have demonstrated a significant improvement in the magnetic properties of 

the CoFe2O4 nanowires by applying an external magnetic field during the growth of the 

nanowires in 20 nm-AAO porous templates. 

3. 5 Effects of the annealing on the magnetic properties 

Figure 19 presents the room-temperature hysteresis curves for the magneto-electrodeposited 

CoFe2O4 nanowires at 0.6 T/-1.2 V and annealed at two different temperatures.  

 

Fig. 19 (Here) 

 

The experimental data of the hysteresis loops i.e. squareness ratio D5/D3, coercive field �>  

and anisotropy field �T   are displayed in Table 8. 

 

Table 8 (Here). 

Accordingly, there is a significant difference in the magnetic response of the annealed 

nanowires. The nanowires corresponding to the annealing temperature (600 oC) have a 

D5/D3 of 0.52, �>  of 73 kA/m and 1.12 T for Ha. On the other hand, the nanowires annealed 

at 700 oC possess a D5/D3  of 0.43, 60 kA/m for �>  and 1.01 T for Ha. In principle, the 

magnetic properties are highly sensitive to the crystallite size, microstructures and 

distributions of cations into tetrahedral and octahedral sites in the spinel structure [34]. The 

cations distribution is influenced by various parameters such as the ionic radius of the cations, 

the stabilization energy in the crystalline field, the electronic configuration, etc. The 



 

 

 

distribution of the individual cations in the unit cell can be described by the following 

chemical formula: 

���I�S�	 ��S�	
c��S�	����S�	 d																																																		�13
 
where � is the degree of inversion. The ideal inverse spinel structures have � � 1 and � � 0 for 

the normal spinel and the mixed spinel structures, with the value of i varying between 0 and 1. 

The ions within square brackets are located in the octahedral sites and the ions within brackets 

are located in the tetrahedral sites. 

In this context, the shown decrease of D5/D3  with the increase of the annealing temperature 

can be attributed to the cations redistribution where Co2+ ions migrate from tetrahedral to 

octahedral sites and Fe3+ cations migrate from octahedral to tetrahedral sites with the increase 

of temperature from 600 oC to 700 oC. These phenomena will be responsible for a change in 

the degree of inversion i (Eq. 13) and therefore the formation of structural distortions due to 

structural disorder. This structural disorder will be accompanied by a magnetic disorder due to 

a non-alignment of the spins with the global magnetization direction of the crystal. 

 Accordingly, the net magnetic moment will be affected. The preference of the net magnetic 

moment of CoFe2O4 crystallites with the spinel structure is presented as [35]: e	 �
∑eghijklmnjo 		7 	eilinjklmnjo. It should be noted that the magnetic moment of Fe3+ ions is 

greater than that of Co2+ ions. As a matter of fact, the redistribution of Fe3+ ions at octahedral 

sites will increase the total number of the magnetic moment which appears as the decrease of 

Mr/Ms in the CoFe2O4 nanowires in parallel and perpendicular orientations. 

Moreover, the reduction in coercivity and anisotropy field as the annealing temperature 

shifting from 600 oC to 700 oC can be associated with the increase in CoFe2O4 crystallite size 

inside the AAO membrane pores and the drop in the anisotropy constant of the samples. This 

weakening was corroborated by the finding that the XRD peaks become very fine and have 

small FWHM (βhkl) (Fig. 6.a), which indicates such shape modification of the produced 

nanocrystallite, i.e. the transition from single separated nanocrystallite to compact 

nanocrystallite granules. These results are in agreement with those reported by Ajroudi et al. 

[36]. 

As a conclusion, the optimal temperature that provides the best magnetic properties for CoFe2O4 

nanocomposite is around of 500 oC. This annealing temperature will be kept in the next 

examinations. 

 



 

 

 

3. 6 Magnetic Field cooling effects 

In this study, a lower rate cooling under magnetic field was performed in order to 

investigate its effect on the structural and magnetic properties of CoFe2O4 nanowires. The 

sample is magneto-electrodeposited at -1.2 V/0.6 T and then annealed for 24 hours at 500 oC. 

After this first step of synthesis, the sample was cooled under uniform static magnetic field 

(0.6 T) by placing it on the upper side of a permanent magnet, which is the same used during 

the electrochemical deposition, as shown in Fig. 20. 

Fig.20 (Here) 

 

Figure 6.e illustrates the XRD patterns of the elaborated CoFe2O4 nanowires. The XRD 

reflections correspond to cobalt ferrite (spinel structure). It can be noted that the cooling under 

magnetic field induces a new XRD reflection (422) of CoFe2O4 at 2θ = 53.7o, which indicates 

the possible effect of the field cooling on the internal microstructure of nanowires. The 

calculated lattice parameter has a value of 8.387 Å. In addition, the Williamson-Hall 

calculation provides a crystallite size of 9.06 nm, which is smaller than those reported in the 

previously discussed studies of our work. 

