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bstract

Ordered silver–nickel core-shell nanowire arrays were successfully fabricated by electrodeposition. The ordered silver nanowire arrays embedded
n a porous alumina template were first fabricated from an aqueous solution of Ag(NO3)2 and Ac(NH3). After removing out the template, the
btained silver nanowire arrays were subsequently electrodeposited with nickel at 1.6–2.6 V and 60 ◦C using the electrolyte composed of NiSO4,
iCl2 and H3BO3. Transmission electron microscopy observation revealed that a ∼15 nm thick nickel film was coated on the surface of the silver
anowires with about 200 nm in diameter. It was found that the silver nanowires with nickel coating showed enhanced magnetic properties in

omparison to that of pure silver nanowires. The magnetic force microscope image of silver–nickel core-shell nanowires showed magnetic domain
tate. In addition, the hysteresis loops of the silver–nickel nanowire arrays showed a coercive field of 180 Oe, almost independent of the applied
agnetic field. However, it was observed that a larger magnetic domain was found in parallel direction than that in perpendicular direction.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The fabrication of magnetic metal arrays has been intensely
nvestigated recently because they shows potential utilization in

agnetic recording [1–5]. It was reported that magnetic period
anostructure arrays as an ultra-high-density magnetic stor-
ge can achieve recording densities of more than 100 Gbit/in.2,
hich is more than the continuous magnetic film of 40 Gbit/in.2

6–8]. Arrays of ferromagnetic nanodots, nanowires or nan-
tubes may be fabricated by several methods such as e-beam
ithography, imprint technology or template. However, the
orous template can be considered as one quicker and cheaper
ethod to prepare highly perpendicular magnetic anisotropy

tructure [9–11] because anode alumina oxide (AAO) has high
riented porous structure with uniform and nearly parallel pores

hat can be organized for the pseudo ordered nanowires or nan-
tubes array.
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On the other hand, it is well known that the ferromagnetic ele-
ent such as Fe, Co, Ni and their alloy have higher saturation
agnetization as well as Curie temperature, and lower crys-

alline anisotropy. Furthermore, magnetic properties are strongly
nfluenced by the dimension and crystal properties, which also
epend on the physical structure of templates and growth mecha-
ism of wires or tubes. However, these ferromagnetic element or
lloy exhibits a lower magnetic anisotropy because these materi-
ls were usually polycrystalline and possessed random magnetic
omain. Thus, one new structure and process was proposed in
rder to obtain higher magnetic anisotropy in this study. The
ilver–nickel core-shell nanowires arrays by electrodepositing
n AAO templates were synthesized and their magnetic proper-
ies were characterized. Furthermore, the effect of experimental
onditions on the morphology of the core-shell nanostructure
ill be also discussed.

. Experimental
Highly ordered AAO templates with pore diameter of about 200 nm were
sed from commercial porous alumina templates (Whatman 6809 7013). In
he first stage, the silver electrolyte solution was prepared from Ag(NO3)2

0.005–0.02 M) and Ac(NH3) (0.4 M). One side of AAO templates was sputtered

mailto:sychen@cc.nctu.edu.tw
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ig. 1. (a) and (b) SEM image and its XRD spectrum of silver nanowires a
lectrodepositing at 1.6 V for 3, 6 and 30 min, respectively, and (d) and (g)
espectively.

ith 200 nm Au film as electrode layer. The coated template was first immersed
n an aqueous solution and kept at low vacuum environment to enhance the solu-
ion into the pores. Subsequently, silver nanowire arrays were deposited in the
ores from the electrolyte solution under constant current of 4 mA and voltage
f 0.6–1.5 V at room temperature. For obtaining the isolated silver nanowire
rrays, the sample was dissolved in 5 wt% NaOH solution at 25 ◦C for 20 min
nd then slightly washed several time to remove the original AAO template.

In the second stage, nanoscale nickel layer was coated on the silver nanowire
urface by nickel ions electrodepositing. The electrolyte solution was prepared
rom NiSO4·H2O (0.8 M), NiCl2·H2O (0.48 M), H3BO3 (0.6 M) and H2O2

30%, 0.01 M) and named as Watts bath which is one kind of typical nickel
lating bath. The NiSO4·H2O, NiCl2·H2O were used as the source for the major
ickel hydrated ions and H3BO3 worked as buffer agent in this bath with the pH
alue controlled between 2.0 and 5.2. The applied potential varied from 1.6 to
.6 V and the temperature was controlled at 60 ◦C as electrodepositing. Then,
ilver–nickel core-shell nanowires were obtained.

