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Co-Ni-Cu/Cu multilayered nanowire arrays were electrodeposited in polyester track etched (PETE) nanoporous template with ap-
propriate hydrophilic properties in a single bath. The array of multilayered nanowires can provide a three-dimensional accumulation of
magnetic nanodiscs in a non-magnetic media. Magnetic properties and microstructure of multilayered nanowires with different copper
layer thickness were studied. Using different characterization techniques including X-ray diffraction (XRD), transmission electron mi-
croscope (TEM), magnetic force microscopy and magnetization curves, we observe the formation of unique sharply interfaced mul-
tisegmented magnetic/nonmagnetic nanowires in a range of spacing thickness from 0.7 nm to 26 nm. MFM shows that the filling of
nanopores happens uniformly during electrodeposition in the form of nanowires, while TEM examinations confirm the formation of
precise multilayered structure. TEM also reveals the formation of sharp interfaces between the segments with a polycrystalline super-
lattice structure. XRD interestingly shows that satellite peaks appear around (111) main Bragg reflection. The magnetization curves at
20 K of the array show a relative rotation of easy axis direction from out of the plane to in the plane, as the spacing Cu layer thickness
(���) increases in a range of 0.7–26 nm. The variation of measured coercivity in different bi-layer thicknesses likely shows the intention
of the structure to form discrete magnetic segments as the non-magnetic spacer layer becomes thicker. However, the variation of coer-
civity and squareness implies the existence of strong interaction between the segments. A study on the remanent magnetization at 20
K for ��� �� �� � � � nm with a range of tCu reveals the existence of demagnetising interactions within each array suggesting the
anti-ferromagnetic coupling between Co-Ni-Cu layers.

Index Terms—Magnetic force microscopy, magnetic multilayers, nanowires, X-ray diffraction.

I. INTRODUCTION

T HE controlled production of nanowire arrays with
outstanding characteristics has attracted much interest

recently owing to their applications in emerging technologies
related with magnetic properties at the nanoscale [1]. The
pioneer works on the electrodeposition of nanowire arrays
using nanoporous templates remarked that this method is an
efficient way for fabrication of various materials with desirable
properties [2]–[5].

One of the most important steps towards the progress of
template electrodeposition was the fabrication of multilayered
nanowires exhibiting giant magnetoresistance (GMR) [6]–[8].
Since that time, magnetic nanowires made by the template
electrodeposition have been extensively studied to explore new
magnetic and magnetotransport properties at the nanoscale
[9]. Multisegmented structure of such nanowires makes one
able to control the magnetization of either each segment or
the array as a whole for taking advantage of small magnetic
bits for different applications such as magnetic data storage or
biological functionalizations [10]. There is still a great amount
of attention devoted to realize new physics and engineering
application of this type of nanostructures [11]–[16].

Most of the research on the effect of the layered structure
on the magnetic behavior of arrays of nanowires carried out in
the field have been focused on Ni/Cu multisegments in poly-
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carbonate track-etched (PCTE) [9] and in anodic aluminium
oxide [17] templates. Another type of nanoporous track-etched
polymeric templates, called polyester track-etched (PETE), has
been recently [18] introduced as an appropriate candidate for
growing superlattice magnetic nanowires. The work showed
that multilayered nanowires grown in this type of template
exhibit current perpendicular to plane giant magnetoresis-
tance (CPP-GMR) which is consistent with the Valet-Fert
theory, demonstrating that sharp interfaces form between mag-
netic/non-magnetic bi-layers within the nanowires.

The aim of this paper is to demonstrate the formation of an
ideal three-dimensional distribution of magnetic nano-discs in-
side a non-magnetic media which can be ultimately proposed as
an ideal system for magnetic logic devices. PETE-assisted elec-
trodeposition of multilayered nanowires is studied in terms of
structural and magnetic properties by various characterization
techniques. We used scanning electron microscopy (SEM) and
magnetic force microscopy (MFM) to control the achievement
of uniform pore filling across the template. X-ray diffraction
(XRD) as a powerful method was used to study the formation
of superlattice structure [19], [20] to give unique details on the
formation of superlattice peaks along the main growth direction
of layers in electrodeposited magnetic nanowires. Transmission
electron microscopy (TEM) was used to prove the formation of
superlattice structure. Magnetic properties of array of multiseg-
mented nanowires were studied using hysteresis loops and the
interaction between the segments was determined using rema-
nent magnetization curves of Co-Ni-Cu/Cu nanowires.

