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gnetic properties of Ni–BaTiO3

nanocable arrays within ordered anodic alumina
templates
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A reliable and flexible synthesis route was used for processing high density Ni–BaTiO3 nanocable arrays

based on wet chemical impregnation and subsequent electrodeposition within a highly ordered

unidirectional porous alumina membrane. The core–shell structure was carefully investigated by bright

field scanning transmission electronic microscopy coupled with energy dispersive X-ray spectroscopy.

The strength of the dipolar interaction arising from the packing density of the magnetic nanowires was

correlated with the BaTiO3 wall thickness through magnetometry and ferromagnetic resonance

measurements. Our approach opens a pathway to obtain optimized nanostructured multiferroic

composites exhibiting tunable magnetic properties.
Introduction

One-dimensional magnetic nanostructures have been paid
great attention in different research elds due to their unique
properties and their possible exploitation in relevant applica-
tions, such as patterned media for magnetic storage,1,2 non-
reciprocal microwave devices,3–5 spintronic devices6–9 and
biomedicine.10,11 To tailor the physical properties of 1D nano-
structures to a more diverse range, heterostructures that
combine two or more materials with different magnetic and
electric properties in a radial structure open new perspectives
towards the elaboration of multiferroic composite materials. In
this regard, the coexistence and coupling between the ferro-
magnetic and ferroelectric properties may lead to the attractive
electric control of the magnetic properties. Tuning the proper-
ties of such ferromagnetic core nanowires (NWs) through their
interactions with the ferroelectric shell is of interest for devel-
oping microwave devices and metamaterial structures with
enhanced electrical tunability of their operating frequency.12,13

Multiferroic composites consisting of arrays of magnetic
nanowires surrounded by a ferroelectric material have been
synthesized using various methods, such as sputtering,12 elec-
trospinning14,15 and template assisted growth techniques.16–20

There is growing interest in the use of template synthesis due to
its exibility and reliability performances. Only a few studies
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along this line involved a combination of wet impregnation
and electrodeposition to elaborate core–shell nanocables
comprising a ferromagnetic metal20 or oxide18 core surrounded
by a dielectric oxide shell in anodic aluminium oxide (AAO)
nanoporous membranes. The versatility of this approach lies in
the tunability of the nanocable length, the core diameter, the
ferroelectric tube wall thickness, and consequently the packing
density of the magnetic nanowires. However a detailed struc-
tural and morphological study is not yet reported. Well-
designed coaxial heterostructures are required to achieve
desired properties and functionalities.

In this work, we used the combination of wet chemical oxide
impregnation and subsequent metal electrodeposition
processes in AAO to elaborate a high density array of coaxial
nanocables, made of Ni ferromagnetic nanowires surrounded
by BaTiO3 (BTO) dielectric nanotubes (NTs). We propose a
complete description of our Ni–BTO nanocomposites using
electron microscopy and magnetic characterization using
Superconducting Quantum Interference Device (SQUID) and
Ferromagnetic Resonance (FMR)measurements. We investigate
the inuence of the wall thickness of the BTO NTs on the
magnetic properties of the coaxial nanocable arrays.
Experimental section

Commercial AAO templates (Synkera Technology Inc., Long-
mont, CO, USA) were used as the host membrane. These
membranes have narrow pore distribution and excellent
thermal and chemical stabilities. Arrays of pure Ni NWs have
been fabricated by direct electrodeposition in AAO membranes
having a thickness of 50 mmwith a pore diameter of 150 nm, an
inter-pore distance (the center to center distance between pores)
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of 210–220 nm and a porosity (P) of 30%. The system used is a
three-electrode system with Pt foil as the anode electrode and an
Ag/AgCl electrode as the reference electrode. A Cu layer was
evaporated on one side of the membrane in order to cover the
pores and use it as a cathode. Ni NWs were grown at a constant
potential of �1.1 V vs. Ag/AgCl from a 1 M NiSO4$6H2O + 0.5 M
H3BO3 electrolyte at ambient temperature. The plating current
is recorded as a function of time and the electrodeposition
process is stopped before the wires emerge from the surface, as
evidenced by a sudden increase of the plating current.

