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Magnetostatic interaction in electrodeposited Ni/Au multilayer
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Ordered Ni/Au multilayer nanowire arrays are successfully fabricated inside the nanochannels of anodic aluminum
oxide template by pulse electrodeposition method. The thickness of the alternating layers is controlled to examine the mag-
netostatic interaction in Ni/Au multilayer nanowires. The magnetic easy axis parallel to the nanowires indicates that here
the magnetostatic coupling along the wire axis dominates over the interactions perpendicular to the nanowires. However,
the magnetostatic interaction between adjacent nanowires with larger magnetic layers is enhanced, leading to the existence
of an optimum coercivity value.

Keywords: nanostructures, multilayers materials, metals, magnetic properties

PACS: 61.46.Km, 75.75.Cd DOI: 10.1088/1674-1056/25/8/086101

1. Introduction

Up to now, one-dimensional magnetic materials with
novel special structures and morphologies have received much
attention because of their potential applications in ultra-high
density magnetic devices,[1] giant megnetoresistance (GMR)
effect,[2,3] magnetoresistive spin-valves,[4] and a promising
candidate of resistive switching.[5] One of them is multilay-
ered ferromagnetic nanowire, which is particularly interest-
ing because of the enhanced magnetic properties. Multi-
layered ferromagnetic nanowires can be obtained by a va-
riety of approaches including colloidal synthesis,[6] vapor-
solid-liquid (VLS),[7] template-assisted electrodeposition,[8]

and other synthesis methods.[7] Among them, the template-
assisted technique is a powerful approach because it is not
only a simple and low cost method, but also has an accu-
rate control over the lengths and placements of magnetic and
nonmagnetic section of multilayer nanowires. Using a pulse
electrodeposition method, many kinds of multilayer nanowires
such as Ni/Cu,[9,10] CoNi/Cu,[11] NiFe/Cu,[12,13] Pt/Co,[1,14]

and Pt/Ni[15] have been successfully fabricated experimen-
tally. As a common nonmagnetic material, Au was often used
to construct multilayer nanowires with Ni to optimize their
magnetic properties. Clime et al. first reported the synthesis
of Ni/Au multilayer nanowires.[16] Ishrat et al.[8] and Schelhas
et al.[17] depicted the magnetic properties of Ni/Au multilayer
nanowires from different viewpoints.

As is well known, the magnetic anisotropy of the
nanowire arrays is mainly determined by the following three
contributions:[18–20] the shape anisotropy, the magnetocrys-

talline anisotropy, and the magnetostatic coupling. For the
multilayer nanowires, the magnetostatic coupling between the
adjacent magnetic layers along the wire axis has been dis-
cussed many times. However, the magnetostatic coupling be-
tween the magnetic layers in adjacent nanowires has received
only a little attention. In this paper, we design and fabricate
the Ni/Au multilayer nanowires with the thickness of nonmag-
netic Au layer equal to the distance of adjacent nanowire to
make comparisons easier. The magnetic hysteresis loops are
then measured, and the magnetostatic interaction is discussed
in detail. Moreover, the Ni segment-length dependence of co-
ercivity and squareness for the multilayer Ni/Au nanowires are
also explored. Our results help us to have an in-depth under-
standing of the magnetic multilayer nanowires.

2. Experimental procedure
2.1. Preparation of AAO template

The AAO templates were homemade by a two-step an-
odization process as described in previous reports.[18,21] In
brief, to obtain the high-quality of AAO templates, 99.999%
Al sheets were annealed at 450 ◦C for 5 h and subsequently
electropolished in a 1:9 volume mixture of perchloric acid and
ethanol at 25 V to a mirror finish. Then, the first step of an-
odization was carried out at 45 V for 6 h in 0.3 mol/L oxalic
acid electrolyte at about 8 ◦C. After the first step, the origin
film was removed in a solution consisting of phosphoric acid
(6 wt%) and chromic acid (1.8 wt%) at 60 ◦C for 9 h. The sec-
ond anodization was performed under the same conditions. In
this case, the distance between two adjacent channels would
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be about 60 nm.
Subsequently, the remaining Al was extracted using

SnCl4 solution. To obtain the binary channels, the peeled AAO
templates were immersed into a 6-wt% phosphoric acid solu-
tion 60 min at 30 ◦C to remove the barrier layer. For the elec-
trodepositing target materials into the homogeneous and uni-
form pores of the AAO template, a thin gold layer was sput-
tered onto the back side of the AAO template to serve as the
working electrode.

