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Abstract
A new strategy to elaborate (1-3) type multiferroic nanocomposites with controlled dimensions
and vertical alignment is presented. The process involves a supported nanoporous alumina layer
as a template for growth of free-standing and vertically aligned CoFe2 nanopillars using a room
temperature pulsed electrodeposition process. Ba0.70Sr0.30TiO3–CoFe2O4 multiferroic
nanocomposites were grown through direct deposition of Ba0.7Sr0.3TiO3 films by radio-
frequency sputtering on the top surface of the pillar structure, with in situ simultaneous oxidation
of CoFe2 nanopillars. The vertically aligned multiferroic nanocomposites were characterized
using various techniques for their structural and physical properties. The large interfacial area
between the ferrimagnetic and ferroelectric phases leads to a magnetoelectric voltage coefficient
as large as ∼320 mV cm−1 Oe−1 at room temperature, reaching the highest values reported so far
for vertically architectured nanocomposite systems. This simple method has great potential for
large-scale synthesis of many other hybrid vertically aligned multiferroic heterostructures.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Multiferroic nanostructured composites have attracted a lot of
attention due to the control of the coupling between polar-
ization and magnetization via strain [1–4] and their potential
application in memory, actuators, sensors, and microwave
devices [2, 5]. Intensive research in the field of multiferroic
nanocomposites has opened new routes such as the fabrica-
tion of vertically aligned nanostructures, i.e. nanopillars
embedded in a matrix, the so called (1-3) connectivity

nanocomposite. These types of nanostructures offer the
advantage to reduce the substrate imposed clamping effect, as
compared to multilayered (2-2) types of multiferroic nano-
composites, and to enhance the interfacial area between the
two phases, so that large magnetoelectric (ME) coupling can
be expected [2, 6]. Up to now, vertically aligned multiferroic
nanostructures from spinel and perovskite systems, including
CoFe2O4–BaTiO3 (CFO–BTO) and CoFe2O4–BiFeO3 (CFO–
BFO) were fabricated using pulsed laser deposition techni-
ques [7, 8]. In order to control the long-range ordered vertical

Nanotechnology

Nanotechnology 28 (2017) 475707 (7pp) https://doi.org/10.1088/1361-6528/aa9016

0957-4484/17/475707+07$33.00 © 2017 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0003-0684-4338
https://orcid.org/0000-0003-0684-4338
mailto:luc.piraux@uclouvain.be
https://doi.org/10.1088/1361-6528/aa9016
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aa9016&domain=pdf&date_stamp=2017-10-31
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aa9016&domain=pdf&date_stamp=2017-10-31


interface, anodic aluminium oxide (AAO) membranes were
used as a hard mask to grow columnar multiferroic nano-
composites [9]. Thick AAO membranes were also used as
templates to fabricate multiferroic core–shell nanowire arrays
using a combination of different synthesis processes, such as
sol-gel processing, electrodeposition, and thermal annealing
[10, 11]. However, to our best knowledge, there is no report
on the fabrication of vertically aligned multiferroic nano-
composites based on a direct sputtering deposition of the
ferroelectric film onto the top surface of the vertically aligned
free-standing metallic nanopillar array structure grown by
electrodeposition into AAO masks supported on silicon (Si)
substrates.

In this work, we demonstrate a simple approach to syn-
thesize vertically aligned Ba0.7Sr0.3TiO3–CoFe2O4 (BSTO–
CFO) nanocomposites with increased interfacial area between
the ferroelectric and ferrimagnetic components. The
BaxSr1−xTiO3 material is chosen due to the tunable Curie
temperature (TC), accompanied by the large dielectric
permittivity through a variation of the BaTiO3/SrTiO3 com-
position, e.g. for the composition 70 at% Ba (x∼ 0.7) TC is
close to room temperature [12]. The fabrication process starts
with the growth of free-standing and vertically aligned
metallic CoFe2 nanopillar arrays using pulsed electrochemical
deposition inside nanopores of anodized AAO templates on
Si substrates followed by a dissolution of the template. Then,
BSTO–CFO film nanostructures are formed by direct
deposition by radio frequency (rf) magnetron sputtering with
Ar/O2 reactive plasma of the BSTO matrix onto the CoFe2
nanopillar arrays with in situ oxidation to form the desired
oxidized CFO phase. This original in situ synthesis of verti-
cally aligned multiferroic nanostructures allows us to improve
the ordering of the magnetic nanopillars inside the matrix, and
to preserve the nanopillar morphology. Indeed, when the
oxidation of the free-standing CoFe2 nanopillars was con-
ducted by thermal treatment prior to BSTO deposition, a
significant change of the surface roughness morphology of
the pillars, and an increase of their diameter were found, thus
preventing the penetration of BSTO through the ordered pillar
arrays. We used different techniques to characterize the
electrical and magnetic properties and to quantify the ME
coefficient of the resulting BSTO–CFO multiferroic
nanostructures.

