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a b s t r a c t

Multilayer Au–Ni–Au–Ni–Au nanowires with a controlled diameter of �100 nm were synthesized by
electrochemical deposition in porous alumina templates. The length of each Ni-segment was controlled
up to �230 nm, while the length of the Au segment sandwiched between two Ni segments was
�180 nm. X-ray diffraction patterns and energy-dispersive X-ray spectra confirmed the formation of
purely crystalline nanowires. The magnetic properties of the multilayer Au–Ni–Au–Ni–Au nanowires
were investigated in the temperature range 2–300 K. Room-temperature magnetic hysteresis confirmed
the ferromagnetic nature of the nanowires. The plot of coercivity as a function of temperature (from 2 to
300 K) followed law applicable for ferromagnetic nanostructures. The magnetization tended to increase
as the temperature decreased, following the modified Bloch's law similar to ferromagnetic nanoparticles.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

In the past decade, nanoscale magnetic materials have attr-
acted much attention because of their unique magnetic properties
and potential applications in nanotechnology. The magnetic prop-
erties of nanostructured materials are usually controlled by their
size, dimensions, and morphology. One-dimensional magnetic
nanowires are very promising candidates for a variety of applica-
tions in medical devices, magnetic storage devices, and spintronics
devices [1–5].There is a variety of hosting templates that can be
used for the growth of one-dimensional nanostructures, such as
alumina templates (AAO), mesoporous silica or porous silicon, and
nuclear-track-etched polymer membranes [6]. As compared to
other templates, AAO templates have a high density, chemical
stability, and highly ordered porous structure that makes them
suitable for the fabrication of segmented nanowires.

Magnetic nanostructures can be produced using different tech-
niques, among which electrochemical deposition is very common
and easily achievable at room temperature [3]. Template-assisted
electrochemical deposition, which involves the reduction of ferro-
magnetic and nonmagnetic electrolytes at room temperature, is the

best technique for the fabrication of multilayer nanowires [7,8].
These wires can be electrodeposited by alternately changing the
electrolytes during deposition, and the length of each segment can
be tuned by controlling the time and charge deposited during the
deposition.

Magnetic characterization of diameter-modulated nanowires is
necessary before they can be used in various potential spintronics
applications. Multilayer ferromagnetic (Ni) and nonmagnetic (Au)
nanowires are of growing interest because of their tuneable
magnetic properties [9]. Although the magnetic properties of
multilayer nanowires have been studied widely, the magnetic
properties of diameter-modulated multilayer nanowires with
beadlike structures have rarely been reported [10,11].

Recently, magnetic nanoparticles have great impact in the
development of nanotechnology. Due to their extremely low sizes,
and interaction among the constituents, the chain of magnetic
nanoparticles often exhibit new and enhanced properties as
compared to their bulk counterparts. There are several techniques
that have been developed to obtain the ordered magnetic arrays of
nanoparticles, including spin coating, vertical depositions, deposi-
tion on the patterned substrate, and applying external electric
fields. However the arrays of nanoparticles grown by electroche-
mical deposition have rarely been reported earlier.

Diameter-modulated multilayer nanowires have interesting ferro-
magnetic ordering. For such nanowires, the core refers to the inner
part of the nanoparticle, and the shell refers to the spin-glass surface
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state. It is well known that as the particle size decreases, the surface
spins play an important role because of the increase in the surface-to-
volume ratio. For nanoparticles, because of the small size of the
magnetic material, the coercivity is strongly temperature dependent
and follows the thermal activation model.

A multilayer nanowire consists of magnetic segments with
dimensions of a few hundred nanometres, which gives rise to
interesting magnetic properties at low temperatures that are
different from their bulk counterparts [3]. At low temperatures,
the anisotropy energy (Ea¼KeffV) overcomes the thermal energy
(Eth¼KBT) of the nanowires, which increases their magnetic order.
As for the coercivity of nanowires with beadlike structures,
Kneller's law for ferromagnetic nanoparticles is applicable in the
temperature range 0�TB, where TB is the superparamagnetic
blocking temperature of the sample. On the other hand, the satu-
ration magnetization follows the modified Bloch's law for ferro-
magnetic nanoparticles [12].