2.2. Fabrication of multilayer Ni/Au nanowires

The electrodeposition process of Ni/Au multilayer
nanowires was performed in a three-electrode system. A
graphite electrode was used as a counter electrode and an
Ag/AgCl electrode was used as the reference electrode.
The AAO template with gold layer served as the working
electrode.[22] The electrodeposition single electrolyte used to
deposit Au and Ni segments was composed of 5-g/L HAuCl4–
4H2O, 10-g/L NiCl2, 5-g/L NiSO4, and 3-g/L H3BO3. The
multilayer Ni/Au nanowires were deposited using a pulse sig-
nal that was adjusted to a deposition potential for each of the
different target materials for a corresponding deposition time,
such as (i) −0.35 V for 25 s for depositing Au layer, (ii)
−1.3 V for 5 s, 10 s, 15 s, 25 s for depositing Ni layers with
different thickness to obtain four kinds of nanowire samples,
respectively. The total time of the electrochemical deposition
was 20 min. During the electrodeposition, the electrodeposi-
tion electrolyte was continuously agitated by a magnetic stir-
rer.

2.3. Measurements

The phase composition of the prepared products was de-
termined by x-ray Diffraction (XRD, D8 Advance). The mor-
phologies and chemical compositions of fabricated Pt–Ni mul-
tilayered nanowires were characterized using a field-emission
scanning electron microcopy (SEM, JSM 7100F) and high res-
olution transmission electron microscope (TEM, JEM 2010)
equipped with energy dispersive x-ray spectrum (EDX). The
magnetisms of the samples were analyzed by a vibrating sam-
ple magnetometer (VSM, ADE EV11).

3. Results and discussion
After removing the AAO templates, the morphologies

of the products are investigated using SEM. As shown in
Fig. 1(a), the low-magnification overhead view SEM image re-
veals that large quantities of well-aligned nanowires have been
obtained. In this sample, the deposition time for each Ni layer
and each Au layer are 5 s and 25 s, respectively. It can be
seen that each nanowire has a well-faceted head and smooth
surface. The average length of the nanowires is about 2.5 µm.
Figure 1(b) is the side view of the multilayer nanowires. It

shows that the average diameter of these nanowires is about
70 nm, corresponding to the diameter of the channels in the
AAO template. The periodic separations between Au and Ni
layers along the axis of the nanowires can also be clearly ob-
served. The XRD pattern of the Ni/Au multilayer nanowires
embedded in the AAO template is shown in Fig. 2. It indi-
cates that the product consists of two compounds: one is face-
centered cubic (fcc) structured Ni (JCPDS card no. 65-0380)
and the other is fcc structured Au (JCPDS card no. 04-0784).

Fig. 1. (a) Typical low-magnification SEM image of Ni/Au multilayer
nanowires, and (b) the high-magnification SEM image.

20 30 40 50 60 70 80 90

N
i 
(1

1
1
)

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

2θ/(Ο)

A
u
 (

1
1
1
)

A
u
 (

2
2
0
)

A
u
 (

2
2
2
)

N
i 
(2

2
0
)

Fig. 2. XRD pattern of Ni/Au multilayer nanowires.

Further characterization of the multilayer nanowires
was performed by TEM. Figure 3(a) shows a typical low-
magnification TEM image of an individual nanowire behind
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the template has been totally etched. The multilayer struc-
ture and reproducibility of the nanowire are clearly seen in
this image. As indicated by arrows, the dark layers in the
TEM image are those of Au while the lighter layers corre-
spond to Ni, which is confirmed by the corresponding EDX
analysis (Fig. 3(b)). Careful examination shows that the aver-
age thickness values of the Ni layer and the Au layer are 65 nm
and 60 nm, respectively. It should be emphasized that the av-
erage thickness of the Au layers is equal to the distance be-
tween two adjacent nanowires, which would be favorable for
the comparison of magnetostatic coupling between two differ-
ent directions. The selected area electron diffraction (SAED)
pattern taken from one Ni/Au nanowire is shown in the in-
set of Fig. 3(a). It shows a series of diffraction rings com-
posed of some discrete diffraction spots, indicating that the
Au layers and Ni layers are both polycrystalline. The HRTEM
image of the interface area is shown in Fig. 3(c). It exhibits
clear lattice fringes, revealing the formations of Au grains and
Ni grains. The d-spacing of the left region denoted by par-
allel lines is 0.41 nm corresponding to the distance between
the (001) planes of Au. But the d-spacing of the right region
is 0.20 nm, which is close to the distance between the (111)
planes of Ni. In our experiments, the thickness of the alternat-
ing layers can be easily controlled by varying the deposition
time of each layer. But considering the fact that Clime et al.[16]

have reported the synthesis of Ni/Au multilayer nanowires
with the thickness of Ni layers lower than 30 nm, here we
set purposely the deposition times of Ni layers to be 5 s, 10 s,
15 s, and 25 s, so that the corresponding thickness values of Ni
layer would be 65 nm, 120 nm, 180 nm, and 300 nm as shown
in Fig. 4. Their SAED patterns show a series of diffraction
rings respectively, indicating that the prepared Ni/Au multi-
layer nanowires are all polycrystalline.

