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Abstract

Ordered Nd/Co,, and Nd/Co,, core/shell nanowire arrays with lengths of ~10 pm and diameters of 100 nm and 200 nm
were fabricated by two-step electrodeposition into anodic alumina oxide templates. Co-hcp phases were observed in the
Nd/Co,, and Nd/Co,,, nanowires. Hysteresis curves obtained from the Nd/Co,, and Nd/Co,,, nanowires showed that the
squareness ratio of the parallel nanowire long axis was greater than that of the perpendicular nanowire long axis. The mag-
netic properties indicated that the easy axis was parallel to the long axis. The coercivity and parallel squareness ratio in the
Nd/Co,, nanowires were greater than those in the Nd/Co,,, nanowires, which demonstrated that the Nd/Co,, nanowires

exhibited hard magnetism behavior.

Keywords Core/shell nanowires - AAO template - Magnetocrystalline anisotropy - Shape anisotropy - Magnetostatics

interaction

Introduction

Magnetic nanowires, including multilayered, alloyed and
core/shell composite nanowires, have attracted much interest
in recent years due to their attractive fundamental proper-
ties, multifunctionality and wide range of potential applica-
tions (Salgueirifio-Maceira and Correa-Duarte 2007; Kim
et al. 2005). The dipolar interaction is difficult to investigate
scientifically due to its long-range nature, which depends
sensitively upon the arrangement of the magnetic entities
(Wang et al. 2019). Magnetic core/shell nanowires make it
possible to fix the geometric parameters to investigate the
complex magnetic interaction, and have become increas-
ingly favored over uniform nanoscale materials due to
their emerging novel and exotic properties (Mejia-Lopez
et al. 2019). Technologically, the magnetic parameters can
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be tuned by modifying the core or shell composition and
geometric parameters to meet the requirements of various
applications. Materials which form nanotubes can be used
as shells, whether magnetic or non-magnetic, e.g. polymers
(Liet al. 2016), carbon (Jiao et al. 1996), ferromagnetic met-
als (Li et al. 2010), and metal oxides (Ali et al. 2016). Core
materials can also be magnetic or non-magnetic. In numer-
ous experiments, researchers have broadly examined the
dependence of the core/shell nanowires upon factors, such
as fabrication procedure, crystal structure, size, shape, and
composition. Core/shell nanowires are characterized by the
combination of properties of each kind of materials; hence,
these provide the geometric parameters for investigating the
complex interactions.

Various methods have been reported for the synthesis of
core/shell nanowires, including wet chemical vapor deposi-
tion (CVD) (Kim et al. 2010), gas-phase (Sumiyama et al.
2005), vapor deposition (Gautam et al. 2008), the sol-gel
method (Son et al. 2006), the hydrothermal synthesis method
(Zhang and Zeng 2010) and the two-step electrodeposition
process (Li et al. 2014). Among these, the template-assisted
electrodeposition method has become a widespread and use-
ful synthesis strategy due to its ordered honeycomb struc-
ture, pore diameter, the distance between pores and mem-
brane thickness (Masuda and Fukuda 1995; Huang et al.
2013; Gong et al. 2008). As well as affording easy control
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of the required compound composition, this approach is
economical and easy to perform. The magnetic properties
of core/shell nanowires have been found to be related to
the dimensions and spatial arrangements (relative lengths,
diameters) (Kalska-Szostkoa et al. 2019), chemical ele-
ments, construction, shape anisotropy, magnetostatic inter-
action, and magnetocrystalline anisotropy. Although films
of La—Co (Yuan and Liu 2006) and La—Ni—Co (Tan et al.
2006) have been successfully prepared using DC electro-
deposition, the preparation of rare-earth (RE)/ferromagnetic
metal (FM) core/shell nanowires has been rarely reported.
In our previous work, the fabrication of the RE/FM/polymer
nanocables was reported (Li et al. 2018, 2020), we have
found the coercive force and the squareness with the applied
field parallel to the axis of the nanocables increased dramati-
cally compared with the FM nanotubes. Neodymium (Nd)
and ferromagnetic metals have, therefore, been selected for
the preparation of core/shell nanowires, an idea inspired by
permanent magnets composed of ferromagnetic metals and
RE metals. Such RE/ferromagnetic material nanowires are
expected to have outstanding magnetic and optical proper-
ties. The aim of the present work is to develop novel mul-
tifunctional nanomaterials based on the physical properties
related to microstructure and composition. The idea that
two-dimensional magnetic films can be used to make sen-
sors (Liu et al. 2019) gave us some insight into the future of
using these ordered arrays of magnetic nanowires to make
two-dimensional films for assembling nanoscale devices.