2. Experimental details

High quality analytical grade (99.99%, unless otherwise
specified) chemicals were used in this work as provided,
without further purification. The aqueous solutions were
prepared with ultra-pure deionized water purchased from
VWR Chemicals, France. The close-packed array of the
vertically aligned CoFe2 nanopillars was produced by an
electrochemical deposition within nanopores of the supported
AAO template (figure 1), following a slightly modified pro-
tocol as previously reported [13, 14]. In brief, a freshly
cleaned Si substrate was first prepared by depositing an ultra-
compact Al film (∼1 μm) over an intermediate Ti/Pt/Ti

under-layer (∼5/50/5 nm), by magnetron sputtering (Plassys
MP500S). Pt was used for a two-fold purpose: (1) to prevent
nanopillar contamination via diffusion during the subsequent
thermal treatment and (2) to serve as a bottom electrode for
electrodeposition and physical measurements. The as-pre-
pared Al/Ti/Pt/Ti/Si substrate was then exposed to a single
step anodization process in 0.3 M oxalic acid (H2C2O4) at
2 °C, by applying an anodic potential of 60 V from a Keithley
2400 sourcemeter during ∼1000 s, the anodization process
was stopped by the programme automatically after the current
gradually increased and reached the set limit of 20 mA, which
indicates that the alumina pores reached the conductive Pt
layer. The anodization process was followed by a chemical
widening of the nanopores in a 0.5 M sulphuric acid (H2SO4)
solution (Merch, Germany) at 40 °C for 1 h. The resulting
AAO film had a thickness of ∼1.4 μm with a nanopore
interspacing ∼150 nm (the distance from centre to centre of
nanopores) and an average pore diameter ∼90 nm, generating
a porosity factor P∼35% [15]. In the second stage, CoFe2
alloy nanopillars were grown into the nanopores of the sup-
ported AAO template with a pulsed potentiostatic electro-
deposition method. The CoFe2 nanopillars were
electrodeposited at ambient temperature from a single water-
based electrolyte containing 0.1M CoSO4 · 7H2O (98%, Alfa
Aesar, Germany), 0.14M FeSO4 · 7H2O (Merck, Germany),
and 0.16M H3BO3 (99.5%, Sigma-Aldrich, MO) in a stan-
dard three-electrode potentiostatic configuration using a PAR
263A Potentiostat/Galvanostat and a Pt foil as a counter
electrode. The operating potential stepped from −1.5 V
(versus Ag/AgCl reference electrode) during 20 ms and
−0.5 V during 80 ms. The three-electrode setup includes (1)
the Pt-coated Si substrate at the bottom of the pores serving as

