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The presented paper shows a successful attempt to obtain layered Fe/Ni nanowires by electrochemical
deposition in the anodized alumina matrix in the presence of an external magnetic �eld oriented parallel
or perpendicular to the plane of the electrodes. In the experiment, various numbers and thicknesses
of layers were obtained by sequential deposition. For physicochemical characterization, the obtained
nanowires were imaged by scanning electron microscopy, and the amount of Fe or Ni was monitored by
energy-dispersive X-ray spectroscopy. The crystal structure of the nanowires was characterized by X-ray
di�raction. The magnetic properties of these materials were determined by Mössbauer spectroscopy.
Analysis of the obtained data allows us to conclude that the presence of the external magnetic �eld
changes the amount of deposited elements in favor of Fe.
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1. Introduction

The production of various layered nanomaterials
is one of the main interests among scientists and
technologists due to the possibility of merging a
few unique chemical, magnetic, catalytic, mechani-
cal, electrical, and optical properties [1] in one ob-
ject. Because of the progressive miniaturization of
electronics, nanowires have been investigated, es-
pecially for the application in magnetic recording
media for long-term stage and easy data recov-
ery, as well as in a few miniaturized magnetic de-
vices [2�4]. In addition, nanowires can be used to
produce biomedical materials, sound, gas sensors,
and diodes or transistors in electronic circuits [5�8].
Fe�Ni alloys have become an auspicious material in
recent years. Due to the possibilities of modifying
the structure and regulating the magnetic proper-
ties, they are used as, e.g., electrocatalysts for re-
newable energy installations, batteries, etc. [9]. In
general, nanomaterials can be obtained in many dif-
ferent ways: by wet synthesis, electrochemistry, sol�
gel reactions, condensation, and many others [10].
One of the electrochemical methods used to obtain
and modify nanomaterials into the wire or tube
shape is electrodeposition in the structured ma-
trix, which gives access to the synthesis of wire al-
loys. Template-based methods are often used due to

their simplicity, low cost, and good controllability
and scalability. Production of functional nanoparti-
cles in a matrix allows for control of the resulting
nanowires' diameter, length, and densities. There
are several types of well-established matrices for
this process: alumina in nanochannels (NCA) [11],
polycarbonate (PC) [12], and anodized alumina
(AAO) [13]. AAO matrix is one of the most com-
monly used due to its thermal stability, mechanical
strength, and the possibility to arrange high-density
nanowires. Additionally, changes in voltage or tem-
perature during matrix preparation a�ect pore di-
ameter growth and thus the nanowires [10, 11].
Fe�Ni materials can be produced by electrodepo-

sition in many di�erent forms: multilayers, alloys,
nanowires, or core�shell objects [14, 15]. Depend-
ing on the amount of a given element in the al-
loy, they have di�erent, interesting magnetic prop-
erties, which change during heat treatment, e.g.,
high permeability in small magnetic �elds [16]. The
resulting nanowire's properties largely depend on
the galvanization process, pH variation, temper-
ature, chemical conditions, cathode, current, and
electrical conditions [10]. It is interesting how mag-
netic structures can be a�ected by environmental
changes, for example by the application of magnetic
�elds during electrodeposition. The use of a uniform
external magnetic �eld (EMF) during electroplat-
ing improves the catalytic activity and quality (e.g.,
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grain size and surface roughness, which is related to
the magnetohydrodynamic e�ect (MHD)) [17�19].
Also, the use of the EMF may cause interactions
between electric and magnetic currents, leading to
possible morphological changes in the nanowires,
as observed for thin �lms [17, 20]. Additionally, if
the same deposition conditions of Fe and Ni can
run with di�erent e�ciency, and especially if co-
deposition can be in�uenced by an anomalous e�ect,
the less noble metal, here Fe, is deposited preferen-
tially [21]. Few models can explain the mechanism
of anomalous deposition of the Fe�Ni alloys, e.g.,
kinetic characteristic, hydrogen evolution, mono
hydroxide-discharge-controlled mechanism, and hy-
droxide suppression [19, 21, 22]. Studies show that
the reason for the preferential deposition of Fe is
connected with the suppression of Ni deposition be-
cause of the presence of Fe(OH)2. This hydroxide
forms preferentially on the cathode, and the depo-
sition of Ni is strongly connected with the solution's
pH and current density [23]. Therefore, it was ob-
served that the percentage of iron content in layers
was higher than the amount of nickel [24].
This paper aims to investigate the impact of an

external magnetic �eld on the morphology and com-
position of electrochemically deposited nanowires,
as well as to explore the mechanism behind possible
Fe and Ni deposition taking place within AAO tem-
plates, and in particular to examine the selected de-
position on the prestructured substrates. This type
of electrodeposition of layered Fe/Ni nanowires has
not been discussed to a large extent, although sim-
ilar investigations were carried out for Fe [25] and
CoFe nanowires [26].