II. MATERIAL AND METHODS

A single bath electrodeposition method was employed to
make Co-Ni-Cu/Cu multilayered nanowires in PETE. For the
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commercially available PETE membranes, the nominal pore
diameter is 100 nm, the pore density is pores/cm ,
the membrane thickness is 6 m and the pore surfaces are
intrinsically hydrophilic.

A 200 nm thick Au film was thermally evaporated on one
side of the polymeric membranes in a high-vacuum Edwards
306 system using 99.99% gold source material (Goodfellows).
Then, the gold coated PETE acted as cathode. Working elec-
trode was designed to expose a specific area of the template to
the plating solution. The nominal effective area of cathode (pore
areas) was estimated m .

The multilayers were electrodeposited from an electrolyte
containing 2.3 mol/L H O Ni sulphamate, 0.4 mol/L H O Co
sulphate, 0.05 mol/L H O Cu sulphate and 30 g/L boric acid
with a pH value of 2, adjusted by the addition of enough amount
of sulphamic acid to the solution. The deposition was performed
in a standard 3-electrode cell and the deposition potentials used
were 0.2 V and 1.8 V relative to a saturated calomel refer-
ence (SCE) electrode for Cu and Co-Ni-Cu alloy, respectively.
Deposition was carried out under computer control and the cur-
rent during deposition of all layers to calculate the thickness of
layers and at the end of each layer to evaluate the filling time of
pores was recorded.

The thickness of each magnetic and non-magnetic layer was
estimated from Faraday’s law using the computer-controlled de-
position software. Here the cathodic current efficiency of cobalt-
nickel was assumed to be 100%. After growing nanowires with
different lengths, templates (PETE) were examined by high-res-
olution scanning electron microscope (HR-SEM) to distinguish
nucleation and growth process of nanowires into PETE and the
time during which the template is filled. After filling PETE tem-
plate with Co-Ni-Cu/Cu nanowires the templates were exam-
ined by MFM (Asylum research MFP 3D) in the dynamic mode
with a phase detection system. Resonance frequency shifts to-
wards higher frequencies led to a bright contrast in the phase
detection. Therefore, a repulsive interaction between tip and
sample is represented by bright contrast and an attractive inter-
action by dark contrast [21]. MFM images were taken at zero
field on the filled template using standard magnetized magnetic
tips (CoCr 30 nm coated Si; 450–500 Oe coercivity). In all ex-
periments MFM tip was magnetized in the z direction or perpen-
dicular to the plane of the substrate prior to the measurement.

Transmission electron microscopy (TEM) model Philips
EM430 operated at an accelerating voltage of 200 KV was
used to study the length, diameter, and layer microstructure
of the wires after removal from the membranes. Crystalline
structure was studied by means of TEM diffraction patterns. In
order to prepare samples for TEM, polyester membranes were
dissolved in a mixture of concentrated potassium hydroxide
and ethanol at 60–70 C. A carbon coated grid was then used
to carry the nanowires to TEM. High angle X-ray diffraction
(Philips, X’pert, ) was also used to study the
crystalline structure of magnetic superlattice nanowires with
different bi-layer thickness.

In order to study the magnetic properties, we used supercon-
ducting quantum interface magnetometry (SQUID) to investi-
gate magnetic characteristics of the superlattice nanowires with
different bi-layer thickness.

Magnetic properties of the array of nanowires with same
magnetic and different nonmagnetic spacing layer thickness
were studied by means of magnetization curves and interaction
between particles. All measurements were carried out using a
Quantum Design SQUID magnetometer.