The controllable assembly of Nd/Co core/shell nanow-
ires with various sizes in anodic aluminum oxide (AAO)
templates by a two-step DC electrodeposition method is
reported in the present work. The Co nanotube shell was
first obtained in the AAO template and the Co/AAO then
served as a second template for the deposition of Nd. Co was
selected to be used as the shell because the Co nanoparticle
grows from bottom to top and tends to form nanotubes, while
the Nd core tends to form nanowires.

Experimental
Fabrication

The Nd/Co core/shell nanowire arrays on AAO templates
were obtained according to the following methods and con-
ditions. Anodic aluminum oxide (AAO) templates with
thicknesses of ~60 pm and diameters of 0.2 pm and 0.1 pm
were purchased from Whatman Ltd. The AAO templates
were immersed in ethanol for ultrasonic washing (10 s).
After volatilization of the ethanol, a gold (Au) layer was
sputtered onto one side of the AAO template as the work-
ing electrode. With a sufficiently long sputtering time, the
Au nanolayer sealed the pores on the bottom of the AAO
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template, thus allowing the growth of nanowires. In the
three-electrode cell, a platinum plate was used as a counter
electrode and a saturated calomel electrode was used as the
reference electrode. The Co?* electrolytic solution contain-
ing 0.5 M CoSO,-7H,0 (Co** is 0.5 M), 0.2 M H;BO; and
0.2 M KCl was prepared by dissolving reagent-grade chemi-
cals in deionized water. The pH of the mixture was in the
range of 4.0—4.5. The Co** was reduced on the electrochem-
ical analyzer (Chi 730) at a constant DC voltage amplitude
of -0.9 V with stirring. The Co nanotubes were obtained
with a growth time of 18 min. The Co/AAO membrane was
then used as a secondary template for the deposition of Nd
from a mixed solution of 0.2 M Nd(NO;);-nH,O (Nd** is
0.2M), 0.2 M H3BO; and 0.2 M KCI. The pH of the mixture
was controlled in the range of 5.0-5.5, the DC voltage was
set to — 3.0 V, and the growth time was 50 min. The sam-
ples prepared using the 100 nm and 200 nm diameter AAO
templates were accordingly labeled Co,,, Co,y, Nd/Co,,
and Nd/Co,,.

The preparation of Nd/Co core/shell nanowire arrays is
shown schematically in Fig. 1. The SEM images of the top
and lateral views of AAO are presented in Fig. 1a and b.

Characterization

JEOL JSM-6390LV scanning electron microscope (SEM)
was used to characterize the morphology of samples. Philips
CM200-FEG transmission electron microscope (TEM) was
carried to obtain TEM images. The crystal structures were
determined by selected-area electron diffraction (SAED) pat-
tern. For SEM measurement, Nd/Co/AAO was immersed in
3 M NaOH solution for 2 h to remove the AAO template,
and then the sample was washed with deionized water and
ethanol, respectively. For TEM measurement, Nd/Co nanow-
ires were dispersed in ethanol, a drop of diluted sample was
placed on a copper grid and evaporated prior to observa-
tion. The elemental composition of nanowires was detected
by X-ray diffraction (XRD) at a rate of 2° per min over a
diffraction range of 10° to 80°and energy-dispersive X-ray
spectroscopy (EDS), respectively. Magnetic properties,
coercive field, and residual magnetism of the sample were
tested by Physical Property Measurement System (Quantum
Design-PPMS).

