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Abstract

®

CrossMark

A better understanding of magnetic phases and interactions in nanomaterials can provide new
pathways for the development of tunable magnetic storage media, facilitating their design and
integration in nanodevices. Here, we use a pulse electrochemical method, and change the
electrodeposition current density (Joq) in the range of 12.50-37.50 mA cm ™2 in order to
fabricate FeCo nanowire arrays (NWAs) in mild-anodized aluminum oxide membranes. While
the length and composition of the NWs are not considerably affected with increasing Jeq, we
observe obvious changes in the shape of magnetic hysteresis curves, arising from the coupling
of soft-hard phases. By investigating the crystalline properties of the NWAs, the hard phase is
attributed to almost FesyCosg alloy structure, whereas the soft phase is due to the presence of
magnetic oxides, including CoO and FeO. We obtain first-order reversal diagrams to study the
two phases in more detail, indicating the involvement of interference and complex features. The
increasing trends observed in hysteresis curve coercivity and squareness from 416 to 1752 Oe
and 0.12-0.80 with increasing J.q from 12.50 to 37.50 mA cm~2, respectively, are accompanied
with significant reductions in soft phase intensity and interphase magnetic interactions. Our
results indicate the possibility of tuning soft-hard magnetic phases in FeCo NWAs through
controlling Jq during the electrodeposition process in the membranes.

Keywords: FeCo nanowire arrays, electrodeposition current density, soft phase, hard phase,

magnetic oxide phase, magnetic interactions

1. Introduction

The research of materials science at the nanoscale has become
important and popular in order to make technological innova-
tions and address today’s needs [1-5]. It also offers advanced
nanomaterials such as nanoparticles, nanowires (NWs) and
nanotubes for a wide variety of applications with potentials
to be used in fundamental research and future technologies,
including electronics, bioengineering, optics, and magnetism

* Author to whom any correspondence should be addressed.

[6-8]. Among the nanomaterials, metal alloy NW arrays
(NWAs) can demonstrate strong and subtle dependence of
electrical, optical and magnetic properties on their structural
and magnetic characteristics, which can offer tunability of a
variety of device components in batteries, racetrack memories,
magnetoresistive recording heads, and high density magnetic
storage media [9-12].

The fabrication of rare earth-free magnetic alloy
NWAs such as FeNi, FeCo, CoNi etc [13-17]. can be
achieved by various techniques, including chemical (e.g.,
hydrothermal and sol-gel) [18-20], physical (e.g. litho-
graphy and sputtering) [16, 21] or physiochemical (e.g.

© 2025 IOP Publishing Ltd. All rights, including for text and
data mining, Al training, and similar technologies, are reserved.
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electrochemical deposition) [22-24] techniques. Among
them, the electrochemical deposition (or electrodeposition)
with adjustable voltage pulses in aluminum oxide membranes
(AOMs) can cost-effectively and simply control the nucleation
and growth processes, enabling us to fabricate NWAs with
high aspect ratios (>10) in nanopores [9, 25, 26]. The pulse
electrodeposition parameters include waveform, frequency,
reduction/oxidation voltage, reduction/oxidation time, current
density (Jeq), and off-time (7o) between pulses [27-30]. By
changing these parameters, structural and magnetic proper-
ties of the NWAs can be affected significantly. For example,
Yu et al [31] fabricated Ni NWAs by varying J.q between
1.2-2.5 mA cm™2, influencing their crystalline and growth
orientation. In this case, the crystal structure of the NWAs
was transformed from polycrystalline to single crystalline
with increasing Jq, being accompanied with an increase in
both parallel coercivity (H.) and squareness (Sq) values. In
another study, J.q was found to be a determinant parameter
in the growth process and crystallinity of Fe NWAs [32].
Nevertheless, by going through the literature, no attention has
been paid to study the effect of J.4 on structural and magnetic
properties of FeCo NWAs.

In this study, we fabricate FeCo NWAs using a pulse elec-
trodeposition technique in AOMs, enabling us to change J.q4
between 12.50 and 37.50 mA cm~2. We investigate morpholo-
gical, compositional and structural properties of the NWAs by
different techniques. Alternatively, we study magnetic prop-
erties by employing hysteresis curve measurements and first-
order reversal curve (FORC) analysis. These magnetic invest-
igations reveal the determinant role of J.4 in the formation of
interacting soft-hard phases with complex features in the FeCo
NWA:s.

