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Ordered multiferroic CoFe;O4—Pb(Zrg 55Tig 458)03
coaxial nanotube arrays with enhanced
magnetoelectric coupling
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Xiaozi Lin,? Xingsen Gao, &2 Xubing Lu,? Xin Wang,?S Mingliang Jin,”® Guofu Zhou,"
Zhang Zhang*®© and Junming Liu®

In this paper, vertically free-standing multiferroic CoFe,O4—Pb(Zrg 52 Tig.48)O3 (CFO—-PZT) coaxial nanotube
arrays with both good ordering and high density were prepared by a template-assisted sol—gel method. X-
ray diffraction (XRD) and Raman spectra confirmed that the as-prepared CFO-PZT nanotubes (NTs)
included both spinel CFO and perovskite PZT phases. The multiferroic properties were demonstrated by
magnetic hysteresis and piezo-response force microscopy (PFM). We also observed an effective
dielectric constant of about 0.8% between increasing and decreasing magnetic field, indicating that the
ordered CFO-PZT coaxial nanotube arrays may enable potential high-density magnetoelectric (ME)

rsc.li/rsc-advances devices.

Introduction

Multiferroic magnetoelectric (ME) materials can display both
electric and magnetic order simultaneously, which opens up
a new avenue for novel complexity devices, such as ME sensors,
actuators and logical devices, as well as low power consumption
and high density ME memorizers."> However, the single-phase
ME materials are relatively rare and the corresponding ME
responses are either extremely weak or occur only at low
temperatures.® In order to enhance the ME coupling for prac-
tical applications, most multiferroic materials are in composite
forms with a combination of ferroelectric perovskites and
ferromagnetic spinels.”

Up to the present time, various multiferroic composites have
been deeply investigated. For instance, the (2-2) laminate
composites, (1-3) columnar films, (0-3) particulate composites,
as well as core-shell nanotube/nanofiber composites.***® The
(2-2) laminate composites can be obtained via a layer-by-layer
deposition, which can provide a near-perfect mechanical
coupling. Yet, for the clamping from the substrates, the ME
response of these multilayers was limited to quite a low level."”
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The (1-3) columnar films can be obtained during the sponta-
neous phase separation (involving one composite target), which
greatly enhanced the ME coupling, enabling an electric-field
induced magnetization switching.’>'® Nevertheless, owing to
the low resistivity of conductive interfaces or the constitutional
magnetic phases, the (1-3) columnar films were exposed to
a large leakage current.' Other structures like (0-3) particulate
composites had been reported to have a clamping effect
improvement (better than the (2-2) type) and a leakage current
reduction (better than the (1-3) structure).”*** However, it is still
difficult to control the distribution of magnetic phase compo-
nent due to its self-assembly nature, and the fabrication process
is also quite complicated.? In addition, one-dimensional (1D)
core-shell nanotube/nanofiber may offer several advantages.
First, coaxial 1D nanocomposites can provide larger interfacial
contact than the thin film multilayers which display both het-
eroepitaxy and significant strain effects. Moreover, the coaxial
1D nanocomposites exhibit a low leakage current and a higher
order ME coupling.” Recent theoretical analysis also indicated
that the multiferroic 1D nanocomposites had exhibited ME
responses orders of magnitude higher than that of the similar
compositions, due to their substantially relaxed substrate
constraint.”® Moreover, it is with the possibility to diminish the
mutual influence between the neighboring nanocomposites.
So far, in order to explore the ME coupling, numerous efforts
have been made in the synthesis of 1D multiferroic coaxial
nanotube/nanofiber. Xie et al. realized the multiferroic CFO-
PZT core-shell nanofibers through a coaxial electrospinning
sol-gel process, of which the lateral ME coefficient was two
orders of magnitude higher than that of the thin films." Sun
et al. used the similar method to fabricate Ni/P(VDF-TrFE)
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coaxial cables, which improved the dielectric property and
enhanced the ferroelectric polarization.** By the template-
assisted sol-gel method, the magnetoelectric coaxial CFO-PZT
and CFO-BTO NTs could be prepared, which were both lack of
the presentation of the magnetoelectric coupling effect.>>*®
Obviously, the templates around the nanostructures would
induce the clamping effect and degrade the magnetic as well as
electronic properties.””>* However, without the mechanical
support from template, the existences of capillary force and
surface tension always result in the degradation of arrays
alignment on the substrate.’®** As a trade-off solution, the high
density nanostructures should be preferentially designed with
a low aspect ratio of height to diameter.*> In general, CFO has
been widely adopted to construct composite multiferroics, for
its good magnetic property, low conductivity, and large
magneto-restriction. PZT, as the other composition, exhibits
excellent ferroelectric and piezoelectric properties. The combi-
nation of the two components in an ordered free-standing
coaxial nanotube arrays could be potentially applied in future
micro/nano-ME devices.

