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In this work, a comparative study of the microstructure, magnetic and magnetoresistive properties of arrays of

Fe−Ni nanowires with different morphologies has been carried out. They were obtained by electrolytic metal

deposition in porous alumina matrices prepared by different, including original, techniques. All nanowires samples

are polycrystalline and have a face-centred cubic lattice. The relationship between the remagnetisation properties

and the morphology of the nanowire arrays was revealed. The presence of the magnetoresistance anisotropy effect

was found, the magnitude of which was 1.3−2.3% for samples of different types.
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1. Introduction

Magnetic nanowires (NWs) are an interesting class

of magnetic nanomaterials, since due to their geometry

and dimensional characteristics they demonstrate properties

promising for use in various technical fields, including

media for high-density information recording, spintronics

devices, highly sensitive sensors and microwave technology

components [1–6]. In particular, NWs can be used to create

magnetoresistive sensor elements with a high level of basic

electrical resistance.

In addition to the starting material, the magnetic and

resistive properties of both arrays and individual nanowires

directly depend on the shape, size, and packing density of

the nanowires in the matrix. The possibility of variation of

these parameters is largely determined by the technology

of NWs synthesis. In this regard, one of the most effective

methods for obtaining nanowire arrays is the electrodepo-

sition of ferromagnetic metal into anodic aluminium oxide

(AAO) matrices [7]. Using AAO as templates for NWs

makes it possible to obtain arrays of ordered nanowires with

high density and adjustable geometric parameters [7], which

is important for an adequate analysis of the properties of the

studied objects and possible practical applications.

The traditional synthesis technique involves removal of

aluminum from the back of the AAO and application of a

conductive metal layer (Ti,Cu,Au), which serves as a contact

for electrochemical deposition [5–8]. However, in this

paper, an alternative approach is proposed, which consists in

using a non-oxidized aluminum base AAO as a conductive

substrate, which somewhat simplifies the synthesis process.

This method eliminates the stage of chemical removal of

aluminum, reducing the risk of damage to the matrix and

provides the potential for reuse of aluminum.

Along with the magnetism of NWs, their resistive

properties are of considerable interest, which are realized,

among other things, when a spin-polarized current is passed

through NWs. The latter is relevant in connection with

research into the prospects for electrical control of the

magnetic state of systems [6,9]. In addition, an electric

current can be applied to the domain walls and domains

inside the nanowires, which also makes it possible to control

their magnetic state [10–14]. All this characterizes NWs

as a separate type of magnetic materials that can find

appropriate functional applications in the development of

new generations of magnetic, spintronic, and neuromorphic

devices [15–18].

Despite significant progress, unexplored aspects re-

main. In particular, the effect of anisotropic magnetore-

sistance (AMR) has been studied for single Ni and Co

nanowires [19–22], but has not been demonstrated for arrays

of NWs made of Fe−Ni alloy. In addition, on this side, NWs

with a branched structure were not considered, although

their morphology can significantly affect their properties.

The main objective of this work was a comparative

study of the microstructure, magnetic and magnetoresistive

properties of NWs arrays of Fe−Ni alloy with different

morphologies of individual elements, the implementation of

which is based on the application of classical and original

methods of electrolytic synthesis of the corresponding
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objects, including those with surface electrically conductive

layers.

2. Experimental methodology

2.1. Materials and equipment

The following equipment was used for the synthesis of

porous aluminum oxide matrices and the electrodeposi-

tion of nanowires: DC power source AKIP-1133-300-2.5

(JSC
”
PriST“, Russia), chiller DLK-2003 (LLC

”
Vilitek“,

Russia), original fluoroplast chemical cell.