2. Experimental method

2.1 AOM’s fabrication process

We prepared AOMs with highly ordered honeycomb porous
structure using the well-known two-step mild anodization pro-
cess, as described in the literature [33, 34]. In this respect,
we initially ultrasonicated Al disk samples with high purity
(99.999%) in aceton for 4 min, followed by electropolishing
them at a current density of 100 mA cm™~2 using a mixture of
cooled ethanol and perchloric acid (4:1 in volume) for 5 min.
We performed the first step of the anodization process during
5 h by anodizing the Al disk sample using 0.3 M oxalic acid
under a voltage of 40 V at a temperature of 17 °C. We etched
the Al oxide layer formed in the first step of anodization using
a mixed solution of 0.5 M phosphoric acid and 0.2 M chromic
acid at 60 °C during 10 h. Next, we carried out the second step
of anodization using the same conditions as those of the first
step, except that the duration was 3 h. The second step led to
the formation of an AOM with highly ordered pores, having a
diameter of approximately 35 nm and an inter-pore spacing of
105 nm [32]. The Al barrier layer thickness was thinned after
performing the second anodization step in order to facilitate
the subsequent electrodeposition process [34]. In this case, we
gradually decreased the anodization voltage from 40 to 10 V
using 0.3 M oxalic acid at 17 °C, as described elsewhere [35].

2.2. Pulse electrodeposition process of FeCo NWAs

We employed an alternating current pulse electrodeposition
technique [36] in order to fabricate FeCo NWAs in the pre-
viously prepared AOMs. The electrochemical cell used to
fabricate the NWAs included an Al substrate (acting as the
cathode electrode) and a graphite rod (as the anode elec-
trode), while also containing 0.15 M of both FeSO,4.7H,0 and
Co0S04.7H,0. We also added 45 and 1 g1~! of boric and ascor-
bic acids to the cell, respectively. The pH of the solution was
set to 5.25 at 30 °C using sodium bicarbonate.

To perform the electrodeposition process, the pulse para-
meters consisted of a sine waveform with reduction voltage/-
time of 12/2.4 ms, oxidation voltage/time of 10/2.4 ms, and
Tor of 48 ms [9, 35, 37]. It should be noted that the electrode-
position charge of all samples was set to 1 C. Meanwhile, we
studied the effect of J.4 on the microstructure and magnetic
properties of FeCo NWAs by precisely changing the current
density pulse peak in the range of 12.50-37.50 mA cm~2 using
a pulse electrodeposition system (MDK, Iran).

2.3. Instrumentation

To investigate morphological properties of the FeCo NWAs
embedded in the membranes, we utilized field-emission scan-
ning electron microscopy (FESEM, MIRA3 TESCAN) in the
backscattered mode. The composition of each NWA sample
was also investigated using energy-dispersive x-ray spectro-
scopy (EDS). We also removed the Al substrate of the samples
in CuCl, solution prior to studying their crystal structure using
x-ray diffraction (XRD, Philips X’Pert Pro, A = 0.154 nm).
On the other hand, we carried out high-resolution transmis-
sion electron microscopy (HRTEM, Tecnai G2 F20 Series)
together with selected area electron diffraction (SAED) in
order to further study the crystal structure and phases formed
in the NWAGs. In this regard, the sample was immersed in 0.3 M
NaOH at room temperature in order to release the NWs from
the membrane.

We studied room-temperature magnetic properties using
vibrating sample magnetometry (VSM, MDK, Iran) with
FORC capability. The VSM software enabled us to accurately
set the magnetic field intensity (H) and reversal field (H;) step
to obtain parallel hysteresis curves and FORC diagrams [38—
40] of the NWA samples. In this respect, a strong H value was
applied to the sample and it was then reduced to H;. In the
meantime, magnetization M (H, H;) was measured, resulting
in FORCs. The FORC distribution p (H, H;) was acquired as
follows [41, 42]:

p My ey

(H,Hy)=— % DHOH;

The FORC diagram was plotted with blue and red colors as
the minimum and maximum of p, respectively. The coordin-
ates in the FORC diagram were also changed to the coercive
field (H.) and interaction field (H,) axes, as given below [43]:

_H-H, . _H+H

H, s My
2 2

2
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Figure 1. XRD patterns of FeCo NWAs fabricated using different Jeq values: (a) 12.50, (b) 15.50, (c) 18.75, (d) 25.00, (e) 31.25, and (f)

37.50 mA cm 2.