In this work, we present the high density and ordered free-
standing CFO-PZT coaxial nanotube arrays by a template-
assisted sol-gel method. The morphologies, crystalline struc-
tures, as well as the multiferroic properties had been studied.
We found that, the degree of clamping effect from the template
was mostly removed in the free-standing nanostructure. The
stress state of the free-standing coaxial CFO-PZT NTs was
further studied by means of Raman spectroscopy. Through
magnetocapacitance measurements, we have also discussed the
existence of ME coupling effect in the nanostructures, which
opened up opportunities for the potential high-density ME
devices.

Experimental section
Templates fabrication

Templates of anodic aluminum oxides (AAO) were fabricated by
a standard two-step anodization method.**** First, high-purity
aluminum foils (99.999%, Good Fellow Cambridge Limited)
were degreased, and then annealed at 450 °C for 3 h under
argon (Ar) atmosphere. Then, the Al foils were electrochemically
polished in a solution of ethanol and HCIO, (3 : 1 by volume) at
20 V for 5 min. The first anodic oxidation process was per-
formed in a 0.3 M oxalic acid with a constant anodic voltage of
40 V. After 24 h, the first alumina layer was removed off by an
aqueous solution of 6% H;PO, and 1.8% H,CrO, at 45 °C for
11 h. The second anodic oxidation process was performed
under the same conditions as the first one, with a 300 s oxida-
tion period to form the AAO membrane with a thickness of
about 200 nm. Then, a 5 wt% phosphoric acid was used to
widen the pore diameter to about 80 nm. A polymer-assisted
method was used to realize the AAO membrane bonding onto
Pt/Si substrate.”” First, a thin layer of polystyrene (PS) (1 wt% PS/
CHCI; solution) was spin coated onto the top of AAO
membrane, followed by a 90 °C solidification heating. After
that, a CuCl, solution (6.8 g CuCl, + 100 ml 37% HCI + 200 ml
distilled water) was used to remove the Al foil on the back side of
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the AAO. The detached AAO membrane was transferred onto a 5
wt% phosphoric acid at 35 °C for 30 min, rinsed with distilled
water, and then dried under ambient conditions to remove the
barrier layer.*® The PS/AAO membrane floating on the surface of
deionized water was transferred to a desired substrate. Finally,
the PS can be completely removed by a pyrolysis process.

Fabrication of coaxial CFO-PZT NTs

A 0.3 M PZT sol-gel precursor with the molar ratio of
1:0.52:0.48 was prepared by dissolving zirconium propoxide
(zr(CH,CH,CH30),) and isopropyl titanate (Ti(C4Ho0),) into 2-
methoxyethanol (C3HgO,), with acetic acid and propanol added
as the solvents, stirring until completely dissolved. Then, a 10%
excess lead acetate trihydrate (Pb(CH3CO,),-3H,0) was added
for the purpose of compensating the lead loss and preventing
forming the second phase of pyrochlore-type in annealing
process.*® The CFO sol-gel solution was prepared by mixing
cobalt acetate, ferric nitrate, and polyvinylpyrrolidone together
at 60 °C, according to the molar ratio of 1:2: 2, until a clear
solution was obtained. Then, the 2-methoxyethanol was added
to obtain 0.5 M of CFO sol-gel solution. The pH value of the
resultant dark-red CFO sol-gel solution was 4.2.%” The precursor
solutions were stirred for 24 h at room temperature and then
aged for 1 week.

The synthesis of coaxial CFO-PZT NTs consists of two steps.
First, the AAO template was dipped into PZT sol for nearly 10 h
at room temperature. After the infiltration process, excessive
PZT accumulated on the surface was swept with high-pressure
N,. The samples were then annealed at 700 °C for 20 min in
air by a rapid thermal process (RTP) to experience a crystalliza-
tion process. Afterwards, under a pressure of 5.6 x 10~ * mbar at
room temperature, the specimen was etched in an Ar gas IBE
system (MIBE-150C). The etching energy was set to a cathode
current of 11.5 A, anode voltage of 55 V, plate voltage of 300 V,
ion accelerating voltage of 250 V, neutralization current of 13 A
and bias current of 1.2 A.*” The first 10 min IBE was used to
remove off the residual PZT film that covered on the top surface
of AAO after the annealing process. The continuous IBE reduced
both the thicknesses of AAO and PZT inside the pores. The total
etching time was about 20 min with a vertical incident ion beam
to the specimen. Second, to realize the coaxial nanostructure,
the PZT NTs together with AAO template was dipped into the
CFO sol for about 8 h. The consecutive annealing and IBE
processes were the same as those for PZT. The remaining AAO
was completely removed off by dipping the specimen into
sodium hydroxide solution. For comparison, PZT NTs and CFO
NTs were also fabricated by the AAO template-assisted method,
respectively.

