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a b s t r a c t

A low cost versatile electrochemical method has been employed to synthesize highly ordered CoPt
nanowires (NWs) in anodic aluminum oxide (AAO) templates with average pore diameter of about
100 nm. The structural properties of as deposited NWs have been studied through XRD analysis showing
face centered cubic (fcc) as the dominant phase of CoPt NWs. Magnetic properties at room temperature
and lower temperature has been investigated with applied field parallel and perpendicular to NWs axis.
The easy magnetization axis is aligned perpendicular to NWs owing to the strong magnetostatic in-
teractions among the NWs due to smaller interwire distance (~15 nm). Furthermore, the as deposited
arrays of NWs have been annealed for 2 h at 300 �C in the presence of 1 T magnetic field applied in the
direction perpendicular to NWs axis. Magnetic field annealing gives improved structural and magnetic
behavior of these one-dimensional (1D) nanostructures resulting improved crystallinity and increased
values of coercivity (Hc) and remnant squareness (SQ). Superparamagnetic contributions at lower tem-
perature due to presence of fine nanoparticles in blocking state play important role and leads to
enhanced magnetic behavior of CoPt NWs.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Several important applications in the field of electronics, pho-
tonics, catalysis information storage, optical sensing, biological la-
beling and surface-enhanced Raman scattering studies are
associated with the synthesis and investigation of nanostructural
materials. At submicron level the geometrical shape of nano-
structure plays crucial role regarding their practical implementa-
tion owing to the influence of anisotropy. Particularly, metallic
nanowires (NWs) are of much consideration because of their
uniquemagnetic properties and potential technological application
against their bulk counterparts [1e5]. One dimensional (1D) mag-
netic nanostructure specifically magnetic NWs arrays have
specially been studied regarding potential applications in high-
density perpendicular magnetic recording media [6]. Magneti-
cally isolated grains of less than 10 nm in diameter with high
magnetocrystalline anisotropy are required for higher magnetic
recording density with low noise. Meeting this requirement
inhibits thermal fluctuations that tend to destabilize the magneti-
zation of the recorded bits [7]. Superparamagnetism comes into
effect when reaching the ultrahigh density magnetic recording
with 1 bit down to nanosize. This problem can be fixed possibly by
either to increase the effective anisotropy of material or to increase
the nanostructure dimensions from nanodots to nanocylinders
(nanowires and nanotubes) [8,9]. A lot of research has been devoted
to achieve the combined goals of high recording density of bits with
enough stability [10e12]. The template assisted fabrication tech-
nique of 1D magnetic NWs is of particular importance specially
because the synthesized nanostructures from this method are well
erected and comprise of highly ordered patterns of magnetically
isolated units [13e15]. Aluminum anodizing technology has been
developed to such a degree that the dimensions and distribution of
pores in the film can be artificially controlled by preindentation.
The anodic aluminum oxide (AAO) templates have the advantages
of chemical stability and easy control of nano-channels’ diameter
and density [16]. Electrochemical deposition of transition metals
and their alloys into nano-channels of AAO templates is a low cost
and versatile method to synthesize magnetic NWs and NTs of
tunable length and diameter with high aspect ratio [17,18]. A
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Fig. 1. (a) SEM image of CoPt nanowires with average diameter of about 100 nm after partial etching in NaOH solution. (b) TEM image of CoPt nanowires after complete removel of
AAO template, inset shows SAED pattern. (c) XRD pattern of as deposited and annealed CoPt nanowires showing fcc phase with (111) preferred orientation. (d) EDX spectrum
showing the deposition of Co and Pt contents.
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number of magnetic nanostructures including Fe, Co, Ni and their
alloys FeeCo and FeeNi have been efficiently prepared by elec-
trodeposition [19e25]. The microstructure grain size and crystal-
line orientation of deposits play important role to affect the
magnetic characteristics such as saturation magnetization (Ms),
coercivity (Hc) and remanent magnetization (Mr). These properties
are even further dependent on the conditions underwhich deposits
are prepared and treated [26,27].
2. Experiments