Results and discussion

The SEM images of Co,y, and Co,,, nanotubes after
removal of the AAO templates were presented in Fig. 2a
and b, respectively. The nanotubes were clearly seen to be
homogeneous and open at the top. The tubular structure
was verified by the TEM images (Fig. 2c and d), where the
Co, and Co,, nanotubes were seen to be hollow with a
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Fig. 1 Schematic illustration for the preparation process, SEM of AAO template a top view, b sectional view

Fig.2 SEM images of a Co,, b Co,, TEM images of ¢ Co,, d Co,. The inset of (¢) is SAED pattern of Co nanotubes

continuous wall. The wall thickness of the nanotubes was
approximately 20 nm. Selected area electron diffraction
(SAED) revealed that the Co nanotube was polycrystalline
(Sumiyama et al. 2005).

The morphology of the Nd/Co core/shell nanowire arrays
was indicated by the SEM and TEM images in Fig. 3. In
Fig. 3a, the Nd/Co,(, nanowire arrays (~ 12 pm length)
were seen to be neatly arranged and parallel to each other.
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Fig.3 SEM images of a Nd/Co,qo, b Nd/Co,y,. The inset of a is SEM image of longitudinal profile, TEM images of ¢ Nd/Co,,, d Nd/Co,.

The inset of (¢) is SAED pattern of Nd/Co nanowires

Figure 3b indicated that the Nd/Co,, nanowires were solid,
uniform and highly dense. Figure 3¢ showed that the Nd
core filled the Co nanotubes, with a clear contrast between
Co shell and Nd core. The diameter of the Nd/Co nanowire
was about 118 nm. Filling traces could also be seen at the
ends (red marks, Fig. 3d) due to the fact that a small num-
ber of Nd atoms had not yet properly aligned at the end of
deposition.

Typical SEM images of the Nd/Co,, nanowires and cor-
responding element mapping images were shown in Fig. 4.
Figure 4a and b were typical SEM images with different
magnification. Elemental mapping images (Fig. 4c and d)
from Fig. 4b demonstrated the existence of Co and Nd ele-
ments with uniform distribution, thus confirming the suc-
cessful generation of the Nd/Co,,, nanowires.

The chemical composition of the Nd/Co,, nanowires was
examined by energy-dispersive X-ray spectroscopy (EDS),
as presented in Fig. 5a. These results confirmed the pres-
ence of Co and Nd along with other elements, such as Cu,
O, Al and Au. The peaks corresponding to Cu and Al likely
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caused sample stage and incomplete etching, the peaks cor-
responding to Au were likely caused by sputtering before
SEM measurement, and O may be derived from oxidation of
the metals. The XRD patterns of the Nd/Co nanowire arrays
obtained while they were embedded in the AAO templates
are presented in Fig. 5b. The XRD patterns of the Nd/Co
and Nd/Co,, nanowires were the same. The formation of
polycrystalline Co-hcp revealed a texture along the (100,
(002)) and (110) directions, which was observed for all the
samples. This would have a strong influence upon magne-
tocrystalline anisotropy. Bragg peaks appeared at 20=41.6°,
44.7°, and 75.9°, corresponding to Co (100)-hcp, Co (002)-
hcp and Co (110)-hcp, respectively. However, there were no
diffraction peaks from Nd. It was speculated that the high
deposition rate (the deposition voltage was — 3.0 V) leads to
the failure of neodymium crystal phase. Notably, the XRD
pattern also shows four strong peaks close to 20 =38°, 44.4°,
64.5°, and 77.6° which are assigned to Au-fcc (111), (200),
(220) and (311) sputtered on the back side of the AAO
template.
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Fig.5 a EDX spectra and b XRD patterns of Nd/Co nanowires