In this work, we report the structure and temperature-
dependent magnetic properties of Au–Ni–Au–Ni–Au nanowires
fabricated by electrochemical deposition in AAO templates. The
structure and morphology were analysed by SEM and TEM. The
crystallographic structures and composition of the as fabricated
nanowires were confirmed by X-ray diffraction analyses (XRD) and
energy-dispersive X-ray spectroscopy (EDX), respectively. In order
to check the temperature-dependent magnetic properties of the
multilayer nanowires, a superconducting quantum interface device-
vibrating sample magnetometer (SQUID-VSM) was used.

2. Materials and methods

In the present work, Au–Ni–Au–Ni–Au nanowires were synthe-
sized by electrochemical deposition into AAO templates with a
pore diameter of 100 nm. For this study, the length of the wires is
fixed (i.e. 3 mm), while the length of each segment is �200 nm.
The fabrication of multilayer Au–Ni–Au–Ni–Au nanowires is help-
ful for controlling the length of Ni segments to a few hundred
nanometres. For magnetic study of nanowires the direction of the
field is very important. In this study the direction of the field is
kept along wire long axis. This is because in these nanowires the
anisotropy direction is parallel to the length of the wire.

For the growth of nanowires, a DC cell with three electrodes
was used. A platinum wire and Ag/AgCl were used as the counter
electrode and reference electrode, respectively. One side of the
AAO template was made conductive by electron beam (EBM)
evaporation of a 200 nm-thick silver layer, which served as the
working electrode for the electrochemical deposition.

In order to make the working electrode surface more uniform, a
thin sacrificial layer (2 mm) of Ag was electrodeposited. For the
synthesis of Au segments, a gold plating solution was used, while a

Ni sulphate solution was used for the growth of Ni segments. All
electrochemical deposition was carried out at a constant voltage
(�0.95 V) for both the Ni and Au segments, and length of each
segment was tuned by controlling the charge and time of
deposition.

The gold segment length was fixed at both ends to 1 mm, each
Ni segment length was controlled to 230 nm, and the sandwiched
Au segment length is 180 nm. For the removal of the silver layers
(sacrificial and evaporated), the AAO template was treated with
nitric acid for 15 min. Multilayer nanowires were separated from
the hosting template by dissolving the AAO template into 3 M
NaOH solution for 45 min. After releasing nanowires from the
template, they were cleaned by centrifugation and rinsing with
deionized (DI) water at least 5–7 times. The cleaned nanowires
were dispersed on a Si/SiO2 wafer and dried at 120 1C for 20 min
for the structural characterization. Further details of the synthesis
process are given in our previous work [13,14].

The morphology of the nanowires was examined by perform-
ing SEM and TEM analyses. XRD and EDX were used to determine
the crystallographic structure and average chemical composition
of nanowires. The magnetic hysteresis M(H) of the as fabricated
nanowires were recorded by the SQUID-VSM under a constant
applied field of 73 kOe as the sample temperature was varied
from 300 to 2 K. For the magnetic measurements, the wires were
left embedded in the AAO template, while for the structural
analyses they were released from the template.

3. Results and discussion

Fig. 1 shows SEM and TEM images of Au–Ni–Au–Ni–Au nano-
wires with average diameters of 100 nm. A TEM image of the
uniform Au segment is shown in Fig. 1(a). A multilayer nanowire
with two Ni segments sandwiched between the three gold seg-
ments is shown in Fig. 1(b). The length of the middle sandwiched
gold segment is �180 nm, and the two Ni segments each have a
length of �230 nm. Fig. 1(c) shows the TEM image of the Ni
segments. It can be seen that the Ni segments are not uniform
but rather consist of beadlike structures with a bead diameter of
�100 nm stacked on one another to form the nanowire. In Fig. 1(a),
it can be seen that the Au segments are uniform and have no
beadlike structures like those in the Ni segments.