2. Experimental details

2.1. Material and apparatus

To obtain multilayered nanowires, the follow-
ing chemicals from Avantor were used: FeSO4 ·
7H2O, NiSO4 · 7H2O, H3BO3, C6H8O6 (ascorbic
acid), acetone, and NdFeB permanent magnets
(IBS Magnet).
For AAO matrix preparation, aluminum foil was

used, and the following chemicals were purchased
from the same supplier: H3PO4, CrO3, HClO4, and
HNO3. The morphology of the nanowires was ob-
served with the use of the scanning electron mi-
croscope (SEM, Inspec S60 from FEI). The chemi-
cal composition of the nanomaterials was analyzed
by energy dispersive X-ray spectroscopy (EDX)
present in SEM. The crystal structure was char-
acterized using an X-ray di�ractometer SuperNova
from Agilent Technologies with a Mo microfocused
source with wavelength Kα2 = 0.713067 Å. Möss-
bauer spectra were measured using a standard spec-
trometer working in a constant acceleration mode
with a 57CoCr radioactive source.

2.2. Anodic aluminum oxide template
preparation

AAO templates for the nanowire deposition were
fabricated in a 3-stage anodization procedure. Be-
fore this process, templates were cleaned with ace-
tone and degreased in the mixture of HClO4, HNO3,
and distilled water in a volume ratio of 70:20:10.
Finally, the dried templates were heated at 60◦C
for 3 h. Then, the electrochemical polishing process
was performed in an ethanol and HClO4 mixture
in a volume ratio of 75:25. The polishing conditions
were 1◦C and 15 mA. A Pt electrode was used as a
counter. The anodization process, in which pores in
AAO were obtained, was conducted in 10% H3PO4

solution at 1◦C and 80 V in a three-step manner (1st
� 10 min, 2nd � 3 h, 3rd � 5 min). After every
anodization step, alumina templates were dissolved
for 5 min in the mixture of H2CrO4 and H3PO4 in
a molar ratio of 0.2:0.4 heated to 60◦C. After 3rd
anodization, the amorphous oxide layer remained
on the Al foil. Before the electrodeposition process,
AAO matrixes were again placed in the same mix-
ture of H2CrO4 and H3PO4 for 5 min to remove
the barrier layer. More technical information about
AAO matrix preparation can be found in our pre-
vious papers [13, 27]. The resulting pore diameter
after the procedure was estimated to be 170±20 nm.
An example SEM image of an AAO matrix is de-
picted in Fig. 1.

2.3. Preparation of nanowires

In the experiment, nanowires deposited in var-
ious sequences result in di�erent amounts of lay-
ers. During every electrodeposition process, the
magnetic �eld was generated by a set of two
1T magnets, placed parallel (∥) or perpendicu-
lar (⊥) to the AAO matrix plane. The schematic

Fig. 1. SEM image of AAO template.
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Fig. 2. Schematic presentation of electrodeposi-
tion set-up in the presence of external magnetic �eld
oriented (a) parallel and (b) perpendicularly to the
sample plane. Abbreviations in the scheme stand
for A � anode, C � cathode, DC � direct current
source.

presentation of the deposition set-up is depicted
in Fig. 2. Obtained magnetic �eld strength var-
ied in the deposition volume according to the dis-
tance from the magnet and ranged from 80× 10−3

to 20 × 10−2 T (with an accuracy of ±2%) [17].
The electrodeposition process was conducted in
DC mode at room temperature (RT) and a cur-
rent of 0.1 mA. The AAO matrix was a work-
ing electrode, and the Pt wire was a counter.
The solutions used for deposition have the fol-
lowing compositions: FeSO4 ·7H2O:H3BO3:C6H8O6

or NiSO4 · 7H2O:H3BO3:C6H8O6 in molar ra-
tio (0.12:0.48:0.02). In the last step, nanowires
were released from the matrix by dissolving AAO
in 1 M NaOH. Finally, the nanowires were washed
with distilled water and acetone to remove unre-
acted residues.
As a result, 10 types of nanowires, with di�er-

ent layer sequences and various magnetic �eld ar-
rangements, were obtained. The summary of types
of nanowires is presented in Table I.