Electrolytes for anodizing and electrodeposition were

mixed from the following materials: oxalic acid

(chemically pure) C2H2O4 · 2H2O, GOST 22180-76 (JSC

”
VEKTON“); iron sulfate (chemically pure) FeSO4 · 7H2O,

GOST 4148-78 with amendments 1, 2 (LLC
”
Raspberry

Lake Trading House“); nickel sulfate (chemically pure)
NiSO4 · 7H2O, GOST 4465-2016 (JSC

”
VEKTON“); boric

acid (chemically pure) H3BO3, GOST 9656-75 with

amendments 1, 2, 3 (LLC
”
KhimTrast“); copper sulfate

CuSO4 · 5H2O, GOST 19347-99, grade A, first grade

(Russia).

For etching aluminum, a solution of hydrochloric acid

(chemically pure) HCl, GOST 3118-77 with modifica-

tion 1 (JSC
”
Kaustic“) and copper chloride (II) (chem-

ically pure) CuCl2 · 2H2O, GOST 4167-74 with amend-

ments 1 (LLC
”
Reakhim“), as well as an aqueous solution

of orthophosphoric acid (UHP) H3PO4, TU 2612-014-

00203677-97 (JSC
”
Rheatex“) and a solution of orthophos-

phoric acid with chromium oxide, GOST 3776-78 with

amendments 1, 2 (AO
”
Russian Chromium 1915“).

To dissolve the oxide matrix, a solution of sodium hydrox-

ide (chemically pure) NaOH, GOST 4328-77 (LLC
”
OTK“)

was used.

A neodymium magnet N38 0.01×0.005×0.002m

(China) was used to assemble the nanowires.

The morphology, structure, and composition of the

NWs arrays were studied using a transmission electron

microscope JEOL-2100. Magnetometric hysteresis loops

were obtained using a Lake Shore 7407 vibrating magne-

tometer at room temperature in the field range ±15 kOe

when an external magnetic field was applied along and

perpendicular to the axis of the nanowire array. The

measurement of the magnetoresistive properties was carried

out on the original magnetoresistive installation using a

pseudo-four-probe method. The measuring unit consisted of

an electromagnet, two universal voltmeters AKIP-V7-78/1

for measuring voltage and current, as well as a direct

current source. The value of the direct current flowing

through the sample was 0.61mA. The data was recorded

and processed using an original visual program in the

LabVIEW programming environment. The measurement

results were magnetoresistive hysteresis loops R(H), which

were obtained by applying an external magnetic field along

and perpendicular to the axis of the nanowire array (axis

perpendicular to the plane of the AAO template) at room

temperature in the field range ±8Oe.

2.2. Synthesis of nanowires

Within the framework of this study, three types of

nanowire arrays were obtained: A, B and C . The synthesis

of each type was carried out in two main stages: the

formation of a porous aluminum oxide template and its

subsequent filling with magnetic material by electrolytic

deposition. The main differences between the samples of

different types were in the features of their morphology,

which were a consequence of the specifics of the methods

of formation of oxide matrices at the first stage of synthesis.

For greater clarity, Figure 1 shows a schematic represen-

tation of the processes of manufacturing different types of

AAO templates.

High-purity aluminum foil with a thickness of ∼ 1mm

was used as the starting material. To form a porous

aluminum oxide matrix, a two-stage anodizing method

was used in an aqueous solution of oxalic acid (with

a concentration of 3M), which was carried out on an

original installation that included a chemical cell, a direct

current source and a chiller to maintain a certain substrate

temperature. Aluminum foil served as the anode, and a

platinum grid served as the cathode. The anodizing process

was carried out at a voltage of 40V at room temperature.