Arrays of Ni–BTO nanocables were elaborated using a multi-
step process consisting of sol–gel impregnation, thermal
annealing and crystallisation of BTO NTs followed by Ni elec-
trodeposition within the pore walls of the AAO templates coated
with BTO (see Scheme 1).

The BT sol was synthesized using barium acetate Ba(CH3-
CO2)2 and titanium(IV) isopropoxide Ti(OCH(CH3)2)4 from
Sigma Aldrich as precursors.21 Subsequently, Ba(OAc)2 was
dissolved in glacial acetic acid at 80 �C under magnetic stirring.
Titanium was dissolved in a second vessel containing iso-
propanol at room temperature under stirring. Then the two
solutions were mixed under stirring at room temperature to
form an homogeneous 0.4 M stoichiometric BT sol. AAO
templates were immersed into the BT sol for one minute. Wet
faces were carefully dried with absorbant paper to remove the
BT lm formed on the top, before the crystallization annealing.
The calcination temperature was also strictly limited to 700 �C
in order to avoid membrane lm curvature and the phase
transformation of amorphous alumina into a-Al2O3 (onset at
860 �C as shown by thermal analysis). These points are crucial
but rarely underlined in the literature: such an alumina crys-
tallization has detrimental effects for several reasons: (i) it can
affect the BTO microstructure through surface rearrangement
and interdiffusion across interfaces and (ii) only amorphous
alumina can be completely removed in NaOH to allow an
unambiguous characterization of the BTO nanotubes,22 and the
membrane lm curvature prevents the subsequent Ni electro-
deposition into the AAO templates coated with BTO from
occurring. The uniform growth of the Ni nanowires was stopped
before the nanowires reach the surface of the AAO template to
preserve the one-dimensional core–shell shape. Ferromagnetic
resonance (FMR) measurements at room temperature have
been done in the eld swept mode using a microstrip trans-
mission line with an external magnetic eld applied parallel
to the revolution axis, as reported previously for NWs
Scheme 1 Ni–BaTiO3 nanocable multistep synthesis.
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within porous templates.23 Room temperature magnetometry
measurements were performed using a QuantumDesign SQUID
Magnetometer.
Results and discussion

SEM investigations (10 kV) were rst carried out to check the
BTO NT structure aer the removal of the alumina template
with 1MNaOH (aq) solution (see Fig. 1(a)). A bundle of thin NTs
with a high aspect ratio is formed driven by strong interactions
between the hydrophilic surfaces of adjacent BTO NTs. Holes
and asperities are identied on the surface of the NTs.

It can be explained by the partial dissolution of barium
species during the etching process (Ba-rich well-dened
micrometric hexagonal objects can appear when the NaOH
concentration is higher than 1 M). TEMmeasurements (200 kV)
were performed aer the template removal and ultrasonic
dispersion in ethanol (see Fig. 1(b)). The BTO NTs collected are
usually broken into several segments with lengths of a few
micrometers. They consist of ne-grained polycrystalline
materials with a compact texture as conrmed by the diffraction
pattern exhibiting a series of concentric rings (see the inset in
Fig. 1(b)). The BTO NTs have grain sizes in the range of 20–30
nm and grains have no preferential orientation with respect to
the tube axis. Ni NWs with a few micrometers in length were
also observed by HRTEM (see Fig. 1(c)). The electrodeposited Ni
NWs appear as nanometer-sized (5–10 nm) polycrystalline
materials with no preferential orientation along the wire axis.
This is conrmed by XRD measurements (not shown) in
agreement with a previous study on electrodeposited Ni NWs.24