3. Results and discussion

3.1. Structural results

Figures 1(a)—(f) shows XRD patterns of FeCo NWAs fab-
ricated using different J.q values (12.50-37.50 mA cm™2).
We observe two peaks at 20 = 39.63° and 45.01° for
Jea = 1250 mA cm™? (figure 1(a)), corresponding to
fee CoO (200) and bcc FeCo (110) planes, respectively
(JCPDS card nos. 130042 and 1433-44). By increasing
Jeqg to 15.50 mA cm~2, figure 1(b) shows that the intens-
ity of the (110) peak increases relative to the (200) peak.
Similarly, the XRD pattern of FeCo NWAs fabricated using
Jeg = 18.75 mA cm~2 shows the increased intensity of the
(110) peak compared to the (200) one, according to figure 1(c).
This variation behavior is observed by further increasing Jeq,
so that the (200) peak disappears for FeCo NWAs fabricated
using Joq = 37.50 mA cm~? (see figures 1(d) and (e)). In other
words, we can infer a competition between the formation of
the fcc and bcee phases, depending on the J4 value. For better
clarity, table 1 presents the bcc FeCo/fcc CoO intensity ratios
(I,/1y) obtained for the FeCo NWAs fabricated using different
Jed, indicating an increase from 0.30 to 2.27 with increasing
Jeq from 12.50-31.25 mA cm~—2.

We further investigated the structural characteristics using
HRTEM analysis assisted with SAED pattern of an individual
FeCo NW fabricated using Joq = 25.00 mA cm™2, according
to figure 2. From figure 2(a), the fabrication of 35 &+ 2 nm
diameter FeCo NWs is indicated in the TEM image. As can

Table 1. The comparison between the peak intensities of CoO and
FeCo phases extracted from XRD analysis of FeCo NWAs
fabricated using different J.q values.

Jed (MA cm’z) CoO intensity (/1) FeCo intensity (I2) 12/l
12.50 3420 1035 0.30
15.50 1722 583 0.34
18.75 2250 1240 0.55
25.00 2755 3035 1.10
31.25 1005 2285 2.27
37.50 — 1803 —

be inferred from figures 2(b) and (c), in addition to the FeCo
and CoO phases previously evidenced in the XRD patterns,
the FeO phase exists in the NW, indicating the formation of
the magnetic oxides during the pulse electrodeposition pro-
cess. It should be noted that the alumina residue surrounding
the individual FeCo NW causes the diameter to be larger in
figure 2(b), along with the appearance of the weak halo in the
SAED pattern (figure 2(c)).

3.2. Morphological and compositional results

Figures 3(a)—(f) shows FESEM images of FeCo NWAs fab-
ricated using different Joq values (12.50-37.50 mA cm™?)
into the AOMs with a thickness of about 28 yum. The aver-
age length of the NWAs uniformly embedded in AOMs is
calculated to be around 8 pum, regardless of the J.4 value.
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Figure 2. (a) TEM image of FeCo NWs, and (b) HRTEM image
and (c) corresponding SAED pattern obtained from an individual
FeCo NW. The Jq used to fabricate the NWs was 25.00 mA cm~ 2,

In other words, increasing or decreasing J.q does not influ-
ence the NWA’s length. Taking into account that the pore
diameter of the AOM is around 35 nm, the aspect ratio of
the NWAs will be very high (>280), indicating their large

shape anisotropy. Higher-magnification FESEM images of
the FeCo NWAs embedded in or partly detached from AOM
are shown in figure 4, revealing the dendritic section (with
a thickness of about 700 nm) of 35 + 2 nm diameter NWs
at the AOM’s bottom, which is created due to the thinning
process.

EDS spectra of FeCo NWAs fabricated using the differ-
ent Joq values are depicted in figures 5(a)—(f). As inferred,
when Jeog = 12.50 and 15.50 mA cm™2, the composi-
tion of the NWAs is almost constant to FesoCosg. By
increasing the J.q above 15.50 mA cm™2, the Fe content
slightly increases, so that Fes;Cos3 NWAS are obtained using
Jea = 37.50 mA cm 2.