3. Results and discussion

3.1. SEM studies

The morphology of obtained nanowires released
from the matrix was observed by SEM. Example
images of each type of nanowires are presented
in Fig. 3 (respectively parallel or perpendicular ori-
entation of the external magnetic �eld, as marked).
SEM images in Fig. 3 show that elongated struc-

tures were obtained regardless of external mag-
netic �eld orientation. That proves the undisturbed
growth of nanowires in the AAO matrix. Wires
are organized in bunches due to their signi�cant
magnetic interaction when released from the ma-
trix. Some residues of AAO are also seen. It is
clear from the pictures that nanowires deposited

TABLE I

Summary of the types of nanowires (by columns): �rst
� notation of samples with magnetic �eld orientation
relative to the surface plane during deposition, second
� time ratio, third � total time of electrodeposition
process, fourth � total number of layers (Fe, Ni). For
example, a time ratio of 2:3 means that the sample
was prepared as follows: 2 min (Fe deposition), 3 min
(Ni deposition), 2 min (Fe deposition), 3 min (Ni de-
position), in a total of 10 min of the deposition.

Sample
Time ratio
(Fe:Ni)

Total time
[min]

Total number
of layers Fe:Ni

1∥/1⊥ 1:0 10 1:0

2∥/2⊥ 5:5 10 1:1

3∥/3⊥ 2:3 10 2:2

4∥/4⊥ 1:3 12 3:3

5∥/5⊥ 1:1 10 5:5

6∥/6⊥ 0:1 10 0:1

in the presence of an external magnetic �eld (per-
pendicular or parallel) do not show any noticeable
di�erence in morphology in comparison to undis-
tributed growth (without external magnetic �eld
presence) [27]. Regardless of the magnetic �eld ori-
entation, obtained nanowires have similar diameters
of around 190�200 nm, which is in good agreement
with matrix characterization (Fig. 1). Length of the
wires exceeds 5 µm, which is especially well visible
in Fig. 3a, b, and d. Shorter parts are present due
to the fragmentation of larger wires due to matrix
dissolution and mechanical treatment (Fig. 3d, for
example).

3.2. EDX studies

Multilayered nanowires were also examined by
EDX to monitor if any di�erence in the metal ra-
tio was caused by the variation of external magnetic
�eld orientation. An example quantitative spectrum
is depicted in Fig. 4. The obtained quantitative data
analysis is presented in Table II, as a summary of
all methods.
As can be seen from Table II values, in every case,

Fe deposits easier than Ni, which results in a higher
concentration of Fe than Ni regardless of the ori-
entation of the external magnetic �eld, the number
of layers, and the time of deposition of each part.
Therefore, it can be concluded that the use of an ex-
ternal magnetic �eld during the electrodeposition
process favors the content of the Fe element (see
EDX elemental analysis column). The most signi�-
cant di�erences in average sample composition from
the theoretical one were observed in the case of sam-
ple 4 (regardless of its orientation), where the per-
centage of Fe exceeds the nominal value more than
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Fig. 3. SEM images of Fe/Ni layered nanowires deposited with the assistance of an external magnetic �eld
in parallel or perpendicular orientation to the surface plane.

twice. In cases where equal sequences of Fe and Ni
layers are deposited, the perpendicular orientation
of the external magnetic �eld causes the presence of
a higher amount of Fe in the wires. For unequal de-
position time sequences, parallel orientation causes
a higher amount of Fe. This trend is observed in
samples 3 and 4. A comparison of samples 2⊥ and
5⊥ shows that the number of layers and the time
of electrodeposition are also important factors �
more repetitions lead to an average wire composi-
tion closer to the theoretical one. The correlation of
the presented results with our previous studies on
the deposition of layered Fe/Ni nanowires without
an external magnetic �eld presence shows that ap-
plying the magnetic �eld in�uences the amount of
deposited elements in favor of Fe deposits [27], but
this e�ect is dependent on not only its orientation
but also the number of repetitions, which suggests
that some surface/interface e�ects occur.