After the first stage of anodizing, which lasted 60min,

the formed aluminum oxide layer was removed in a 7%

aqueous solution of orthophosphoric acid with chromium

oxide (with a concentration of 0.18M). Then the second

stage of anodizing was carried out with a duration of 100

min (Figure 1). The use of a two-stage anodizing technique

is advisable to form a more ordered array of pores in the

aluminum oxide layer [7].
Later, depending on the type of sample, different opera-

tions were performed to synthesize different types of AAO

templates. Thus, for samples of type A, the anodizing

process was completed, after which the remaining non-

oxidized aluminum was removed from the back of the

oxide matrix by chemical etching in an aqueous solution

of hydrochloric acid and copper chloride (IV). Then, the

barrier layer of aluminum oxide formed at the bottom of

the pores during anodizing was removed in a 5% solution

of orthophosphoric acid. As a result, a continuous porous

aluminum oxide matrix was obtained. At the next stage,

a 200 nm thick layer of copper was deposited on one side

of the template by magnetron sputtering, which served as

one of the electrodes for subsequent electrolytic deposition

of nanowires. Patterns like A can be called classical, as

they are described in sufficient detail in the literature on the

synthesis of arrays of NWs [7,23–27].
In the manufacture of templates of the type B , after

the main stage of anodizing, the method of stepwise

reduction of current and voltage was used to thin the

barrier layer [7,28]. The process was carried out during

∼ 20min and ended when the voltage reached 2−3V.
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Figure 1. Schematic representation of the main stages of manufacturing arrays of nanowires such as A, B and C.

Then, similarly to the A type templates, the remaining non-

oxidized aluminum and the barrier layer at the bottom of

the pores were removed, followed by the deposition of a

layer of copper.

A distinctive feature of the C type templates from

others was the removal of the barrier layer at the bot-

tom of the pores without bleaching the remaining non-

oxidized aluminum. The following operations were used

to achieve this: firstly, a stepwise reduction of current

and then voltage after the main stage of anodizing until

the values of 0.5V were reached; secondly, exposure in

5% solution of orthophosphoric acid was carried out for

70−100min. As a result, AAO templates with open

through-the-hole pores were obtained, providing direct

access to metallic aluminum. A clear advantage of

manufacturing a template using the method described above

is the absence of some labor-intensive technological oper-

ations (dissolution of non-oxidized aluminum, deposition

of a conductive layer), compared with templates such

as A and B .

The electrolytic deposition of Fe−Ni alloy into various

types of aluminum oxide templates was performed at the

next stage of the synthesis of NWs arrays. The cathode

was a sputtered Cu layer (templates like A and B) or

non-oxidized aluminum (templates like C), the anode was

a platinum grid. Electrolytic deposition of NWs alloy

Fe−Ni was carried out for 7min from an aqueous solution

containing iron sulfate and nickel sulfate, with the addition

of boric acid, at room temperature and voltage of 2.5V

(type A and B) and 4V (type C). Then, the pores were

filled by electrolytic deposition of copper from an aqueous

solution of copper sulfate, that is, the pores were filled with

Cu and released onto the surface of the template, resulting

in the formation of a thin conductive film (Figure 1). This
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Figure 2. TEM images of NWs types A (a), B (b) and C (c), obtained using a transmission electron microscope. The corresponding

electron diffraction patterns are shown in the inserts.

was necessary to obtain an electrical contact on the upper

end surface of the NWs array.

Thus, arrays of Fe−Ni alloy nanowires of three types were

obtained in this study that differ in morphology, due to

the peculiarities of production of the corresponding porous

templates.

3. Results and their discussion

3.1. Morphology, structure and composition

The study of the morphology and microstructure of var-

ious types of NWs using transmission electron microscopy

(TEM) methods required additional sample preparation.

It consisted in dissolving an aluminum oxide template

containing arrays of nanowires in an aqueous solution of

NaOH (6M). The nanowires were then assembled using

a neodymium magnet, washed in distilled water from an

alkaline medium, and deposited on carbon-coated copper

meshes. Figure 2 shows TEM images of NWs of various

types. It can be seen that they are elongated cylindrical

objects, however, nanowires of the B and C types have a

branched structure at one end (there are smaller segments

at the bottom of the pores compared to the main diameter

of NW), which is due to the manufacturing features oxide

patterns, namely, the presence of a stepwise stress reduction

step, the use of which leads to pore branching. Since

the time of electrolytic deposition was the same for all

types of samples, the average length of the magnetic NW

turned out to be close and amounted to ∼ 8−10µm. The

average diameter of the nanowires of type A, B , and C was

∼ 50−60 nm.