3.3. Magnetic results

Figures 6(a)—(f) shows room-temperature hysteresis curves of
FeCo NWAs fabricated using different J.q values. Noticeably,
the shape of hysteresis curves changes significantly by vary-
ing Jeq, affecting evident magnetic parameters (e.g. H. and
Sq) and subtle magnetic characteristics such as coupling of
magnetic phases and their interactions. Table 2 presents H,
and S values of FeCo NWAs extracted from the hysteresis
curve measurements, and their variations as a function of Jeq
are plotted in figure 7. At J,g = 12.50 mA cm~2, H, and
Sq values are found to be 416 Oe and 0.12, respectively. By
increasing Jeq to 25.00 mA ¢cm~2, magnetic properties are
enhanced by obtaining H. and Sy values of 623 Oe and 0.27,
respectively. We observe sharp increases of about 114% and
33% in the H. and S values by increasing J.q from 25.00 to
31.25 mA cm~2. A further increase in Jeq to 37.5 mA cm™—?2
increases the magnetic parameters to 1752 Oe and 0.80,
respectively.

From the structural results, an increasing trend of 1,/1; ratio
was observed with increasing Je4, involving the contributions
of the FeCo alloy phase and the magnetic oxides. Therefore,
the magnetic enhancements in the FeCo NWAs may be related
to an increased amount of the hard phase (FeCo) compared
to the soft phase (magnetic oxides). In this regard, the hys-
teresis curve shape at the maximum Jog (37.5 mA cm™?)
shows no curvatures, likely indicating the dominance
of the hard phase and/or the disappearance of the soft
phase.

The FeCo NWAs fabricated using the pulse electrodepos-
ition process outperform electrodeposited FeCo alloy thin
films when it comes to the strength of magnetic anisotropy and
magnetic characteristics. Notably, Zhou et al [44] electrode-
posited FeCo alloys thin films on Ag films by varying J.q. They
found a decreasing trend of H. (<22 Oe) with increasing Jeq
to 0.0135 A cm~2, which was attributed a change in the grain
size. Elsewhere, Gongalves er al [45] fabricated FeCo alloy
thin films with different compositions using an electrodepos-
ition method, obtaining low H, values (<50 Oe). Therefore,
FeCo alloys in the form of thin films have been found to be
only soft materials, making them less appealing compared to
the FeCo NWAs with soft and hard phases fabricated in the
present study.
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Figure 3. FESEM images of FeCo NWAs fabricated using different J¢q values into AOMs: (a) 12.50, (b) 15.50, (c) 18.75, (d) 25.00, (e)

31.25, and (f) 37.50 mA cm 2.

Figure 4. FESEM images of FeCo NWAs embedded in or partly detached from AOM. The J.4 used to fabricate the NWs was

25.00 mA cm 2.

FORC diagrams were obtained from the FeCo NWAs
fabricated using J¢q in the range of 12.50-37.50 in order
to delve into the details of their magnetic phases. The
results obtained are shown in figure 8. We observe in
figure 8(a) that the FORC diagram of the NWAs fabricated at
Jed = 12.50 mA cm ™2 have two noticeable distributions along

the H, axis. One distribution is seen around the diagram’s ori-
gin, showing a FORC coercive field peak (H.FORC) of about
0 Oe, which can represent a soft magnetic phase.

The other distribution is less intense and located far
from the origin in the range of 2500-3900 Oe with
HFORC = 3042 Oe, evidencing a hard magnetic phase. The
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Figure 5. EDS spectra of FeCo NWAs fabricated using different J.q values: (a) 12.50, (b) 15.50, (c) 18.75, (d) 25.00, (e) 31.25, and (f)

37.50 mA cm 2.

overall FORC distribution is then dominated by the soft phase,
leading to the significantly lower H. value measured by the
hysteresis curve (416 Oe) compared to the H.FORC of the
hard phase. By increasing Jeq to 15.50 mA cm~2, the FORC
diagram (figure 8(b)) shows a wider distribution of the hard
phase along the H.. axis in the range of 2000-4300 Oe, shifting
the corresponding H.FORC of the hard phase to a lower value
(2850 Oe), according to table 1. In addition, a pair distribu-
tion is observed in the diagram, involving positive and neg-
ative FORC peaks. This interference distribution is indicative
of the coupling of soft-hard phases and their interactions, res-
ulting in the emergence of the curvature in the corresponding
hysteresis curve (see the inset of figure 6(b)). The increase in
Jea to 18.75 and 25.00 mA cm 2 has a similar effect on the
FORC distribution, strengthening the magnetic phase coup-
ling, as shown in FORC diagrams depicted in figures 8(c)
and (d).