3.3. X-ray di�raction

Analysis of the crystalline structure of nanowires
was performed by X-ray di�raction (XRD). It al-
lows the examination of the modi�cation of the
nanowires' crystal structure with respect to the
composition and/or magnetic �eld orientation. For
the measurements, a small number of extracted
wires were glued via highly viscous oil to a ny-
lon loop and placed in the center of the XRD go-
niometer. The registered results are shown in series
in Fig. 5. Lattice parameters of nanowires' respec-
tive phases are given in Table II.
From the XRD patterns presented in Fig. 5, it

can be concluded that in the samples assigned as 1∥
and 1⊥, only the bcc-Fe crystal structure is seen,
which is consistent with the composition (where
bcc � body-centered cubic). Observed di�raction
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Fig. 4. EDX spectra of Fe/Ni nanowires (sample 3|). Unsigned signals are related to the dissolution of residual
elements.

TABLE II

Lattice parameters calculated from X-ray di�raction (XRD) data and quantitative elemental analysis from EDX.

Sample
External magnetic
�eld orientation

Lattice parameter (Fe)
[Å] ±0.02

Lattice parameter (Ni)
[Å] ±0.02

EDX element
analysis [wt%]

Theoretical

%Fe±1 %Ni±1 %Fe %Ni

1
∥ 2.86 − 100 − 100 −
⊥ 2.86 − 100 − 100 −

2
∥ 2.86 3.51 54 46 50 50
⊥ 2.87 3.52 67 33 50 50

3
∥ 2.87 3.51 71 29 40 60
⊥ 2.87 3.52 65 35 40 60

4
∥ 2.88 3.53 59 41 25 75
⊥ 2.87 3.53 48 52 25 75

5
∥ 2.86 3.50 55 45 50 50
⊥ 2.87 3.53 56 44 50 50

6
∥ − 3.52 − 100 − 100
⊥ − 3.52 − 100 − 100

maxima can be set to the following Miller indexes:
(110), (200), (211), (220) typical for α-Fe [28].
Samples 2�5, in both magnetic �eld orientations,
show the coexistence of either bcc-Fe and fcc-Ni
phases with the corresponding variable ratio (where
fcc � face-centered cubic). There, additional peaks
typical for the fcc-Ni structure can be identi�ed,
namely (111), (200), (220), (311), (222) [29]. Calcu-
lated lattice parameters of both phases are in good
agreement with theoretical values (aFe = 2.86 Å;
aNi = 3.52 Å), determined and published for bulk
materials [30].
The zoom on the X-axis 20 ± 1 deg of the most

intensive peak of the di�ractogram (Fig. 5c�d) de-
picts that the pure Fe (1∥, 1⊥) wires composition
has a wider peak in comparison to pure Ni (6∥, 6⊥).

Moreover, the presence of the Ni layer causes a
slight shift toward the lower 2theta angles of the
most intensive peak. This e�ect also depends on the
external magnetic �eld orientation.

3.4. Mössbauer spectroscopy

Changes in the magnetic properties of the
nanowires were characterized with Mössbauer spec-
troscopy. All presented samples were measured in
the AAO matrix before releasing. Therefore, the in-
coming γ-ray beam was parallel to the main axis
of the wires (perpendicular to the sample surface).
Obtained RT Mössbauer spectra are shown in Fig. 6
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Fig. 5. XRD patterns registered for respective nanowires � a whole range of (a) perpendicular orientation of
the external magnetic �eld and (b) parallel orientation of the magnetic �eld; (c) and (d) show zoom on (110)
peak (20 ± 1 deg) in (a) and (b), respectively. The red line indicates the maximum position of the (111) Ni
peak, and the blue line marks the peak (110) position of Fe.

in two sets according to external magnetic �eld ori-
entation (present during the growing process). To
describe the shapes of the spectra, two components,
one doublet (green line) and one sextet (red line),
were used. The doublet dominates all measured
spectra. The quadrupole splitting of the sextet was
�xed and assumed to be zero in �tting procedures.
The numerical results of the hyper�ne parameters
of the sextet are presented in Table III.
The quantitative analysis shows that the isomer

shift (IS) and the quadrupole splitting (QS) of the
observed doublet are the same (within error bars)
for all samples and equal to IS = (0.22±0.03) mm/s
and QS = (0.32 ± 0.04) mm/s, respectively. The
same results were obtained in our previous work
for Fe/Co and Fe/Ni nanowires grown without
the presence of an external magnetic �eld during
the sample preparation [31]. The observed doublet