Magnetization curves were measured with the applied field
parallel and perpendicular to the wires’ long axis. Interac-
tions within particles formed along Co-Ni-Cu/Cu multilayered
nanowires were investigated via a study of the two modes of
acquisition of the remanent magnetization. These two modes
are the remanent magnetization after applying a small field
( less than saturation) to a demagnetized state (M ) and the
remanence after applying the same small field to a saturated
state (M ). Plots of M against M , known as Henkel plots,
then reveal qualitatively the interactions taking place. Several
arrays of wires were deposited with Co-Ni-Cu layer thickness
(t ) of 3.3 nm and copper layer thickness (t ) ranging
from 0.7 nm to 26 nm. All remanence measurements were taken
using the SQUID magnetometer. Each array was subject to
ac demagnetization at 350 K before cooling to 20 K. A series
of small fields increasing in size up to saturation were then
applied in one direction, and a remanence measurement taken
between each M . The sample was then saturated in the same
direction before repeating the method of applying the series of
small fields in the opposite direction (M ).

III. RESULTS AND DISCUSSION

As the superlattices are grown, one should make sure that they
are periodic. Important questions include what the real thick-
nesses of the layers are, and how sharp the interfaces are. Trans-
mission electron micrographs clearly show that multilayered
structure is formed properly along the nanowires’ axis, elec-
trodeposited in PETE. A typical bright field TEM image demon-
strating sharp and parallel interfaces perpendicular to wire axis
is shown in Fig. 1.

The contrast distinguished between the layers is reflected
by compositional modulation produced by electrodeposition
for Co-Ni-Cu and Cu layers. There are two distinct materials
formed including Co-Ni-Cu and Cu layers. In order to con-
firm the formation of the two completely different materials
making multilayered nanowires, we used energy dispersive
X-ray (EDX) to analyze the composition of the nanowires. We
electrodeposited three types of samples in different deposition
potentials, each of which leads to different bi-layer composition
including: (i) deposition potential of 0.2 V SCE suitable to
electrodeposit copper layer filling the whole pore of 6 micron
length; (ii) deposition potential of 1.8 V SCE to electrode-
posit CoNi layer filling the whole pore of 6 micron length;
and (iii) modulation of potential between 0.2 V and 1.8
V SCE to make Co-Ni-Cu/Cu nanowires. Fig. 2 illustrates a
typical EDX pattern obtained on Co-Ni-Cu(3.3 nm)/Cu(3.3 nm)
nanowires. Also, compositions of the three different nanowires
are summarized in Table I. It implies that type (i) of nanowires
is made of copper in whole as the reduction potential does
not approach the potential of CoNi alloy in the single bath,
while type (ii) of nanowires contains a minor amount of copper
(about 5.6%) due to the co-deposition of copper with cobalt
and nickel owing to the more negative deposition potential
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Fig. 1. Typical bright field TEM image of Co-Ni-Cu(3.3 nm)/Cu(3.3 nm) mul-
tilayered nanowires electrodeposited in PETE. The image has been taken at a
magnification of 108 000� and the scale-bar was added to guide the dimensions
of the wires.

than the reduction potential of copper. The atomic percentages
of elements are consistent with the previous reports [9]. The
higher Co:Ni ratio in the nanowires reflects the anomalous
codeposition mechanism of nickel and cobalt. Co-deposition of
copper with ferromagnetic layers (Co or Ni) has been studied.
At the deposition potentials of ferromagnetic layers, copper is
certainly deposited. But the diffusion controlled mechanism of
electrodeposition of copper is assumed and very low copper
ion content is usually employed to reduce the rate of copper
deposition. However, it has been shown that copper is deposited
in the ferromagnetic layers up to 25% and still the layers
show ferromagnetic properties and can exploit the exchange
coupling. The only possible means known to control the copper
deposition is the reduction of copper content in the solution.
Therefore, TEM image reflects the compositionally modulated
structure in the Co-Ni-Cu/Cu nanowires.

In addition, diffraction patterns of CoNiCu nm Cu nm
and CoNiCu nm Cu nm nanowires taken by TEM in-
dicate a polycrystalline structure, differed by increasing Cu
spacing layer thickness, as shown in Fig. 3. Although not con-
clusive, there exists an oriented and discontinuous diffraction
in the former pattern [Fig. 3(a)] for which the bi-layer thick-
ness is 6.6 nm. Earlier works reported by L. Piraux [22] and
W. Schwarzacher [23] have demonstrated similar diffraction
patterns for Co/Cu and CoNi/Cu in polycarbonate templates,

Fig. 2. A typical EDX result representing the composition of multilayered
Co-Ni-Cu/Cu nanowires.