Fig. 2(a) presents the X-ray diffraction pattern of the multilayer
nanowires, in which the observed peaks are indexed according to
the standard PCPDF cards for Ni and Au. Quantitative and quali-
tative analyses of the Au and Ni in the nanowires were performed
with the help of the EDX pattern, as shown in Fig. 2(b). The
substrate (i.e., Si) and oxygen (O) peaks due to the Si/SiO2

substrate used for dispersing the nanowires were also observed
in the EDX spectra. Thus, both XRD and EDX analyses confirm that

Fig. 1. (a) TEM image of the Au segment showing the uniformity of the Au segments. (b) SEM image of an as-prepared multilayer Au–Ni–Au–Ni–Au nanowire with
a Ni segment length of 230 nm and a 180 nm Au segment sandwiched between Ni segments. (c) TEM image of the Ni segment showing the beadlike structure.
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the multilayer nanowires have pure phases and that no impurities
were present in the samples.

Magnetic measurements were performed under a field of 3 kOe
applied along the long wire axis. Fig. 3(a)–(f) shows the magnetic
hysteresis loops M(H) recorded at different temperatures from 2 to
300 K. Multilayer nanowires show ferromagnetic behaviour at
room temperature because of the ferromagnetic nature of the
Ni segments in the wires, as shown in Fig. 3(f). As the temperature
decreases from 300 to 2 K, the anisotropy energy (Ea¼KeffV)
overcomes the thermal energy (Eth¼KBT), which enhances the
magnetic order of the system.

The coercivity (Hc) calculated from theM(H) curves is plotted as
a function of temperature from 300 to 2 K in Fig. 4(a). As the
temperature decreases, the Hc increases monotonically. It is
notable that Hc(T) does not saturate at low temperature (10–2 K),
as reported in our previous paper [14]. This could be because our
multilayer nanowires are composed of nanoparticles with particle
diameters of about 90–100 nm, as mentioned earlier (Fig. 1(c)).
Thus, in this case, a simple model of thermal activation of the
particle moment over the anisotropy barrier is applicable. In the
case of beads (i.e., for a chain of nanoparticles), the structural
properties like the volume distribution, randomness of the aniso-
tropy axes and interparticle interactions may also influence the
thermal dependence of the coercivity [15]. Therefore, the increase
in Hc(T) as the temperature decreases is due to the thermal
fluctuations of blocked moments over the anisotropy barrier. It is
observed that Hc as function of temperature in the range 0�TB
follows Kneller's law for ferromagnetic nanoparticles, which can
be written in the form [16]

Hc ¼ H0½ð1�T=TBÞ1=2� ð1Þ

where H0 is the coercivity at 0 K and TB is the superparamagnetic
blocking temperature. The value of H0 is 143 Oe, which was
approximated by extrapolating the Hc(T) curve toward the field
axes. The superparamagnetic blocking temperature (TB) for these
nanowires is 480 K.

The results are fitted to Eq. (1) using the blocking temperature
(TB) as a fitting parameter. In Fig. 4(a), the black curve is the
theoretically fitted curve. The experimental results fit the theore-
tical data very well in the temperature range 2–300 K. It is
particularly notable that in the case of multilayer nanowires, the
experimental curve agrees for the whole temperature range from
2 to 300 K, while for a single Ni segment these curves deviate in
the low-temperature range from 2 to 10 K, where Hc(T) was
observed to be saturated, as reported earlier [14]. Similar results

for the temperature dependence of the coercivity for Co/Pt multi-
layers have been reported by Li–F. Liu et al. [9].