Figure 1. Sketch of the fabrication process of the vertically aligned
BSTO–CFO nanostructures: (a) anodized AAO template supported
on a Pt/Ti/Si substrate, (b) CoFe2 nanopillars obtained by
electrodeposition into the AAO nanoporous structure, (c) free-
standing CoFe2 nanopillar array obtained after chemical dissolution
of the AAO template, (d) vertically aligned multiferroic BSTO–CFO
nanostructures made by deposition of the BSTO layer onto the
CoFe2 pillar structure using rf magnetron sputtering with their
simultaneous oxidation into a CFO nanopillar array.
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a working electrode, (2) a Pt foil as counter electrode and (3)
a Ag/AgCl reference electrode. The height of the nanopillars
was easily controlled by varying the charge-controlled elec-
trodeposition duration. The AAO template was then dissolved
in 2M of sodium hydroxide NaOH solution (Merck, Ger-
many) during 20 min and washed in distilled water, thus
leading to a free-standing and vertically aligned CoFe2
nanopillar arrays on the Pt/Ti/Si substrate (figure 1(c)).
Nanopillar arrays having an average height of ∼200 nm were
considered. The Ba0.7Sr0.3TiO3 (BSTO) matrix was deposited
by rf magnetron sputtering (Plassys MP700) in facing target
configuration (90° off-axis geometry) using two home-made
BSTO targets (rf power= 75W) and reactive Ar/O2 plasma
(5 Pa and 1% O2). Upon deposition, the substrates were kept
at 650 °C with a substrate-to-target distance close to 40 mm.
The deposition time was adjusted to fill the internal space of
the pillar arrays as well as to obtain the desired BSTO layer
thickness around 250 nm at the top of the nanopillar structure.
Finally, Pt top electrodes having approximate diameters of
300 and 600 μm were deposited on the surface of the nano-
composites by rf magnetron sputtering through a shadow
mask for the dielectric and ME characterizations.

Surface morphology was investigated using a high-
resolution scanning electron microscopy JEOL 7600F (SEM)
equipped with an energy dispersive x-ray (EDX) analyser.
The crystal structure of the nanocomposites was characterized
using a Bruker D8 Discover diffractometer in grazing inci-
dence x-ray diffraction configuration (GIXRD), operating
with CuKα radiation (CuKα1=1.5406 Å,
CuKα2=1.5443 Å) and with an incident beam angle of 2°.
Room temperature magnetic properties of the CoFe2 and the
BSTO–CFO nanostructures were investigated using an
alternating gradient magnetometer (PMC MicroMag AGM)
with a maximum magnetic field of ±14 kOe. The dielectric
properties (capacitance and loss tangent) were measured as a
function of temperature (from 80 to 400 K), frequency (from
100 Hz to 1MHz), and bias voltage (with a maximum electric
field ±5 V) using a HP 4194A impedance analyser. The
effective permittivity of the deposits was calculated as
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≈8.854×10−12 F m−1, the top Pt electrode surface area S,
and the total thickness of the deposit t, assuming that the
nanocomposite can be considered as a continuous material.
The ME voltage coefficient was measured using an adjusted
Quantum Design physical property measurement system
(PPMS). The principles of ME voltage measurement were
previously described in detail [16–18]. Briefly, the ac
magnetic field (dH = 10 Oe) was generated at a fixed fre-
quency of 1 kHz by sending an ac current (Keithley 6221)
through a coil (1290 turns of AWG 36 phosphor bronze wire,
with a diameter of 18 mm), which was assembled on the
standard sample puck for PPMS electrical transport mea-
surements. The ac voltage induced across the BSTO–CFO
capacitor structure d( )E in response to a small ac magnetic
field was measured with a lock-in amplifier (Stanford

Research Systems, SR 830). Additionally, an ac magnetic
field dH was superimposed onto the dc magnetic field Hdc (up
to 4 Tesla) produced by the PPMS-internal superconducting
magnet. Both the ac and dc magnetic fields were applied in
out-of-plane direction (perpendicular to the nanostructure
plane) and in the same direction as the measured ME voltage
response dE. The ME coefficient was calculated using the
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where Vac is the magnetically induced ac electric voltage
across the sample, and t is the sample thickness.

3. Results and discussion

A tilted-view SEM image of the vertically aligned and free-
standing CoFe2 nanopillar arrays on Pt/Ti/Si substrate,
obtained after removal of the AAO template, is shown in
figure 2(a). The nanopillars height is ∼200 nm and diameter
∼90 nm, as expected from the morphological features of the
porous AAO template. An average chemical analysis was
provided by EDX (not shown) confirming a value of the Fe/
Co ratio close to 2. Both ordering and uniformity in diameter
of the CoFe2 nanopillars can be seen on the top-view SEM
image (figure 2(b)). A tilted-view SEM image (figure 2(c)) of
the BSTO–CFO nanostructure shows that the BSTO matrix
penetrates the spacing between the pillars to form the two-
phase columnar structure made of the CFO pillars coated by
the BSTO shells (schematically represented in figure 2(c)). A
continuous BSTO layer of thickness ∼250 nm is also formed
at the top of the CFO nanopillars with a rather high surface
roughness (figures 2(c) and (d)). The total thickness of the
BSTO–CFO nanostructure is about 500 nm, which is larger
than the sum of the CoFe2 nanopillars height and the top
BSTO layer thickness indicating the volume expansion of the
nanopillars. Similar volume expansion was observed after the
thermal treatment of the free-standing CoFe2 nanopillar
arrays.