dominates in the measured spectra, and its rela-
tive intensities vary from 100 ± 3% (sample 5⊥) to
56 ± 3% (1⊥) and are greater than those observed
in the samples of Fe/Co and Fe/Ni nanowires pre-
pared without an external magnetic �eld. A dis-
cussion of its origin was performed in our previous
works [27, 31]. It was concluded that the doublet
is an e�ect of a few factors: the spontaneous ox-
idation process, grain boundary oxidation caused
by no epitaxial growth, and non-oxygen-free exper-
imental conditions. As we can see, using the exter-
nal magnetic �eld during the preparation procedure
enhances the oxidation process, but the reason for
this should be studied in more detail elsewhere.
The observed hyper�ne magnetic �eld (B) and

isomer shift of the sextet for all measured samples
are equal to, respectively, B = (33.0 ± 0.4) T and
IS = (0.01 ± 0.02) mm/s. Those values agree with
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Fig. 6. Mössbauer spectra of the layered Fe/Ni nanowires oriented (a) parallel and (b) perpendicular to the
external magnetic �eld during the deposition process.

TABLE III

Hyper�ne parameters of the sextet observed in Fe/Ni
nanowires prepared in an external magnetic �eld
parallel or perpendicular to the samples' surface,
respectively.

Sample
IS [mm/s]
±0.05

B [T]
±0.5

(γ ·m)2

±0.04

Rel. intens.
±3%

1∥ −0.01 33.0 0.48 28
1⊥ 0.00 33.0 0.37 44

2∥ 0.01 32.9 0.38 16
2⊥ −0.02 33.1 0.44 19

3∥ − − − −
3⊥ 0.02 32.9 0.40 30

4∥ −0.02 32.9 0.44 41
4⊥ −0.03 33.2 0.41 17

5∥ 0.00 33.1 0.48 42
5⊥ − − − 0

the ones observed for bcc iron at room tempera-
ture [32]. There are no components (within the er-
ror bars) originating from the alloyed Fe�Ni, which
can be expected on the interface between Fe and Ni
layers, suggesting that this interface is very thin.
The Mössbauer spectroscopy is a very useful

method for determining the magnetic texture of Fe
magnetic moments in the sample. From the tran-
sition probabilities between nucleus energy levels,

one can obtain the average square of the cosine of
the angle between the direction of the gamma ray
and the direction of the iron magnetic hyper�ne
�eld (γ ·m)2, where γ and m are the units vec-
tors of gamma beam direction and magnetic �eld,
respectively [32�34]. In the case of random distribu-
tion of magnetic hyper�ne �eld, (γ ·m)2 is equal to
0.33. In the case of a perpendicular or parallel ar-
rangement, this parameter equals 1 or 0, respec-
tively.
The results of (γ · m)2 obtained for all samples

indicate the almost random distribution of the mag-
netic hyper�ne �eld (Table III). The same result
was obtained for Fe/Ni nanowires prepared with-
out using an external magnetic �eld [31]. Therefore,
it can be concluded that there is no in�uence of
the external magnetic �eld used during the sample
preparation procedure on the distribution of the hy-
per�ne magnetic �eld observed in Fe/Ni nanowires
(no magnetic texture).

4. Conclusions

From the presented data, the following conclu-
sion can be given. The presented SEM images of
wires grown in the presence of an external mag-
netic �eld do not show any signi�cant changes in
their size or shape. The orientation of the applied
external magnetic �eld does not in�uence these
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parameters either. Quantitative analysis of energy-
dispersive X-ray spectroscopy shows that the ap-
plication of an external magnetic �eld during lay-
ered Fe/Ni nanowires' deposition in�uences their el-
emental composition. The orientation of the mag-
netic �eld di�erently a�ects wires with symmetric
(the same time of each layer) and not symmet-
ric (di�erent time) deposition. In most cases, the
amount of Fe is higher than theoretically expected.
Such results of composition analysis are similar to
an anomalous co-deposition e�ect, but here they
cannot be explained by it. Since the only coexis-
tence of both elements can be after changes in the
deposition bath, the matrix remains wet after the
previous solution. This means that a small amount
of the previous solution takes part in the depo-
sition of the next layer. During this process, less
noble metal (here Fe) is deposited preferentially.
The most signi�cant deviations in the Fe:Ni ratio
are observed for nanowires in series 3 and 4, where
no symmetric deposition is realized. There, signi�-
cantly more (136% and 77%, respectively) Fe depo-
sition is registered in comparison to the theoretical
value (see Table II). XRD data con�rms that the
layered structure of the nanowires is maintained,
and both bcc-Fe and fcc-Ni phases are registered in
the di�ractograms (Fig. 5). The Mössbauer results
show that the application of the external magnetic
�eld during nanowire deposition does not in�uence
the magnetic texture of the iron magnetic moments.
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