It has been investigated that the magnetic anisotropy
of the nanowire arrays is mainly determined by the follow-
ing three contributions:[18,19] i) the shape anisotropy result-
ing from the form effect of the individual wires, which will
induce a magnetic easy axis parallel to the wire axis, ii) the
magnetocrystalline anisotropy arising from bond anisotropy
within the crystal lattice, and iii) the magnetostatic interac-
tion. Specifically, for the multilayer nanowires, there are two
types of magnetostatic couplings just as shown in Fig. 5. One
is the magnetostatic coupling between the adjacent magnetic
layers along the wire axis, which tends to develop a magnetic
easy axis parallel to the wire axis. The other is the interac-
tion between the adjacent nanowires, which tends to develop
a magnetic easy axis perpendicular to the wire axis. This kind
of interaction has received only a little attention in previous
reports about multilayer nanowires. The overall magnetic na-
ture of the multilayer nanowire arrays should be the result of
the competition among the above contributions.
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Fig. 3. (a) Typical TEM image of Ni/Au multilayer nanowires, Inset:
corresponding SAED pattern, (b) elemental line scanning of Au and Ni
composition along the nanowire, (c) the HRTEM image showing the
interface between Au layer and Ni layer.
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Fig. 4. TEM images and SAED patterns of Ni/Au multilayer nanowires
when the deposition times of Ni layers are set to be (a) 5 s, (b) 10 s, (c) 15 s,
(d) 25 s, respectively, and the deposition times of Au layers are all 25 s.

Fig. 5. (color online) Schematic diagram of the magnetostatic interac-
tions. The wine solid arrows and olive solid arrows indicate the magne-
tostatic coupling; dot black arrows indicate the easy axis of each mag-
netic segment.

086101-3



Chin. Phys. B Vol. 25, No. 8 (2016) 086101

The magnetic hysteresis loops of Ni/Au multilayer
nanowires embedded in the channels of AAO template are
measured with the external magnetic field parallel and perpen-
dicular to the long axis of the nanowires at room temperature
and the results are shown in Fig. 6. On the whole, each of
these arrays with different thickness of Ni layers possesses
strong magnetic anisotropy with the easy axis parallel to the
nanowires. The above properties are consistent with previ-
ously reported results about Ni,[23] Ni/Cu,[10] and Fe/Cu[24]

nanowire arrays. As is well known, Ni is a magnetic material
with very small magnetocrystalline anisotropy energy.[25] Fur-
thermore, according to the structure analysis, the Ni layers in
our products are polycrystalline, thus the magnetocrystalline
anisotropy is not the reason for the easy axis parallel to the
nanowires. The shape anisotropy always plays an important
role and usually serves as explaining the phenomenon of the
easy axis parallel to the magnetic nanowires. Nevertheless, it
should be noted that for the Ni/Au nanowires with the short-
est Ni layers (Fig. 6(a)), although the corresponding thickness
of Ni layer is slightly less than the diameter of the nanowire
with an aspect ratio of about 0.93, the easy axis is still parallel
to the nanowires and the magnetic anisotropy is still strong.
Obviously, this cannot be explained completely by the shape
anisotropy of the Ni layer related mainly to the aspect ratio.
Therefore, the anisotropy here should be attributed mainly to
the magnetostatic coupling. The fact that the easy axis is paral-