The critical step to achieve BSTO–CFO nanostructure is
clearly the in situ oxidation of the CoFe2 metallic pillars
during BSTO deposition. Both structural and magnetic char-
acterization have been conducted to probe the oxidation
efficiency of the nanopillar arrays. Figure 2(e) shows GIXRD
patterns of the BSTO–CFO nanostructure, the CoFe2 nano-
pillar arrays (JCPDS #48-1816), and the Pt/Ti/Si substrate
annealed at ∼600 °C (temperature selected close to the one
used for the sputtering process). The oxidation of the CoFe2
nanopillar array into a polycrystalline CFO nanopillar array
during the BSTO matrix deposition was confirmed by XRD
through the appearance of the CFO peaks (220), (311), and
(444) (JCPD #22-1086). Note that the (222), (440) and (511)
peaks are not visible because the phases corresponding to
CFO and the annealed substrate can hardly be discriminated.
The diffraction patterns of the BSTO–CFO nanostructure
confirm the crystallization of the BSTO matrix with all peaks
corresponding to the perovskite structure. Pt peaks and

3

Nanotechnology 28 (2017) 475707 S Basov et al



additional peaks resulting from reactions and associated phase
formation during annealing are observed in the XRD pattern
of the Pt/Ti/Si substrate.

Figures 3(a) and (b) show the normalized magnetic
hysteresis loops measured at room temperature with the field
applied along the in-plane (perpendicular to pillar axis) and
out-of-plane (parallel to pillar axis) directions. The effective
magnetic anisotropy in a nanopillar array in the saturated state
is determined by different contributions, namely shape
anisotropy, dipolar inter-pillar coupling and magneto-
crystalline anisotropy [19]. For the CoFe2 nanowire array, the
FD magnetocrystalline anisotropy can be neglected and the
effective anisotropy is entirely magnetostatic, as pointed out
previously [20]. Figure 3(a) reveals the easy axis of magne-
tization along the in-plane direction, as shape anisotropy,
associated with the infinite array of the vertically aligned
nanopillars behaving as a whole film, overcomes the uniaxial
shape anisotropy along the out-of-plane direction of the
individual nanopillars due to the high packing density and
relatively small aspect ratio of the individual nanopillars [21].
In addition, this causes the coercivity Hc∼ 190 Oe and the
remanence-saturation ratio ∼0.08 to become relatively small,
irrespective of the direction of the applied field. Figure 3(b)
shows the magnetic hysteresis curve for the embedded
CoFe2O4 nanowire array in the BSTO matrix. The shapes of
the hysteresis loops are similar in the in-plane and out-of-
plane directions. This can be ascribed to the fact that the
magneto-crystalline anisotropy energy dominates in the CFO
nanopillar arrays, and there is no preferred crystallite orien-
tation along the wire axes. Besides, large coercive field
(Hc∼ 1.7 kOe) and remanence (m/ms∼ 0.44) have been
achieved in the BSTO–CFO multiferroic nanostructure. Such
high coercive field is associated with the large magneto-
crystalline anisotropy, and also possibly since the grain size is
approaching the single-domain critical value [22]. The coer-
cive fields for CFO nanowires are comparable to the room
temperature values reported in the literature, thus confirming
the efficacy of the in situ oxidation of the CoFe2 nanopillars
during the deposition of the BSTO matrix [22]. We also
found that the experimentally measured magnetic moment of

the metal nanopillar array decreased by a factor of 3.15 after
the in situ oxidation. Taking into account the approximate
oxidation-induced volume expansion (∼1.5) of the nano-
wires, this reduction of the sample’s magnetic moment
roughly corresponds to a large reduction in the saturation
magnetization by a factor 4.7. This result is in good agree-
ment with the expected ratio between the saturation magne-
tization for the CoFe2 (∼1940 emu cm−3) and CFO
(∼400 emu cm−3) bulk materials at room temper-
ature [23, 24].