Well ordered CoPt NWs with average diameter of 100 nm have
been electrochemically deposited into AAO templates with a con-
stant stirring during electrodeposition process. The thickness of
AAO template is about 60 mm and the pore density is 1 � 109 pores
cm�2. Before electrodeposition a 200 nm Cu layer has been sput-
tered at one side of AAO template to serve as conducting electrode.
The electrolyte composed of 0.1 M cobalt sulfamate, 0.1 M dia-
mminedinitritoplatinum, and 0.15 M diammonium hydrogen cit-
rate has been used for electrochemical deposition with pH around
3.5 [28]. A three electrode cell has been employed in constant
voltage mode at room temperature to get a continuous growth
process. Magnetic field annealing has been done with field direc-
tion perpendicular to NWs axis and strength of 1 T at temperature
of 300 �C for 2 h. For x-ray diffraction (XRD) analysis RIGAKU D/
MAX-2400 has been employed with radiation CuKa and the
wavelength is 1.5405 Å. The morphology of CoPt NWs has been
investigated by high resolution scanning electron microscope
(SEM; Hitachi S-4800 operated at an accelerating voltage of 10 kV)
and transmission electron microscope (TEM; JEOL 2011 with an
accelerating voltage of 200 kV). Before SEM analysis the AAO
template has been partially etched in 1 M NaOH solution but for
TEM analysis it is necessary to remove the template completely to
get the NWs liberated from the template, thus etching in the same
solution as mentioned above has been done at 60 �C for about 12 h.
Vibrating sample magnetometer (VSM; Microsense EV-9) has been
employed at RT for magnetic hysteresis curves (M-H loops) mea-
surements and superconducting quantum interference device
(SQUID) at lower temperatures.
3. Results and discussions

Fig. 1(a) shows the scanning electron microscope image of well
ordered CoPt NWs of 100 nm diameter after partial removel of AAO
template. Owing to the controlled growth process and use of AAO
templates the wires are well aligned and the dimensions are
controlled by choosing the desired pore diameter in AAO template
and the elecrodeposition time to tune the length. Fig. 1(b) shows
the TEM image of CoPt NWs after being etched for several hours
resulting complete removel of AAO template. Fig. 1(c) shows the
XRD pattern of as deposited NWs and the ones annealed in mag-
netic field illustrating them textured along the face centered cubic
(fcc) phase with (111) preferred orientation. The JCPDS card 04-
003-3912 has been used to index the XRD pattern. It can be seen in
XRD patterns that after magnetic field annealing with magnetic
field applied perpendicular to NWs axis, which is also the easy
magnetization axis, the peak sharpness increases significantly
showing better crystallinity. This improved crystalline structure
after magnetic field annealing is attributed to the alignment of
more crystalline grains along the applied field direction. Fig. 1(d)



Fig. 2. M-H hysteresis loops of CoPt NWs (a) as deposited (b) after magnetic field
annealing at 300 �C for 2 h.

Fig. 3. Angular dependence of coercivity (Hc) and squareness (SQ) of (a) as deposited
sample (b) after magnetic field annealing at 300 �C for 2 h.
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shows the EDX spectrum of partially etched CoPt NWs confirming
the deposition of Co and Pt contents. In this spectrum Cu peak is
appeared due to the sputtered Cu layer at the bottomwhich served
as conducting electrode during elecrodeposition and Al peak due to
the partial etching of AAO template.

Fig. 2(a and b) shows the M-H hysteresis loops of as deposited
and annealed CoPt NWsmeasured by VSM at RT. Themagnetic field
annealing has been employed with field direction perpendicular to
NWs axis with strength of 1 T for 2 h. For both cases the perpen-
dicularly aligned easy magnetization axis can been seen in Fig. 2(a
and b). In our experiments the strong magnetostatic interactions
among the NWs owing to the smaller interwire distance (~15 nm)
tend to align the easy magnetization axis perpendicular to the NWs
axis. The alignment of easy magnetization axis is dependent on
effective anisotropy field (Hk). The shape anisotropy field (2pMs),
magnetostatic interaction field and the magnetocrystalline
anisotropy (Hma) are three major contributions in effective anisot-
ropy field (Hk). The dominant behavior of shape anisotropy aligns
the easymagnetization axis along the parallel direction of NWs axis
whereas stronger magnetostatic interactions result the opposite
case [29]. Since the easy magnetization axis is aligned perpendic-
ular to NWs axis, therefore the annealing field applied in the di-
rection of easy magnetization axis favors more crystalline grains to
get aligned perpendicular to NWs axis.
The model of prolate ellipsoid chains gives a direct proportional
relation between Hc and Ms given as:

Hc ¼
h
pð6Mn þ 2LnÞa2Ms

.�
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þ
h
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�
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In above equation n shows the number of ellipsoids in a single
NW, being the length of short axis of ellipsoid a is equal to NW
diameter as well, b is the length of long axis of ellipsoid and also
equal to the distance between the centers of two ellipsoids, Nǁ and
N⊥ are demagnetization factors of the ellipsoid parallel and
perpendicular to the NWs axis which depend on the aspect ratio of
the ellipsoid. According to relation between Hc and Ms the
increased value of Ms results increase in Hc as clear from above
relation. Since the magnetic field direction during annealing pro-
cess is perpendicular to NWs axis which is also the easy magneti-
zation axis in our case due to strong magnetostatic interactions,



Fig. 4. (a) Magnified view of coercivity region in M-H hysteresis loop of CoPt NWs at
5 K, inset shows full M-H loop at 5 K. Temperature dependent variation in Hc and SQ
with external field applied (b) parallel and (c) perpendicular to NWs axis.
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therefore this field direction tends more magnetic moments to
get aligned in the same direction leading to increased values of Hc
as shown in Fig. 2(b). Owing to the magnetic field annealing the
stress relief between grains and directional atomic pair ordering
affected the magnetic features significantly [30]. This redistribution
due to external magnetic field with heat treatment leads to a
prominent increase in Hc from 1079 to 1294 Oe at q ¼ 0� and the
maximum value increased from 1447 to 1557 Oe.