The magnetic properties of the Co nanotube arrays and  hysteresis (M-H) loops for all samples were presented
Nd/Co core/shell nanowire arrays embedded in the AAO  in Fig. 6 with applied magnetic field both parallel to the
templates were characterized by at 298 K. The magnetic ~ nanotube/nanowire axis and perpendicular to the nanotube/
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Fig.6 H-M loops of a Co(,, nanotubes, b Co,, nanotubes, ¢ Nd/Co,, nanowires, d Nd/Co,yjnanowires, the “//’ and “L” indicate the applied

field is parallel to and perpendicular to the long axis, respectively

Table 1 Magnetic parameters of Co nanotubes and Nd/Co nanowires

Sample H(0e) HY(0e) sQ’ SOt

C0y00 NTs 310 498 0.110 0.098
C0y99 NTs 220 234 0.170 0.031
Nd/Co,40 NWs 123.0 177.0 0.083 0.081
Nd/Co,40 NWs 147.4 203.3 0.121 0.062

nanowire axis. The M-H loops in Fig. 6a and b indicated that
the Co, , nanotube arrays had greater coercivity (H¢” =310
Oe, Hc =498 Oe) than the Co,q (Hc” =220 Oe, Hc- =234
Oe) nanotubes, which could be attributed to small grain size.
The magnetic properties of all the samples were indicated
in Table 1. However, the value of parallel squareness ratio
(SQ") was a little greater than that of perpendicular square-
ness (SQ%). According to the literature (Xu et al. 2016), the
shape anisotropy tends to induce magnetization orientation
parallel to the long axis, while the magnetostatic interaction
makes the easy axis perpendicular to the long axis. Hence,
the shape anisotropy predominated over the magnetostatics
interaction in the Co nanotubes. For the Nd/Co,, nanowire
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arrays (Fig. 6¢), the values of He (Hc” =123 Oe, Hct =177
Oe) and SQ (SQ”/=0.081, SO+ =0.083) were lower than
those of the Co,,, nanotube arrays, and the SQ" and SQ*
were nearly the same. This may indicate an increased mag-
netostatic interaction due to the existence of the Nd nanow-
ires, which reduced Hc and SQ of the Nd/Co, nanowires.
The influence of the magnetostatic interaction had a similar
effect for the Nd/Co,, nanowires, reducing the Hc and SQ
of the Nd/Co,, nanowires compared to the Co,, nanotubes.
However, the value of SQ" was greater than that of SO for
both Nd/Co,, and Nd/Co,,, nanowires. This clearly indi-
cated that the easy magnetization axis was parallel to the
long axis. The coercivity (H” = 147.4 Oe, Hc =203.3 Oe)
and SQ" (0.121) in the Nd/Co,,,, nanowires were greater than
those in the Nd/Co,, nanowires. In particular, the saturation
magnetization of the Nd/Co,,, nanowires was one order of
magnitude larger than that of the Nd/Co,, nanowires, which
indicated that the Nd/Co,, nanowires exhibit hard behavior.

The magnetocrystalline anisotropy was another factor
affecting the anisotropy field of nanowires (Wang et al.
2010; Shamaila et al. 2009; Han et al. 2003). The easy axis
was parallel to the wire axis due to the presence of hcp-Co.
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It was notable that the prepared Nd/Co nanowire arrays had
greater SQ than those of Co—Ni core/shell nanowires (Wang
et al. 2019), and Co/BCO core/shell nanowires (Khan et al.
2016). The magnetic storage also depended on the values of
coercivity and residual magnetization ratio at a large level
(Huh et al. 2014; Adam 1966). So, the Nd/Co nanowires are
expected to have a wide range of applications.

Conclusion

In summary, novel magnetic Nd/Co core/shell nanowire
arrays were successfully prepared in AAO templates with
same lengths of ~ 10 pm and different diameters via a two-
step electrodeposition process at room temperature. The hys-
teresis loops of the Nd/Co nanowire arrays indicated clear
magnetic anisotropy, with the easy axis parallel to the long
axis, which was induced by the shape anisotropy. The Nd/
Co, nanowires displayed larger values of Hc and SQ” than
those of Nd/Co, nanowires and other core/shell nanowires.
Although the magnetostatic interaction reduced the coerciv-
ity and squareness ratio of Nd/Co nanowires, the coercivity
and squareness ratio of the Nd/Co nanowires prepared in this
work were still greater than those of cobalt-based nanow-
ires with similar structures. Therefore, the prepared Nd/Co
core/shell nanowires are expected to have a wide range of
applications.
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