Fig. 4(b) shows the temperature-dependent magnetization of
the as-prepared multilayer nanowires. In this graph, the magne-
tization (M) increases as the temperature decreases. The magne-
tization has a power-law dependence (T3/2) on the temperature,
which is called Bloch's law and is applicable to bulk materials in
the low-temperature range. Bloch's law for bulk ferromagnetic
systems can be expressed as [17].

MðTÞ ¼M 0ð Þ½1�ðBTÞα� ð2Þ
Where M(0) is the magnetization at 0 K, B is Bloch's constant, and
α is the fitted Bloch's exponent with a value of α¼3/2. For
nanomaterials, the finite size effects cause the thermal depen-
dence of the magnetization to deviate from the normal Bloch's
law, because the magnons with wavelengths larger than the
nanostructures' dimensions are difficult to excite. In order to
generate spin waves in the materials, a threshold thermal energy
is required. Thus, for nanoparticles, the spin wave structure is
modified in the form of a power law (Tα) with a Bloch's exponent
(α¼2) larger than its bulk value (α¼3/2). The modified Bloch's law
for nanoparticles can be expressed as [18–20]

MðTÞ ¼Mð0Þ½1�ðBTÞ2� ð3Þ
In the modified form of Bloch's law, Bloch's constant (B) is

the reciprocal of the blocking temperature (TB) of the nanopar-
ticles (B¼1/TB). Similar results have been observed by Linderoth
et al. [21], who observed a modified Bloch's law for amorphous
Fe–C nanoparticles with a value of α nearly equal to 2. They argued
that the deviation of α from the normal bulk value in case of
nanoparticles is due to the finite-size effects and, in particular, the
energy gap in the density of states and the lack of magnetic
coordination at the surface of the nanoparticles [21]. The value of
Bloch's exponent (α) as a function of particle size was determined
experimentally by C. R. Alves et al. [19]. They observed a value of α
for larger CuFe2O4 nanoparticles of 3/2, while for smaller nano-
particles α was nearly equal to 2.

In our case, the nanowires are composed of particle-like
structures, as shown in Fig. 1(c), and the magnetization as a
function of temperature can be fitted theoretically according to
the modified Bloch's law. We found that the theoretical curve for
the modified Bloch's law with α¼2 fully matches the experimental
results in the temperature range 2–300 K, as shown in Fig. 4(b).
Thus, we conclude that our Au–Ni–Au–Ni–Au nanowires with
beadlike structures follow the modified Bloch's law in the tem-
perature range 2–300 K.

Fig. 2. (a) XRD analyses of wires confirming that the fabricated nanowires have pure phases and are crystalline in nature. (b) EDX spectra showing that the nanowires are
composed of Au and Ni without any impurities.
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Fig. 4. (a) Coercivity as a function of temperature following the Kneller's law, shown by grey line (red line in web version), while the black line shows the fit curve. (b) Plot of
magnetization as a function of temperature in the range 2–300 K. The black line corresponds to the theoretical curve, which is fitted according to modified Bloch's law.

Fig. 3. M(H) loops recorded at temperatures (a) 2, (b) 10, (c) 50, (d) 100, (e) 200, and (f) 300 K under a maximum field of 73 kOe. The inset in (e) shows the loop at 200 K
magnified at 60 Oe. The inset in (f) shows the M(H) loop at 300 K enlarged at 50 Oe.
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4. Conclusions

Multilayer Au–Ni–Au–Ni–Au nanowires were fabricated by
electrochemical deposition into the porous alumina templates
with a diameter of 100 nm. The length of each Ni segment was
controlled to 200 nm. Structural analyses confirmed the formation
of non-uniform Ni segments with pure phase and crystalline
structure. The temperature-dependent coercivity Hc(T) of the as-
prepared nanowires was found to increase as the temperature
decreased from 300 to 2 K. It was found that Hc(T) and the
magnetization M(T) follow Kneller's law and the modified Bloch's
law, respectively. These results can be explained by taking into
account the finite size effects in Au–Ni–Au–Ni–Au nanowires.
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