The polycrystalline nature of the Ni NWs with small grains is
also evidenced by the high resolution SEM image of core–shell
NWs shown in Fig. 1(d). The diameter of the metallic core is
about 90–100 nm, while the thickness of the shell is 20–30 nm.
Fig. 1 (a) SEM picture of the BaTiO3 nanotube bundle after the
removal of the alumina template. (b) HRTEMmicrograph of a fractured
nanotube (zoom on individual crystallites with a digital diffractogram
illustrating the polycrystalline organization in the inset). (c) HRTEM
micrograph of a single Ni nanowire. (d) SEM image of Ni–BaTiO3 core–
shell nanocables.
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Bright eld scanning transmission electron microscopy
(STEM) experiments coupled with Energy Dispersive X-ray
Spectroscopy (EDX) analyses were performed on Ni–BTO core–
shell nanowires aer grinding and dispersion in ethanol
(Fig. 2(a) and (b)). EDX proles across Ba, Ti and Ni rich areas
(Fig. 2(c)) can be compared with the total projected thickness of
a nanotube along the direction of the electron beam (t) which is
described by the following eqn:

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02 � r2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ri2 � r2

p
; r\ri (1)

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02 � r2

p
; r\ri (2)

where r0 and ri represent the outer and the inner radii of the
BTO tubes, respectively. The experimental data are found to be
in good agreement with the calculated prole that conrms the
nanotube shape of BTO. In contrast, the Ni chemical prole
exhibits a single maximum in the core region of the BTO tube
which reveals clearly the core–shell structure. The mean tube
wall thickness is about 30 nm in agreement with the crystallite
size estimated in Fig. 1(b) and the core diameter is close to
90 nm. The core–shell morphology is also conrmed from the
EDS mapping performed on isolated Ni–BaTiO3 NWs, as shown
in Fig. 2(d).

For Ni NW and Ni–BTO nanocable ordered arrays within
AAO, magnetocrystalline anisotropy (MCA) contributions can be
neglected so the effective eld Heff in the saturated state
contains only the shape anisotropy and the dipolar interaction
eld. Moreover since both nanowire systems have the same
symmetry and for the samples considered here their aspect
ratio is large, the same mean eld model used for NWs can also
be used for core–shell NWs. Therefore, the effective eld can be
expressed as25
Fig. 2 (a) Bright field STEM micrograph of Ni–BaTiO3 core–shell
architecture within the template after grinding and dispersion in EtOH.
(b) Chemical mapping of the area in (a), with Ba, Ni and Al in red, green,
and blue respectively. (c) EDX profiles integrated along the marked
area in (a), with (Ba and Ti) and Ni in red and green respectively; blue
refers to the simulation of total BTO tube projected along the electron
beam direction for a 30 nmwall thickness tube into a 150 nm diameter
pore. (d) BF-STEM micrograph of an isolated Ni–BaTiO3 core–shell
after template removal.
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Heff ¼ 2pMs � 6pMsP (3)

where 2pMs is the shape anisotropy, 6pMsP is the dipolar
interaction eld in the saturated state and Ms ¼ 485 emu cm�3

is the saturation magnetization density for Ni. Due to their
different volume, the packing fractions for the core–shell
system (PNi–BTO) and nanowires (PNi) are different and when
grown in the same template PNi–BTO < PNi. Fig. 3 compares the
normalized hysteresis loops measured at room temperature
with the eld applied along the revolution axis of the NWs. A
clear difference is observed between the two samples, in
particular Ni–BTO core–shell NWs are more easily magnetized
than their Ni NWs counterpart. The main differences observed
in their hysteresis loops arise from their respective effective
elds and in particular from the dipolar interaction eld.
Indeed, as mentioned above PNi–BTO < PNi, which as seen from
the second term in eqn (3), results in a smaller interaction eld
and thus a higher effective eld and a stronger uniaxial
anisotropy in core–shell NWs. Moreover, the high packing
values of the templates result in a strong dipolar interaction
which is responsible for the shearing of the hysteresis loops and
their reduced squareness. This shearing depends on the value
of the dipolar interaction eld and so the hysteresis loops of
NWs are more sheared than those measured in core–shell
NWs.26 It is also noted that nanowire and nanocable systems
exhibit similar coercive elds (around 250 Oe).