Figure 21 presents SEM observations of field cooled nanowires at 0.6 T after their 

dissolution in NaOH solution. 

Fig. 21 (Here) 

The images confirm that the AAO membrane pores are completely filled by the CoFe2O4 

crystallites, as well as the presence of high density of nanowires. 

In order to investigate the influence of the field cooling effect on the magnetic response of 

CoFe2O4 nanowires, hysteresis loops were measured at room temperature in the parallel and 

perpendicular orientations. 

Fig. 22 (Here) 

 

During the magnetic field cooling, the nano-crystallites were aligned in the direction of the 

magnetic field. From the performed curves, the easy axis is parallel to the nanowire axis and 

the perpendicular direction represents the hard axis. An interesting result was observed in the 



 

 

 

hysteresis loops when the nanocrystals are aligned along the easy axis. This configuration 

promotes the spin order of the CoFe2O4 nano-crystallites, which increases the coercivity and 

remanent magnetization of the nanowire arrays. The increase in coercivity �>  (141 kA/m) and 

squareness ratio D5/D3  (0.6) is attributed to the magnetocrystalline and shape anisotropies 

induced by the imposition of the magnetic field during the cooling process. Along the easy 

axis, the CoFe2O4 nanowires exhibit a large magnetic anisotropy due to magnetocrystalline 

anisotropy superimposed on the shape one. Moreover, the uniformity of nanowire lengths, 

reflected by the total filling of the AAO membrane pores, is a key parameter in the magnetic 

inversion process. A closely distributed nanowire lengths can lead to a coherent magnetization 

reversal process and result in enhanced coercivity and squareness of the loops. Generally, 

when the nanowires are aligned in the direction of the magnetic field, all the spins of the 

CoFe2O4 nano-crystallites are parallel to the easy axis. Thus, aligned nanowires may exhibit a 

partially square hysteresis loops. As a matter of fact, the higher D5/D3  and �>  ratio might be 

attributed to two possible reasons: (i) the sizes of all nano-crystallites are smaller, i.e. single-

domain regime, and (ii) magnetization curve are governed by coherent rotation of magnetic 

moments. As a result, partially auto-polarized ferrimagnetic CoFe2O4 nanowires that present 

magnetic response of hard material with an internal magnetic field of 1.52 T were obtained. 

 

4. Conclusion 

In summary, we have studied the physico-chemical properties of CoFe2O4 nano-crystallites 

embedded electrochemically in AAO membranes with different pore diameters (20, 100 and 200 

nm) by different techniques (CV, CA, XRD, SEM-EDS, AFM, SQUID-VSM). As a first study, 

we have chosen to study the effect of pore diameters and the potential applied to the working 

electrode on the formation of CoFe2O4 deposit have been under consideration. The results show 

that the 20 nm-nanowires in diameter exhibit the best magnetic response. Then, we investigated 

the effect of the magnetic field presence during the electrochemical process. The magnetic field 

affects the nucleation and the electrochemical growth by changing the filling time of the AAO 

membrane pores. On the other hand, the convective effect of the magnetic field influences the 

morphology of CoFe2O4 deposits, where the crystallite size decreases, resulting in a change in 

the texture of the deposit. The magnetic characterizations of CoFe2O4 nanowires have shown 

that the magnetic field leads to a significant enhancement of the squareness ratio and coercive 

field of the synthesized nanowires. Moreover, the magnetic measurements have revealed that the 

cooling under magnetic field produces a better self-polarized magnetic composite with an 



 

 

 

internal field of 1.52 T. Finally, the reached magnetic response of the CoFe2O4 nanowires can 

make them suitable for the auto-polarized microwave devices. 
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Figures captions 

 

Figure. 1: SEM images of AAO membrane; cross sectional view (a,b) and plan view ( c ). 

Figure. 2: Experimental setup of the electrodeposition process. 

Figure. 3: J–V characteristic for the solution containing Co2+ and Fe2+ at 25 oC. 

Figure. 4: Chronoamperograms of CoFe composite growth into AAO membranes at room 

temperature. 

Figure.5: Growth of a layer on the nanowires surface after the total pores filling. 

Figure. 6: XRD patterns of the synthesized CoFe2O4 nanowires: (a) annealed at 850 oC for 24 

hours (b) electrodeposited in different nanoporous AAO membranes, (b) electrodeposited at 

various applied potentials, (d) magnetoelectrodeposited at various applied magnetic field, (e) 

field cooled at magnetic field of 0.6 T. 

Figure. 7: Steps of samples preparation for SEM analysis. 
Figure. 8: SEM images of CoFe2O4 nanowires electrodeposited into various nanoporous 

AAO membranes: top and cross sectional views for 20 nm (a, d), 100 nm (b, e), and 200 nm 

(c, f). 

Figure.9: Hysteresis cycles recorded at 300 K for CoFe2O4 nanowires with different diameters. 