The porosity of the synthesized samples, calculated

according to the well-known formula for such struc-

tures [29,30]

p =

(

d

Dint

)2
2
√
3

π
,

where d is the diameter of the nanowires, Dint is the

distance between the centers of the pores turned out to

be equal to about 0.25 for all types of samples.

The presence of areas of different contrast in the TEM

images of the Fe−Ni alloy nanowires indicates their poly-

crystalline structure. The transmission electron microscopy

image analysis method was used to quantify the size of

crystallites in synthesized nanowires. The essence of the

method was to measure the linear volume occupied by

individual crystallites on representative TEM images of each

type of sample. Special attention was paid to estimating the

proportion of large crystallites, defined as crystallites with a

characteristic linear size of more than 30 nm. The analysis

results showed that the samples of types A and B are charac-

terized by a significant proportion of large crystallites, which

in both cases is about 70%. In contrast, a sample of the

type C shows a smaller proportion of large crystallites, their

contribution to the total linear volume is about 57%. Differ-

ences in the size distribution of crystallites may be related

to the peculiarities of obtaining different types of nanowires.

Electron diffraction pattern of the selected area (inset in
Figure 2), showed that all types of NW from Fe−Ni alloy

have a face-centered cubic lattice. For all types of samples,

the crystal lattice parameter coincides within the error range

and is 0.3529 ± 0.0008 nm, which is higher than the value

of the lattice parameter for pure Ni equal to 0.3520 nm.

This indicates that Fe atoms are embedded in the Ni crystal

lattice and increase its size.

The composition was studied by energy dispersion mi-

croscopy using JEOL-2100 transmission electron micro-

scope with the Bruker spectrometer option, the data are

provided in Table 1.

The difference of the composition of samples of type A

and B from samples of C type can be explained by the

different potential of electrolytic deposition applied to them

Table 1. Composition of nanowire arrays of different types

Type Fe, at.% Ni, at.%

A 3.5 96.5

B 3 97

C 6.5 93.5
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Figure 3. Hysteresis loops for nanowires arrays of type A (a), B (b and C (c), measured when the magnetic field is directed along the

nanowire array (curve 1) perpendicular (curve 2), the graphs in the inserts are magnified.
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Table 2. Magnetic characteristics of samples of types A, B and C

Type HC (‖), kA/m HC (⊥), kA/m M/Ms (‖) M/Ms (⊥) Ms , kA/m

A 66.9 12.3 0.816 0.052 540

B 67.2 15.4 0.627 0.122 545

C 62.0 12.4 0.425 0.132 600

due to the peculiarities of manufacturing samples of this

type.

3.2. Magnetic properties

Hysteresis loops measured on arrays of Fe−Ni alloy

nanowires of different types are shown in Figure 3. The

numerical values of the magnetic characteristics of each

of the samples (coercive force when applying a magnetic

field along and perpendicular to the axis of the nanowire

array HC (‖) and HC (⊥), saturation magnetization Ms and

residual magnetization M/Ms ) are given in Table 2. It

can be seen that all types of samples are characterized

by pronounced magnetic anisotropy such as the axis of

light magnetization parallel to the axis of the nanowire

array, which indicates a significant contribution of the shape

anisotropy to the effective anisotropy energy. A more

detailed analysis of the hysteresis loops revealed some

features of the magnetization reversal of arrays of nanowires

of various types, which should be discussed in more

detail. For instance, the hysteresis loop of a sample of

type A, measured with the direction of the magnetic field

perpendicular to the axis of the NWs array (Figure 3, a,

curve 2), has the lowest coercive force (according to

Table 2) and reaches saturation in the largest field compared

to the samples B and C .