lel to the nanowires indicates that here the magnetostatic cou-
pling between the adjacent magnetic layers along the wire axis
dominates over the interactions among different nanowires.
According to the structure analysis, we believe the interfaces
between Ni and Au layers are approximately flat as shown
schematically in Fig. 5, while the flanks of nanowires are obvi-
ously cylindrical surface. Because of the circular cross-section
of Ni layers, there are no preferential in-plane alignment direc-
tions, which always exist in more standard rectangular cross-
sections. This difference is likely to make the magnetostatic
interaction stronger in the direction parallel to the wire axis. In
other words, a head-to-tail alignment of magnetization along
wire axis is energetically more favorable so as to minimize the
magnetostatic energy of the system,[26] resulting in the easy
axis parallel to the nanowires. As for those Ni/Au nanowires
with larger Ni layer, of cause, the magnetostatic coupling still
exists and combines with the shape anisotropy to result in the
easy axis parallel to the nanowires. Moreover, we note that a
weak bend appears in each central part of the hysteresis loop
corresponding to the external magnetic field perpendicular to
the nanowires in Fig. 6(d). A possible reason is that two ends
and the centre of Ni layer has the inhomogeneous distribution
of the magnetic moments caused by the shape anisotropy oc-
curring in the longer Ni layer when the external magnetic field
is perpendicular to the nanowires.
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Fig. 6. Magnetization curves of Ni/Au nanowire arrays with applied magnetic field parallel and perpendicular to the wire axis, and
depositing time tNi = 5 s (a), 10 s (b), 15 s (c), and 25 s (d).

As nonmagnetic material, the Au layers themselves have

little effect on the magnetic properties of the multilayer

nanowires. Schelhas et al.[17] have reported the magnetic

coupling between Ni layers by controlling the lengths of Au

layers in their multilayer Au–Ni nanowires. So the magne-

tizations of our samples are compared to show the effects

of Ni layers with different thickness. In Fig. 7, the values

of the coercivities and squareness of the nanowires for the
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two field orientations are plotted each as a function of the
deposition time of Ni layers. It is obvious that the coerciv-
ity initially increases to a maximum value of about 862.22 Oe
(1 Oe = 79.5775 A·m−1) as the thickness of Ni layer increases,
and then decreases. Here, we can ascribe the initial increment
to the shape anisotropy affected by increasing the aspect ratio
of Ni layer. It is reported that if the aspect ratio of the Ni layer
separated by nonmagnetic layer is less than 10, this Ni layer
in multilayer nanowires is expected to be single domain.[9]

So the subsequent decrease in the coercivity should not re-
sult from the effect of domain wall. In our previous work,[18]

we have found the magnetostatic coupling among nanowires
dominates over the shape anisotropy for the nanowires with
an aspect ratio of about three. Because of this, we specu-
late here that the subsequent decrease in the coercivity may
be related to the enhancement of magnetic coupling among
the different nanowires with larger magnetic layers as illus-
trated in Fig. 5.[23] The effect of this coupling also lies in
the change of the squareness. It can be seen from Fig. 7(b)
that the squareness for the parallel field orientation exhibits
the same variation behavior as that of the coercivity. Instead,
the squareness for the perpendicular field orientation increases
monotonically with increasing the angle between the magnetic
field and the axis of the nanowires. Due to the contribution
of the magnetic coupling among the different nanowires with
larger magnetic layers, the squareness increases rather than re-
duces in the manner similar to the change of coercivity when
the deposition time of Ni increases to 25 s. Besides, compared
with the previous report about Ni/Au multilayer nanowires
with the same diameter of 70 nm,[16] the coercivity presented
here is great perhaps because of the larger aspect ratio of Ni

5 10 15 20 25

0

200

400

600

800

1000

perpendicular

parallel

(a)

C
o
er

ci
v
it
y
/
O

e

Deposition time of Ni/s

5 10 15 20 25

0

0.2

0.4

0.6

0.8

1.0
(b)

Deposition time of Ni/s

perpendicular

parallel

S
q
u
a
re

n
es

s 
(M

r/
M

s)

Fig. 7. (color online) Plots of (a) coercities and (b) squareness ratios in
directions parallel and perpendicular to the nanowires versus deposition
time of Ni layers.

layer. Due to the effect of multidomain structure, the coerciv-
ity of pure Ni nanowires has proven to be lower than that of
Ni-based multilayer nanowires.[9] According to the change of
the coercivity, it can be concluded that the relative optimum
Ni layer thickness for the multilayer nanowires with diameter
of 70 nm is about 180 nm corresponding to the aspect ratio of
2.6. As regards other kinds of multilayer nanowires, we con-
sider that the differences in dimension, crystal structure, and
defects also can influence the magnetic nature of the nanowire
array thereby leading to a variety of specific results.

4. Conclusions
In this work, we successfully synthesize Ni/Au multilayer

nanowire arrays by pulse electrodeposition method. Accord-
ing to the measurements, magnetostatic coupling along the
wire axis dominates over the interactions perpendicular to the
nanowires, while the latter is enhanced for Ni/Au nanowires
with larger magnetic layers. This change results in a relative
optimum Ni layer thickness of about 180 nm. These experi-
mental findings can be useful for assembling the future mag-
netic nanodevices.
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