Fig. 3(a) and (b) show the variation in Hc and SQ in CoPt NWs
against the external magnetic field applied from q¼ 0� to q¼ 90� to
NWs axis for as deposited and annealed samples respectively. The
two important magnetization reversal mechanisms in NWs and
NTs are the curling and coherent rotation modes. Increased values
of Hc have been observed leading to a maximum of 1445 Oe at an
angle of q¼ 20� for as deposited and 1557 Oe at angle of q¼ 30� for
annealed samples where q is the angle between applied magnetic
field and NWs axis. This increase in Hc with the increase in the
appliedmagnetic field angle corresponds to the curlingmode of the
magnetization reversal mechanism. At higher angles magnetiza-
tion reversal mechanism has been switched from curling to
coherent rotation mode showing a decrease in Hc values leading to
a minimum at q ¼ 90�. The magnetization reversal mechanisms are
mainly dependent on competition between exchange energy and
demagnetization energy. According to the curling model, the
coherent mode can be dominant due to increase in exchange en-
ergy density as there will be an increase in the relative angle be-
tween neighboring moments. Another reason which supports the
dominant curling rotation is the increase in demagnetization en-
ergy density with the increase in the aspect ratio. This increase in
demagnetization energy is possibly due to a magnetization
component along the hard axis. Furthermore, formation of smaller
domains is expected with the increase of aspect ratio, this in turn
introduces additional domain walls with a corresponding increase
in demagnetization energy [31]. To study the temperature depen-
dent magnetic properties of CoPt NWs, M � H hysteresis curves
have been taken by using superconducting quantum interference
device (SQUID) at temperatures T ¼ 5, 50, 100, 150, 200, 250 and
300 K with magnetic field applied parallel and perpendicular to the
NW axis. Fig. 4(a) shows the magnified view of coercivity region
when the field is applied in perpendicular direction and the inset
shows the full M � H loop for both directions of external magnetic
field at 5 K. Saturation magnetization (Ms) is increased up to 1.45
emu for perpendicular field and about 0.82 emu for parallel field.
The increase in Ms in perpendicular direction of applied magnetic
field is larger due to the alignment of easy magnetization axis in
perpendicular direction. The overall increase in Ms is attributed to
the reduced thermal fluctuations at lower temperatures which
cause significant contributions to surface magnetic moments
resulting in enhanced magnetic behavior. Fig. 4 (b,c) shows the
temperature dependent behavior of Hc and squareness (SQ) at
lower temperatures up to 5 K. In both cases of applied field increase
in Hc values up to 1530 and 1330 Oe (for//and ⊥ field respectively)
and SQ values up to 0.36 and 0.57 (for//and ⊥ field respectively) has
been observed with the decrease in temperature. Since the syn-
thesis method in our case is electrodeposition in which there is a
possibility of presence of fine nanoparticles in our samples at
submicron level. At room temperature effectively these particles
are in superparamagnetic state and do not contribute a net
magnetization to the sample. While measuring magnetic proper-
ties employing SQUID at sufficiently low temperatures these
nanoparticles are in blocking state and efficiently contribute to give
enhanced Hc and SQ values. At lower temperatures the thermal
relaxation over the anisotropy energy barrier gives additional in-
crease in Hc [32].

4. Conclusions

In summary, CoPt NWs having 100 nm diameter have been
synthesized by low cost electrochemical deposition method. The as
deposited NWs are found to be textured along the face centered
cubic (fcc) phase with (111) preferred orientation. Magnetic field
annealing treatment to as deposited NWs improved the crystalline
structure resulting a sharper (111) peak and improved (200)
orientation. In this work significantly increased magnetic features
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i.e. Hc from 1079 to 1294 Oe and SQ from 0.19 to 0.35 at q ¼ 0� have
been observed owing to heat treatment in the presence of 1 T
magnetic field applied in the direction of easy magnetization axis.
Out of three major contributions to effective anisotropy field (Hk),
the strong magnetostatic interactions aligned the easy magneti-
zation axis perpendicular to NWs. Switching in magnetization
reversal mechanism has been observed from curling to coherent
rotation for both cases which is quite interesting to study themixed
behavior of magnetic domains on applied field reversal. Further-
more, at lower temperatures significant increase in saturation
magnetization, coercivity and squareness has been observed which
is mainly due to the reduced thermal fluctuations and contribution
of superparamagnetic nanoparticles in blocking state.
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