The field required to achieve the orientation of the

magnetization perpendicular to the axis of the nanowires

of type A is about 278.5 kA/m, which is close to the

value of Hs = 2πMs = 269.7 kA/m (Table 2), which reflects

the contribution of the shape anisotropy to the effective

anisotropy sample [31]. Such an assessment for samples of

the type B and C is impractical since they have significant

heterogeneities in morphology.

It is worth noting that the hysteresis loop of a sample

of type C, measured with the direction of the magnetic

field perpendicular to the axis of the NWs array (see the

box in Figure 3, c, curve 2) shows an obvious bend in

the region of small fields, which is significantly smaller for

the type B sample (see the box in Figure 3, b, curve 2)
and is completely absent from the type sample A. The

occurrence of this bend may be due to the presence of

a magnetic phase, the magnetization of which lies at a

certain angle relative to the axis of the NWs array. The

most likely source of the inhomogeneous magnetic phase

is a branched structure at the bottom of NWs arrays of

types B and C, the presence of which leads to a local

dispersion of magnetization and a complex distribution of

its own demagnetizing field [31–33]. At the same time, type

C samples are characterized by a more complex branched

structure at the bottom of the pores, due to the thinning of

the barrier layer, the minimum diameter of the segments of

which (∼ 18 nm) is smaller compared to samples of type B ,

in which the minimum diameter of the segments is ∼ 26 nm.

The magnitude of the residual magnetization decreases from

samples of type A to samples of type C, which can also

be explained by the presence of an inhomogeneous phase,

which was discussed earlier.

3.3. Magnetoresistive properties

A study of the magnetoresistive properties of arrays

of Fe−Ni alloy nanowires of various types has shown

that they have the effect of magnetoresistance anisotropy.

The normalized magnetoresistive hysteresis loops measured

when an external magnetic field is applied perpendicular to

the axis of an array of NWs of types A, B and C are shown

in Figure 4. This figure also shows a magnetoresistive curve

measured when an external magnetic field is applied along

the axis of an array NWs of type B . The magnetoresistive

curves for samples A and C are identical to the curve for

sample B , so the corresponding data are not provided. The

magnitude of the AMR effect was determined using the

H, kA/m
0 200 400 600
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0.980
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Figure 4. Dependence of electrical resistance on an external

magnetic field applied perpendicular to the axis of the nanowire

array for samples of the type A (curve 1), B (curve 2) and

C (curve 3), and along the axis of the nanowire array, for a sample

type B (curve 4).
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following formula [34]:

1R

R
=

R‖ − R⊥

1
3
· R‖ + 2

3
· R⊥

,

where R‖ and R⊥ are the values of the electrical resistance

of the samples when current flows parallel and perpen-

dicular to the axis of the NWs array, respectively. The

magnitude of the AMR effect was about 2.2% for samples

of the type A and B , which is slightly lower than the values

typical for high-nickel alloys Fe−Ni (2.3−4% [35–37]). The
reduced level of AMR in our case may be associated

with significant surface scattering of conduction electrons

in NWs [35,36]. The magnitude of the AMR effect was

even lower for type C samples (1.3,%). In this case,

an additional contribution to the scattering of conduction

electrons is probably attributable to the increased density

of the intergranular boundaries [36–40], since this type of

sample, according to TEM microscopy, is characterized by

a smaller average crystallite size.

4. Conclusion

A synthesis was performed and a comprehensive study

of arrays of Fe−Ni alloy nanowires of three different

types, differing in morphology and microstructure. Among

other things, conditions have been established for obtaining

porous aluminum oxide matrices with branches in the

bottom, which enhance the dispersion of the polycrystalline

microstructure of NWs and are responsible for the formation

of a magnetic phase in them with a magnetization of the

non-collinear axis of the main NWs array.

An effective technique for creating conductive layers on

the surfaces of NWs arrays has been proposed, which

made it possible to conduct an adequate analysis of their

magnetoresistive properties. Among other things, the

presence of all types of magnetoresistance anisotropy effect

in NWs, the magnitude of which is maximum (2.3,%) in

samples that do not contain branching elements.
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