TABLE I
OBTAINED COMPOSITION OF THREE TYPES OF NANOWIRES REVEALING THE

FORMATION OF Co-Ni-Cu AND Cu LAYERS IN THE MULTILAYERED NANOWIRES

Fig. 3. Selected area diffraction patterns from (a) CoNiCu nm�Cu nm
and (b) CoNiCu nm�Cu nm nanowires electrodeposited in PETE, re-
spectively. Periodic duplicated diffraction point is seen for thinner superlattice
structure.

but we exactly see that when the spacing layer thickness is
increased, this preferential direction disappears [Fig. 3(b)].
The pattern indicates a polycrystalline superlattice structure
for CoNiCu nm Cu nm. The pattern demonstrates a
complex structure with preferential growth direction along one
crystallographic axis. The presence of duplicated diffraction
points seems like the formation of satellite peaks along the
main growth direction in diffraction pattern can be seen.

In order to obtain more precise information on the microstruc-
ture and crystal structure of the nanowires, we performed high
angle XRD [24]–[26] on arrays of nanowires and indeed, the
results are interesting. In high angle X-ray diffraction, scans
are typically made around first order Bragg peaks ( in
the Bragg formula) to obtain information on the structural co-
herence of the superlattices, the average lattice spacing per-
pendicular to the film plane and the modulation wavelength.
Firstly, the main Bragg peak corresponds to the periodicity of
the atomic planes and gives their spacing. Secondly, the satel-
lite peaks appearing around the main peak correspond to the
periodicity of the superlattice structure and give the modula-
tion wavelength. The modulation wavelength may be calculated
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Fig. 4. X-ray diffractograms recorded from arrays of Co-Ni-Cu(3.3 nm)/Cu(d)
electrodeposited in PETE. Satellite peaks,�����, are surrounding main Bragg
reflection (111).

from two consecutive satellite peaks surrounding a main diffrac-
tion peak using the fact that the Bragg condition is also satisfied
if the X-ray beams reflected from successive bilayers interfere
constructively.

In Fig. 4, the XRD patterns are shown for a multilayer series
with varying Cu layer thickness. It is clear from Fig. 4 that the
position of the main fcc (111) peak originating from the sample
is drifted towards lower angles as the Cu content of the samples
increases.

The general experience is that the satellite peaks appear for
rather large Cu layer thicknesses only (e.g., [20]) as it is the case
for the nanowires with greater copper thickness. This can be due
to the leveling effect of the fairly thick Cu layers, which was also
established from magnetoresistance data in previous works [19],
[20]. Small peaks appear around the main (111) Bragg reflection
and the only possible explanation of which is attributed to the
satellite peak. It is also to note that satellite peaks (m-1) are more
pronounced. The repeat length values obtained from the XRD
data for satellite peaks (m-1) are given in Table II using equation
[24]:

(1)

where is 1.5402 in the experiments and D is the bilayer
thickness [18]. Although the multilayer quality is clearly indi-
cated by the presence of the satellite reflections around the main
peak, the repeat lengths measured by the XRD method are sys-
tematically higher than the nominal values. A similar difference
between the repeat periods obtained from nominal layer thick-
nesses and from XRD has also been reported in Co-Ni-Cu/Cu
multilayers [25]. Interestingly, TEM studies performed on the
PETE-electrodeposited nanowires yielded a very good agree-
ment with the nominal thicknesses in most cases. Fig. 4 also
shows that the intensity of the satellite peaks is larger for thicker
Cu layers. Overall, as shown by Michaelsen [27], the appear-
ance of the satellite peaks is strongly influenced by the sharp-
ness of the chemical modulation, the layer thickness fluctuation,
the undulation of the layer interfaces and the inclination of the
layer planes to the substrate. The appearance of the satellites on

TABLE II
COMPARISON OF THE MODULATION WAVELENGTH S ESTIMATED FROM THE

XRD DATA WITH THE NOMINAL VALUES FOR THE SAME SERIES AS SHOWN IN

FIG. 4 FOR Co-Ni-Cu �Cu�� � NANOWIRES

Fig. 5. (a) AFM, (b) MFM, and (c) three dimensional image of superimposed
magnetic phase response on topography taken from an arrays of Co-Ni-Cu(3.3
nm)/Cu(3.3) nanowire electrodeposited in PETE.

the present samples undoubtedly indicates the good structural
quality of these nanowires.