A macroscopic evidence of ferroelectricity is a pre-
requisite to expect ME coupling in such BSTO–CFO
nanostructured composites. However, this remains challen-
ging considering the complexity of these vertically aligned
heterostructures. Dielectric investigations were performed,
taking the well-behaved BSTO thin film as a reference for the
BSTO–CFO nanostructures. Since the geometry of both sets
of samples is quite different, only the capacitance and di-
electric losses will be compared in the following.

Figure 4 shows the thermal variations at three frequencies
(10 kHz, 100 kHz, and 1MHz) of capacitance and dielectric
losses for both a pure BSTO thin film (figures 4(c) and (b))
and the BSTO–CFO nanostructure (figures 4(a) and (b)). The
pure BSTO thin film exhibits a broad C(T) anomaly in a wide
range of temperature, corresponding to a diffuse ferroelectric-

Figure 2. Tilted-view and top-view SEM images of a vertically aligned CoFe2 nanopillar array (a), (b), SEM images of the samples
corresponding to a tilted-view and a top-view on the BSTO–CFO nanostructure (c), (d). GIXRD patterns of the vertically aligned CoFe2
nanopillar arrays (blue), the BSTO–CFO nanostructure (red), and the Pt/Ti/Si substrate annealed at ∼600 °C (black) (e).

Figure 3. Room temperature hysteresis loops along in-plane (solid
line) and out-of-plane (dashed line) directions for a vertically aligned
CoFe2 nanopillar array (a) and the BSTO–CFO multiferroic
nanostructure (b). The magnetic moment is normalized to its value in
the saturation state.
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to-paraelectric transition (figure 4(a)). This diffuse behaviour
is associated with a maximum of the capacitance occurring at
lower temperature (250 K) compared to the ceramic coun-
terpart (TC∼310 K for the bulk Ba0.7Sr0.3TiO3), as com-
monly observed for thin films [12, 25]. These discrepancies
can arise from the microstructure of ferroelectric thin films
including small grain size, residual strain and interfacial
contributions [25, 26]. Therefore, the ferroelectric properties
of the BSTO thin film are still partially present at room
temperature. Over the whole temperature range, the dielectric
losses of the BSTO thin film remain below ∼0.05
(figure 4(b)). For the BSTO–CFO nanostructure, the capaci-
tance slightly increases when the temperature is raised from
80 to 200 K, similar to the pure BSTO thin film (see
figure 4(c) and inset). However, the maximum in capacitance
associated with the ferroelectric-to-paraelectric transition
close to 250 K can only be observed at high frequency
∼1MHz. At lower frequency this maximum is hindered by a
strong increase of the apparent capacitance above 200 K.
Accordingly, the dielectric losses showed pronounced peaks
(figure 4(d)), whose maximum is shifted to higher temper-
ature as the frequency increases. The relaxation follows an
Arrhenius law with an activation energy E ∼0.45 eV, esti-
mated from a fit over 30 frequencies in the range 1–200 kHz.
This thermally activated relaxation process is responsible for
an artificial increase of both the capacitance and losses at high
temperature. This effect can be ascribed to conduction
mechanism of the polycrystalline CFO phase due to electron
hoping between multivalent cations like Fe and Co [27–29],
for which an activation energy ∼0.4 eV is reported in the

literature [27]. Another contribution can be related to charged
defects inducing a Maxwell–Wagner type of interfacial
polarization in agreement with Koop’s two-layer model.
Thus, the actual activation energy that we observed may
result from several contributions including interactions among
charged defects and interfacial accumulation of charges
between BSTO and CFO due to the different types of charged
defects in both phases. Without a deeper insight into the
microscopic defects states, we cannot discuss further the
activation energy value and compare it to the literature.

In the low temperature range (T< 200 K), for which the
conductivity contribution can be neglected, the permittivity of
the nanostructure (ε∼ 50) is lower than the one of the pure
BSTO film (ε∼ 150) indicating the additional contribution of
the low dielectric permittivity CFO phase.