The microstructure and morphology were characterized by transmis-
ion electron microscopy (TEM, JEOL JEM-2010F) and scanning electron
icroscopy (SEM, LEO 1530). X-ray diffraction (XRD, PW1700) and energy

ispersive spectra are employed to study the crystal structure and chemical com-
osition of silver–nickel core-shell nanowires. Atomic force microscope (AFM,
EIK SPA 300HV) and magnetic force microscope (MFM, SEIK SPA 300HV)

maging of nanowires exhibited surface morphology and magnetic domain state.
he magnetic properties of silver–nickel core-shell nanowires were character-

zed using a vibrating sample magnetometer (VSM, DMS MODEL-1660).

. Result and discussion
Silver nanowires grew up directly by electrodepositing into
elf-ordered nanopores AAO templates in acid silver ionic elec-
rolyte with silver concentration from 5 × 10−3 to 2 × 10−2 M.

I
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i

(c), (e) and (f) appearance and surface condition of nanowires under nickel
sponding composition of the nanowires electrodepositing for 3 and 30 min,

he electrodeposition was carried out with constant current of
bout 4 mA under the voltage in the range of 0.6–1.5 V. The
canning electron microscope (SEM) image of the nanowires
s shown in Fig. 1(a). Most wires are about 200 nm in diame-
er and 23 mm in length on 2 �m thick bottom gold electrode
ithin the pores, indicating all silver nanowires remain similar
rowth rate during the electrodeposition process so that more
niform and equal length silver nanowires can be obtained. The
btained nanowires were independently parallel with each other
nd the aspect ratio was estimated about 115. The gap among
he synthesized nanowires was estimated from few nm to sev-
ral 10 nm. The crystal structure of silver nanowires array was
nvestigated by X-ray diffraction pattern. Fig. 1(b) shows the Ag
ace-centered cubic structure according to JCPDS card.

The formation of nickel coated layer or core-shell structure
an be elucidated based on the reduction effect of nickel ions by
lectrodeposition. When the electrical field was applied along
he wires during deposition, the Ni2+ ions were first moved into
he gap between nanowires and reduced on the surface of the
ilver nanowires. Furthermore, it was found that the surface
ondition and composition of the nanowires varied with elec-
rodeposition time from 3 to 30 min at 60 ◦C under an applied
otential of 1.6 V, as shown in the SEM images of Fig. 1(c)–(g).

n a short period of electrodeposition (3 min versus 6 min), the
urface condition of the nanowires seems not to change obvi-
usly and remains smooth, implying that the coated Ni layer
s very uniform. However, for a longer electrodeposition, i.e.,
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Fig. 2. (a) and (b) TEM images of nickel electrodeposited at 1.6 V for

0 min, it was observed that many different type wires were
ormed and the surface became rougher as shown in Fig. 1(f). It

ould be deduced that several silver nanowires were covered by
ickel layer to form capsular structure. A more detailed micro-
raph of the Ag–Ni core-shell structure was presented in the

f
A
t

ig. 3. (a) SEM image of nickel electrodeposition at 2.1 V for 3 min, and (b)–(e) SEM
espectively.
n, and (c) formation of nickel particles after longer electrodeposition.

EM images of Fig. 2. As it was electrodeposited for 3 min,
he thickness of the nickel layer coated on silver nanowire sur-

ace was approximately to 15 nm as measured from Fig. 2(b).
s the electrodeposition was kept for 30 min, Fig. 2(c) shows

hat many 5–7 nm nickel grains of different crystalline orienta-

, EDS, AFM and MFM images of nickel electrodeposition at 2.6 V for 3 min,
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cobalt belong to FCC and HCP, respectively. More detailed
analysis and comparison are under investigation.

The magnetic properties of the core-shell nanowire arrays
were investigated using vibrating sample magnetometer. Fig. 5
ig. 4. (a) and (b) SEM images of nickel–cobalt electrodeposition with
i2+:Co2+ = 2:1 and 1:2 at 2.1 V for 3 min, respectively.

ions were developed in the deposited Ni layer, leading a rougher
urface.