At Jog = 31.25 mA cm~2 the intensity of the soft phase
is reduced, being less localized around the origin (see
figure 8(e)). Meanwhile, the distribution of the soft phase
along the H. axis increases, giving rise to a considerably
stronger interference feature in the FORC diagram. This can
be responsible for the sharp increase observed in the overall H,,
of the hysteresis curves (from 623 to 1336 Oe) when increas-
ing Jeq from 25.00 to 31.25 mA cm™2. This occurrence is

accompanied with the dominance of the FeCo alloy phase
over the oxide phase with I/l ratio greater than 1, accord-
ing to the structural investigations presented in section 3.1.
Alternatively, the FORC diagram of FeCo NWAs fabricated
using Joqg = 37.50 mA cm~? (figure 8(f)) manifests almost
the disappearance of the soft phase and interference feature,
leading to the maximum magnetic properties obtained by the
hysteresis curve measurements. This is in agreement with the
XRD pattern (figure 1(d)), in which the NWAs showed only
the FeCo (110) peak. It should be noted that the broaden-
ing of the FORC distribution along the H, axis in figure 8(f)
can be related to the demagnetizing-type interactions between
neighboring NWAs with dominant hard phase from the FeCo
alloy.

From an applied point of view, exchange coupled media
comprising both soft and hard magnetic phases have been
suggested for high-density magnetic recording applications
as of several years ago [46, 47]. In fact, compared to con-
ventional magnetic recording media, the exchange coupled
structure can efficiently decrease the switching field of
the media without affecting its thermal stability. In this
regard, it has been possible to tune the switching field of
the media based on the ratio of the soft to hard phase
[48, 49]. In other words, the switching field significantly
decreased for a large soft/hard ratio. It is worth noting that
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Figure 6. Room-temperature hysteresis curves of FeCo NWAs fabricated using different J¢q values: (a) 12.50, (b) 15.50, (c) 18.75, (d)
25.00, (e) 31.25, and (f) 37.50 mA cm™2. The bottom-right insets display details of the curves around the origin.
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Table 2. Magnetic parameters extracted from hysteresis curves and FORC diagrams of FeCo NWAs fabricated using different J.q values.

Jea MAcm™2)  H. (Oe) Sq H.ORC (0e)
12.50 416 0.12 3042
15.50 467 0.19 2850
18.75 551 0.24 2655
25.00 623 0.27 2453
31.25 1336 0.36 2252
37.50 1752 0.80 1798
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Figure 7. H. and Sq curves as a function of J¢q extracted from hysteresis curve measurements of FeCo NWAs.

the amount of the soft phase should be adjusted in such a
way that large magnetostatic interactions are prevented in
the media, thereby achieving magnetic recording with high
accuracy. Therefore, by controlling J.q during the electrode-
position process, the FeCo NWAs with variable soft/ hard
ratios and interphase interactions can be proposed for next-
generation high-density magnetic recording or data storage
applications.

4. Conclusion

We have fabricated FeCo NWAs (35 4+ 2 nm in diameter
and about 8§ pm in length) in AOMs using different Jeg
values (12.50-37.50 mA cm~?2). A competition was found
between the formation of FeCo and magnetic oxide phases,
depending on the J.4 value. In this case, the FeCo phase

was continuously enhanced with increasing J.q4, leading to
a predominant bcc crystal structure. The length distribution
and composition of the NWAs were slightly changed with
varying Jeq4, according to FESEM and EDS analyses. Based
on hysteresis curve measurements, significant increases of
about 114% (from 623 to 1336 Oe) and 33% (from 0.27
to 0.36) in the H. and S, values were achieved by increas-
ing Joq from 25.00 to 31.25 mA cm~2. FORC diagrams
showed separate soft and hard phases due to the presence
of the magnetic oxide and FeCo alloy phases. The interfer-
ence feature representing the coupling of soft-hard phases
was emerged at Joq = 15.50 mA cm~2 in the FORC dia-
gram and enhanced up to J.q = 31.25 mA cm™2, making its
effect evident in the corresponding hysteresis curve shapes.
At Jog = 37.50 mA cm~2, the dominance of the hard phase
caused the magnetic properties to be improved further, being
in agreement with the structural results. Therefore, one can
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Figure 8. FORC diagrams of FeCo NWAs fabricated using different J.q values: (a) 12.50, (b) 15.50, (c) 18.75, (d) 25.00, (e) 31.25, and (f)
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tune soft-hard magnetic phases in the FeCo NWAs through
Jed, offering an opportunity to maximize the performance of
nanomagnet arrays for device applications.
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