Figure. 10: CA curves of electrochemical reduction of CoFe composite into 20 nm-AAO 

membranes at different applied potentials of -1 V, -1.1 V and -1.2 V. 

Figure. 11: SEM images of CoFe2O4 nanowires electrodeposited at various potentials: (a) -1V, 

b) -1.1 V, and c) -1.2 V. 

Figure. 12: 3D AFM micrographs of electrodeposited CoFe2O4 nanowires at -1 V ( a), -1.1 V 

(b) and -1.2 V ( c ). 

Figure. 13: Hysteresis loops of CoFe2O4 nanowire arrays grown at different deposition 

potentials. The || and ⊥ signs indicate the sweeping magnetic field direction parallel and 

perpendicular to the substrate surface, respectively, during the SQUID-VSM measurement. 

Figure. 14: CA curves of CoFe composite reduction in AAO membranes under different 

applied magnetic fields. 

Figure. 15: MHD effect in electrodeposition under vertical applied magnetic field B. 

Figure. 16: SEM images of the magneto-electrodeposited CoFe2O4 nanowires. 

Figure. 17: AFM 2D surface topography of the magneto-electrodeposited CoFe2O4 nanowires: 

(a) B=0.4 T, b) B=0.5 T and (c) B=0.6 T. 



 

 

Figure. 18: Hysteresis loops of the electrochemically deposited CoFe2O4 nanowires at various 

applied magnetic fields. 

Figure. 19: Hysteresis loops of the annealed CoFe2O4 nanowires at 600 oC and 700 oC. 

Figure. 20: Field cooling treatment of filled AAO membrane by CoFe2O4 crystallites. 

Figure. 21: SEM images of field cooled CoFe2O4 nanowires. (a) partial dissolution, ( b ) total 

dissolution. 

Figure. 22: Hysteresis loops of field cooled CoFe2O4 nanowires at 0.6 T. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Tables captions 

 

Table. 1: Elemental composition of CoFe2O4 nanowires after the dissolution in 0.1 M NaOH. 

Table. 2: Squareness ratios and coercive fields for CoFe2O4 nanowires. 

Table. 3: Calculated cell parameters and crystallite sizes. 

Table. 4: Elemental composition of the nanowires electrochemically grown at different applied 

potentials. 

Table. 5: Squareness ratios and coercive fields for CoFe2O4 nanowires. 

Table.6: EDS measurement for the magnetoelectrodeposited nanowires.  

Table.7: Measured magnetic properties of   CoFe2O4   nanowires grown by magneto 

electrodeposition in AAO templates 

Table. 8: Measured magnetic properties of the annealed CoFe2O4   nanowires 
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                              Pore diameter 

 200 nm 100 nm 20 nm 

Elements  At.%  

� − � 60.05 62.25 58.08 

�� − � 24.31 22.72 26.41 

�� − � 13.63 12.81 14.2 

	
 − � 2.01 2.22 1.31 

 
Table. 1 

 
 
 

 200 nm 100 nm 20 nm 

��/��   0.16 0.32 0.4 

�� (��/�) 32 96 110 

 
Table. 2 

 
 

Applied potential (V) Cell parameter (Å) Crystallite size (nm) 
-1 8.325 15.17 

-1.1 8.331 14.76 

-1.2 8.354 14.04 

 
Table. 3 

 
 
 

                              Applied potential 

 -1 V -1.1 V -1.2 V 

Elements  At.%  

� − � 38.56 41.27 57.92 

�� − � 33.05 34.18 25.81 

�� − � 28.39 24.55 16.44 

 
Table. 4 

 
 
 
 
 



                            Applied potential 

  -1 V  -1.1 V -1.2 V 

��/��  (||) 0.32 0.34 0.41 

�� (��/�)  (||) 73 86 118 

��/��  (⊥) 0.30 0.31 0.36 

�� (��/�)  (⊥) 79 90 111 

���� (T) 1.12 1.25 1.4 

 
Table. 5 

 
 
 
 

              Applied magnetic field B 

 0.4 T 0.5 T 0.6 T 

Elements  At.%  

� − � 59.59 58.12 56.31 

�� − � 26.16 27.04 28.54 

�� − � 14.25 14.84 15.15 

Table. 6 
 
 
 
 
 
 
 
 
 
 

 
 B=0.4 T B=0.5 T B=0.6 T 

��/��  (||) 0.47 0.5 0.55 

�� (��/�)  (||) 120 116 131 

    ��/��  (⊥) 0.42 0.44 0.46 

�� (��/�)  (⊥) 121 125 140 

���� (T) 1.42 1.44 1.5 

Table. 7 
 

 
 
 
 



 
 

 600 oC 700 oC 

��/��  (||) 0.52 0.43 

�� (��/�)  (||) 73 60 

��/��  (⊥) 0.46 0.41 

�� (��/�)  (⊥) 76 61 

���� (T) 1.12 1.06 

 
Table. 8 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