In Fig. 5, typical atomic force microscope (AFM) and MFM
images of Co-Ni-Cu (3.3 nm)/Cu (3.3 nm) are presented. The
magnetic tip has captured the emanating field from wire’s ends
on the template. This observation which has been repeated on
different samples and different areas ensures that the filling
factor and its uniformity across the whole template are likely
uniform on a typical membrane surface of 0.7 cm ( 10%).
The corresponding MFM image with the three-dimensional
superimposed AFM/MFM picture reveal strong antiparallel
interaction with the magnetic tip from the end of filled pores or
wires, suggesting that there is a preferential magnetization axis
along the long axis of wires. Although this can be affected by
the level of pore filling, we, not conclusively, observe that in the
nanowires with more spacing layer thickness, this antiparallel
interaction is suppressed. Therefore, MFM reveals uniform
pore filling with possible effect of magnetization anisotropy in
the wires.

In order to investigate the magnetization modes in the
nanowires arrays, we used different measurement techniques
to study more details of the formation of multisegmented
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Fig. 6. Magnetization curves measured for Co-Ni-Cu(3.3 nm)/Cu(t) by SQUID
at 20 K for (a) perpendicular and (b) parallel to the wires’ long axis.

nanowires within the templates. Fig. 6 illustrates magnetization
curves of Co-Ni-Cu (3.3 nm)/Cu (t) multilayered nanowires
electrodeposited in PETE at 20 K, when the external field is
applied in plane and out of plane of the template. The behavior
mentioned in Fig. 6 relatively indicates two stable orientations
of the magnetic moments, namely in plane [Fig. 6(a)] or out
of plane [Fig. 6(b)] of the template which are equal to the
states: perpendicular and parallel to the long axis of the wire
for different multilayered nanowires, while there still exist a
bulk-shape sheared loops which are likely due to interaction
between ferromagnetic segments [28], as will be discussed
later. Fig. 7 depicts the variation of squareness [Fig. 7(a)]
and coercivity [Fig. 7(b)] of multilayered nanowires, quoted
numerically in Table II.

The two orientations are separated by an energy barrier, well
recognized where the spacing layer thickness increases. The
magnetization reversal of electrodeposited nanowires in track-
etched polycarbonate membranes has been extensively studied
for 3-D ferromagnetic materials as described in the recent re-
view article [9]. For almost all nanowires, except Co nanowires
where magnetocrystalline anisotropy becomes more significant

Fig. 7. Variation of (a) squarness and (b) coercivity of Co-Ni-Cu (3.3 nm)/Cu
(t) nanowire arrays electrodeposited in PETE at 20 K against spacing layer thick-
ness. (Note: External field is applied in plane and out of plane of template or
parallel and perpendicular to wires’ axis.)

in some temperatures and wire diameters, there definitely exists
a preferred easy axis of magnetization along wire axis.

In Fig. 6 various magnetization orientation are distinguish-
able as follows: (i) when the spacing layer thickness is very thin
(i.e., 0.7 nm), the easy axis of magnetization remains along the
wire axis; (ii) the easy axis of magnetization changes direction
once the spacer rises up to 26 nm and becomes perpendicular to
the wires’ axis; and (iii) an intermediate state which exists for
the thicknesses of 3.3 and 6.6 nm. The variation of squarness
[Fig. 7(a)] shows the dependence of easy axis of magnetization
on spacing layer thickness. Since the squarer hysteresis loops
represent the easy axis of the magnetization, and then the squar-
ness value can be used as a useful criterion to evaluate the easy
or hard direction of magnetization. The values of squarness here
are used to qualitatively explain the rotation of easy axis with
spacing the magnetic nanodiscs. It is clear from Fig. 6 that the
squareness increases for one direction as long as decreases for
the other magnetization direction, though the absolute estimated
squarness values increase at the two orientations. The reason for
this is not well understood, but it can be ascribed to the antiferro-
magnetic interaction present between adjacent magnetic layers
which will be explained later.