In order to minimize the contribution at low frequency of
space charge conductivity, ferroelectricity was probed by
performing the capacitance–voltage (C–V ) measurements at
1 MHz. The capacitance and dielectric losses measured at
190 K show two maxima with an opening of a hysteresis loop
(figures 4(e) and (f)). In ferroelectric thin films, this is due to
polarization reversal thus confirming the ferroelectric beha-
viour of our BSTO–CFO nanostructures. The same experi-
ment performed at 290 K showed the progressive
disappearance of the ferroelectric features and dominant
paraelectric behaviour of the BSTO–CFO nanostructure in
agreement with the diffuse ferroelectric–paraelectric transition
around 250 K.

Direct measurement of the ME effect was performed to
prove the ME nature of the vertically aligned BSTO–CFO
nanostructures and to provide a macroscopic estimation of the
ME coupling.

The temperature dependence of the ME voltage coeffi-
cient aE in the range 10–300 K is shown in figure 5. The
maximal value of the ME coefficient ∼340 mV cm−1 Oe−1

was observed around T ∼250 K. A decrease of the

Figure 4. Capacitance and dielectric losses as a function of
temperature for the BSTO thin film with thickness ∼250 nm (a) and
(b) and the BSTO–CFO nanostructure capacitor (c) and (d),
capacitance and dielectric losses (e) and (f) as a function of bias
voltage for the BSTO–CFO nanostructure at two distinct tempera-
tures, T=190 K and T=290 K.

Figure 5. Temperature dependence of the ME voltage coefficient for
the BSTO–CFO nanostructure. Schematic illustration of ME
measurement and room-temperature variation with external dc
magnetic field are shown in the bottom-right and top-left inset,
respectively.
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temperature between 250 and 10 K leads to a reduction of the
ME coefficient by ∼17%. The shape of the a ( )TE curve can
be ascribed to the temperature dependence of the dielectric
and magnetic properties of the multiferroic nanocomposite.
Since the Curie temperature for bulk CFO (TC∼790 K) is
much higher than room temperature, the peak in the curve can
be associated with the ferroelectric–paraelectric transition of
the Ba0.7Sr0.3TiO3 phase around TC∼250 K, as illustrated in
figures 4(c) and (e). In previous works performed on
PZT-La0.7M0.3MnO3 (M= Sr, Ca) multilayers and the
PZT-La1.2Sr1.8Mn2O7 thin films, the highest ME coefficient
values were observed around the Curie temperature of the
ferromagnetic phase [30, 31].

At room temperature, the ME voltage coefficient of the
BSTO–CFO heterostructure displays very small variation (of
the order of 1%) when an external dc magnetic field (up to
4 T) is superimposed on the time-varying field Hac, as com-
pared to the measured value in zero static magnetic field (see
figure 5 (top-left inset)). The room temperature value of the
ME voltage coefficient for the BSTO–CFO nanostructure
(∼320 mV cm−1 Oe−1) is much higher than the values from
macroscopic measurements reported earlier on (1-3) BFO-
CFO composites [32–34], (in the range
20–74 mV cm−1 Oe−1) and similar to that reported on (1-3)
PZT-CFO composite (∼390 mV cm−1 Oe−1) [35]. It is further
work to investigate the dependence of the ME properties of
such vertically aligned multiferroic heterostructures on geo-
metrical factors and material parameters.

4. Conclusions

In this work, we developed an original and efficient pathway
for the synthesis of vertically aligned multiferroic nano-
composites. The method allowed the fabrication of regular,
dense and free-standing CoFe2 nanopillar arrays by electro-
deposition through an AAO template supported on a Si
substrate. Next, Ba0.7Sr0.3TiO3–CoFe2O4 multiferroic nanos-
tructures were grown through direct rf sputtering deposition
of a ferroelectric film on the pillar structure, with in situ
simultaneous oxidation of the ferromagnetic nanopillars, as
confirmed by both structural and magnetic characterization.
The synthesis approach preserves the morphology of the
nanopillars during oxidation, improves the BSTO matrix
penetration, and reduces the interface roughness between two
constituents. The multiferroic nanostructures exhibit strain-
mediated ME coupling, whose maximum ME coefficient was
measured as ∼340 mV cm−1 Oe−1 at around 250 K. Further
optimisation of the fabrication process can be obtained by
adjusting the magnetic packing fraction and pillar dimensions,
thus opening a promising pathway towards versatile and
controlled growth of vertically aligned multiferroic
nanocomposites.
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