In order to have an accurate determination of the effective
eld Heff, the FMR properties of these core–shell nanowires
have been measured. These magnetically lled porous
membranes are particularly well adapted for a simple fabrica-
tion of the micro-strip transmission line and the investigation
of the ferromagnetic resonance properties at GHz frequen-
cies.25,27 The microwave signal propagating along the microstrip
transmission line deposited on the free surface of the
membrane (Fig. 4(a)) produces a microwave pumping eld
which is perpendicular to the nanowires and induces a
Fig. 3 Room temperature hysteresis loops measured along the
revolution axis in arrays of Ni nanowires (dashed line) and of Ni–BTO
nanocables (solid line) embedded in AAO templates.
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Fig. 4 (a) Schematics of the microstrip transmission line, in which the
cathode, or ground plane, is separated from the 150 mm-wide
microstrip line by a dielectric which corresponds to the AAO
membrane containing the nanocables. (b) Field sweep microwave
absorption spectra obtained at 300 K and recorded at 15 GHz and 25
GHz with the field applied parallel to the wire axis for arrays of Ni–BTO
NWs and Ni NWs grown in AAO. (c) The corresponding measured
dispersion relations.
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precession of the magnetization around the static equilibrium
position.

At ferromagnetic resonance, power is absorbed from the
incident microwave signal and the corresponding minimum in
the transmitted power is recorded using a network analyzer.
The analysis of the FMR results is made in the saturation state
where the magnetization inside the wires can be considered as a
single domain. At a given constant frequency f, the ferromag-
netic resonance condition when the magnetic eld is applied
parallel to the wires is25

Hr ¼ f

g
�Heff (4)

where Hr is the resonance eld and g is the gyromagnetic ratio
(g � 3.09 GHz kOe�1 for Ni). Fig. 4(b) presents a set of trans-
mission spectra obtained at room temperature and recorded at
15 GHz and 25 GHz for both Ni nanowires and Ni–BTO nano-
cables. From the spectra shown in Fig. 4(b), it can be observed
that at the same frequency, the core–shell NW sample presents
lower resonance elds than the reference Ni NW sample. The
shi of the resonance eld is about 1.5 kOe and a clear upward
displacement of the dispersion relation of the core–shell NW
sample with respect to those of the corresponding Ni NWs is
observed. From eqn (4), it can be seen that at a given frequency,
110 | J. Mater. Chem. C, 2015, 3, 107–111
a decrease of the Hr resonance eld corresponds to an increase
of the effective eld in Ni–BTO NWs which results from their
lower packing fraction. Fig. 4(c) shows their corresponding
dispersion relations, where the straight lines correspond to the
t of the experimental data to eqn (4). Fitting of the experi-
mental data yields the effective eld, Heff, and the packing
fractions for NWs and NTs in each template. For Ni NWs, we get
Heff � 0 kOe and PNi � 30% while for Ni–BTO core–shell NWs,
we get Heff � 1.4 kOe and PNi–BTO � 16%. Assuming that BTO
nanotubes cover homogeneously the wall of the pores, we esti-
mate the wall thickness around 35 nm, in agreement with
previous electronic microscopy observations.
Conclusions

In conclusion, we have reported a reliable and controllable
synthesis method for high-density arrays of coaxial Ni–BaTiO3

nanocables within anodic aluminium oxide membranes. This
synthesis approach based on a combination of electrochemical
and sol–gel processes allows for modulation of the magnetic
properties of core–shell nanowires by an appropriate choice of
membrane material, packing fraction, geometric parameters
(i.e., core radius and shell thickness) and composition. The
detailed investigation of the structural and morphological
features of these metal/oxide nanocables is an important step
towards the elaboration of one-dimensional multiferroic
nanostructures with rigorously tailored architectures. Distorted
magnetic hysteresis loops and shied ferromagnetic reso-
nances are in agreement with the decreased packing of Ni wires
in the core–shell nanocables as compared to the nanowires.
Further work is under progress to achieve enhanced magnetic/
electrical tunability of their properties which is of considerable
importance for developing tunable microwave devices and new
metamaterial structures.
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