For Co-Ni-Cu (3.3 nm)/Cu (0.7 nm) multilayered nanowires
electrodeposited in PETE there is clearly an easy axis parallel
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to the nanowires’ long axis, suggesting the propagation of a
strong magnetostatic interaction between the neighboring layers
due to the very thin spacing layer. In the case of Co-Ni-Cu (3.3
nm)/Cu (3.3 nm) and Co-Ni-Cu (3.3 nm)/Cu (6.6 nm) multilay-
ered nanowires there is no obvious hard or easy direction, ex-
hibiting anti-ferromagnetic coupling which represents the GMR
in such nanowires. For Co-Ni-Cu (3.3 nm)/Cu (26 nm) multilay-
ered nanowires there is an easy axis perpendicular to the wires’
long axis, demonstrating separated ferromagnetic layers.

The variation of measured coercivities against spacing layer
thicknessisnoticeable inFig.7(b).AsafunctionofCulayerthick-
ness, coercivity values increase with any thickened spacing, ex-
hibiting that magnetization reversal mode seems to approach the
magnetizationofsmall systemsdueto theseparationofCo-Ni-Cu
layers by Cu spacers. It is a characteristic of small structures that
the coercivity value increases with decreasing particle size until
it approaches a discrete small disc shape.

Regardless of the magnetization direction, the magnetization
curves are similar to those of a bulk material. This is a very
common case if the magnetic interaction of the wires cannot be
neglected which is the case our fabricated nanowires. The mag-
netic behavior of Co-Ni-Cu segments is more explainable where
the study on the magnetic interaction of the nanowires arrays
shows a dependent behavior upon the spacing layer thickness.
Fig. 8 shows Henkel plots for multilayered nanowire arrays with
t(Co-Ni-Cu) of 3.3 nm and t(Cu) ranging from 3.3 nm to 26
nm, plotted at 20 K. The straight line demonstrates the ideal
noninteracting case considered by Wohlfarth [29], recognizable
from Henkel [30] curves plotted for the multilayered nanowires.
Fig. 8(b) demonstrates the variation of [31]:

(2)

against field applied before remanence measurement for the
same arrays as illustrated in Fig. 8(b). is the remanent
magnetization after applying a small field ( less than satura-
tion, ) to a demagnetized state and is the remanence
after applying the same small field to a saturated state.

It is clear from Fig. 8(a) that the magnitude of the devia-
tions from the noninteracting case, and hence strength of the
interactions taking place, decrease with increasing copper layer
thickness. This suggests that the interactions are taking place
between ferromagnetic Co-Ni-Cu layers within the wires. As
the distance between the cobalt-nickel-rich layers increases with
increasing copper layer thickness, so the strength of the inter-
actions observed decreases. To explain the type of interaction,
as shown in Fig. 8(b), negative values for the quantity
are obtained for all arrays of multilayered nanowires. This in-
dicates that the interactions taking place between the ferromag-
netic layers are demagnetizing [12]. A simple explanation for
demagnetizing interaction may be antiferromagnetic coupling,
remarking the GMR in such nanowires and formation of fine
separated particles.

IV. CONCLUSION

PETE-assisted electrodeposition was explained as a suc-
cessful method for fabrication of magnetic/nonmagnetic

Fig. 8. (a) Henkel plots and (b) Dependence of �� on applied field
for multilayered Co-Ni-Cu nanowire arrays electrodeposited in PETE. (Data
recorded at 20 K for t ranging from 3.3 nm to 26 nm).

multisegmented nanowires. We observe precisely multilayered
structure with TEM observations and the formation satellite
peaks around (111) main Bragg peak in XRD spectrum. MFM
reveals that the interaction between the magnetic tip and sample
appear to be uniform from all pore ends. Anti ferromagnetic
coupling between magnetic segments as evidence obtained
from Henkel plots based on Wolhlfarth equation demonstrates
the formation of distinct Co-Ni-Cu layers spaced by Cu layers.
Magnetization reversal modes of multilayered arrays shows
relative easy axis of magnetization along nanowires’ long axis
when the spacing layer is negligible and perpendicular to the
nanowires’ axis when the segments are separated remarkably
by copper layers. However, increasing coercivity values asso-
ciated with more spaced particles likely shows the tendency of
magnetization reversal towards the formation of discrete small
segments. This is exactly due to the change of magnetization
mode in multilayered nanowires with different non-magnetic
spacers. As the direction of easy or hard axis of magnetization
directly depends on the thickness of the spacer.
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