Moreover, as various electrodepositing potentials were
pplied, different structure and morphology could be observed.
ig. 3(a) shows the SEM image of the Ag–Ni nanowires under
n applied potential of 2.1 V for 6 min. The surface becomes
ougher in comparison to that electrodeposited at 1.6 V. Besides,
ome small spherical nickel grains with the size of 50–100 nm
ere generated on the nanowire surface. A further increas-

ng potential up to 2.6 V caused more spherical particles to be
ormed on the nanowire surface as shown in Fig. 3(b). Energy
ispersion X-ray spectra of Fig. 3(c) confirm the presence of pure
pherical nickel. The AFM image of the core-shell nanowires
n Fig. 3(d) indicates that the spherical nickel particles were
oated on the nanowires. Furthermore, the magnetic force micro-
cope (MFM) image in Fig. 3(e) exhibits many discrete magnetic
anoscale domains, as shown in bright contrast part, on the
urface of silver nanowire.

On the other hand, it was reported that the cobalt–nickel alloy
an show enhanced coercivity in comparison with pure nickel
anowire arrays [12]. Therefore, in this study, the role of cobalt
n the magnetic properties was further investigated. The cobalt

ons were added into the Watts bath by using CoSO4·7H2O and
elative ion ratio of Ni2+:Co2+ was adjusted to be 2:1 and 1:2.
he electrodeposition was carried out at an applied potential of
.6 V. It was observed that it exhibits a special structure, dis-
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inguished from that of pure nickel type. Fig. 4(a) shows the
rregular cobalt–nickel alloy with scrap-like shape obtained on
ilver nanowire surface in the condition of Ni2+:Co2+ = 2:1. In
ontrast, for Ni2+:Co2+ = 1:2, cobalt–nickel alloy sheets were
ormed on the surface of the Ag nanowires as shown in Fig. 4(b).
he morphology transition from scrap to sheet that may be

elated to the change of crystal structure because nickel and
ig. 5. (a) Hysteresis loop of pure silver nanowire arrays measured at room
emperature, and (b) and (c) hysteresis loop of silver–nickel core-shell nanowire
rrays under nickel electrodeposition at 1.6 and 2.6 V for 3 min, respectively.
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hows the hysteresis loop of the silver–nickel core-shell
anowires array measured at room temperature. The H(pl) and
(pd) represented external magnetic field parallel to nanowires

nd perpendicular to nanowires, respectively. While the silver
anowires was not yet coated with nickel, no clear hysteresis
oop was detected as shown in Fig. 5(a), indicating that silver
oes not show magnetic characteristics.

In contrast, as the silver–nickel core-shell was fabricated
nder an applied potential of 1.6 V, distinct hysteresis loop
ppears in Fig. 5(b), indicating the formation of nickel crystalline
tructure. It was also found that both saturation magnetization
Bs) and remanence (Br) of H(pl) were larger several times than
hose of H(pd). However, the coercive field (Hc) measured in
oth H(pl) and H(pd) orientations are close (about 180 Oe).
s compared with the Hc of pure Ni or Co nanowires (about
00–1300 Oe), it implies that the core-shell array are more suit-
ble for magnetic recording. As the silver–nickel core-shell was
ynthesized at a higher applied potential of 2.6 V, it was observed
hat both Bs and Br values in both H(pl) and H(pd) are nearly
qual as evidenced from Fig. 5(c). However, the hysteresis loop
f the silver–nickel core-shell fabricated at 1.6 and 2.6 V shows
ifferent magnetic anisotropy and this indicates that the eas-
ly magnetized direction was parallel to the nanowires axis. In
ther words, nickel layer could generate larger magnetic domain
n parallel direction than that in perpendicular direction. There-
ore, it can be concluded that the strong magnetic anisotropy
xists in silver–nickel core-shell structure.
. Conclusions

A two-stage process including AAO process and electrode-
osition was applied to fabricate the ordered silver–nickel

[

[
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ore-shell nanowire arrays. Transmission electron microscopy
TEM) observation reveals that a 15 nm thick nickel film was
oated on the surface of the silver nanowires with about 200 nm
n diameter. The silver nanowires with nickel coating show
nhanced magnetic properties compared to that of pure sil-
er one. The magnetic force microscope (MFM) image of
ilver–nickel core-shell nanowires exhibits magnetic domain
tate. The hysteresis loop of the array demonstrates strong
agnetic anisotropy with the easily magnetized direction per-

endicular to the core-shell nanowires axis.
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