Characterizations

The nanostructure morphologies were carried out ex situ by
a field-emission scanning electron microscope (FESEM ZEISS
Ultra 55). The crystalline structural characterizations were
investigated by XRD with an X-ray wavelength of 0.15406 nm.
The Raman spectra were measured at room temperature by
a microscopy Raman spectrometer (Renishaw 42K864) with an
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excitation wavelength of 633 nm, the laser power is set to 10% of
its maximum. The ferroelectric nanostructures were measured
by a piezo-response force microscopy (PFM) (Cypher, Asylum
Research). The magnetization loop measurement was con-
ducted by a vibrating sample magnetometer (VSM) imbedded
inside a physical property measurement system (PPMS-9,
Quantum Design). For the magnetocapacitance measurement,
an Agilent 4990A LCR meter was used to measure the dielectric
signal, while a Quantum Design PPMS provided the variable
magnetic field.

Results and discussion

The fabrication of ordered coaxial CFO-PZT nanotube arrays by
a template-assisted sol-gel method was schematically illus-
trated in Fig. 1. First, a conductive Pt/Si substrate with bonded
AAO membrane was dipped into the PZT sol. After the anneal-
ing, the presence of PZT film absorbed on the top surface of
AAO would prevent the infiltration of CFO precursor and the
selectively chemical etching of AAO. Therefore, by the IBE, the
redundant PZT on the top surface of AAO was removed off.
Subsequently, the PZT filled AAO was dipped into the CFO sol.
After the annealing, the coaxial CFO-PZT NTs were formed
inside the AAO pores. By the second IBE, besides the redundant
CFO being removed off, both the heights of AAO and the
embedded CFO-PZT NTs were reduced as well. Finally, by
a selectively chemical etching of AAO, the ordered vertically free-
standing coaxial CFO-PZT nanotube arrays were remained on
the substrate.

The top-view SEM images of different fabrication procedures
were present in Fig. 2. Before the AAO being transferred to a Pt/
Si substrate, the barrier layer at the bottom side was selectively
etched off by a chemical solution. Meanwhile, such a treatment
introduced the pore widening from 40 to 80 nm as well (as
shown in Fig. 2a). Due to the capillary effect, the PZT sol could
be filled into the pores of AAO.?® After the infiltration process,
the PZT inside AAO was annealed in air by a RTP. During the
IBE, the neutral-charged Ar ion beam can transmit its kinetic
energy to the atoms of the specimen to sputter out. And the
high-energized Ar ion beam also play as a dustman to clean the

( i )Dipping PZT Sol-gel (ii )lon Beam Etching

l :
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== =
M Pt/si B AAO | PZT = CFO

Fig. 1 Schematic diagram showing the fabrication procedures of
ordered vertically free-standing CFO-PZT coaxial nanotube arrays on
Pt/Si substrate.
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Fig. 2 Top-view SEM images of the fabrication procedures of CFO-
PZT coaxial nanotube arrays. (a) The pore-through AAO template with
a mean diameter of about 80 nm and an inter-pore distance of
100 nm. (b) PZT and (c) CFO-PZT nanostructures inside the AAO
templates after the IBE. (d) Vertically free-standing CFO—-PZT coaxial
nanotube arrays on Pt/Si substrate after selectively etching of AAO.

sputtering re-deposition on surfaces to speed up the etching
process.””* After a proper duration of IBE, the top PZT layer was
completely removed off, and the ring-like PZT layer could be
distinguished (as shown in Fig. 2b), being tightly embedded in
AAO pores with an average wall thickness about 20 nm. After-
wards, the sample was dipped into the CFO sol. Due to the
chemical affinity between polar molecules, the inner CFO layer
could be formed inside the PZT NTs. After the IBE process, the
embedded CFO-PZT coaxial double-layer nanostructures were
exposed (as shown in Fig. 2c), with an average wall thickness
about 30 nm. Compared the two top-view images, the thickness
of the inner CFO layer is about 10 nm. After the AAO template
being selectively removed off, as shown in Fig. 2d, the vertically
free-standing CFO-PZT coaxial NTs were recognized from the
top-view SEM image. Obviously, the two components could be
distinguished with a contrast difference in Fig. 2d. Therefore, by
the template assisted sol-gel method, CFO-PZT coaxial nano-
tube arrays with a high density and good ordering were realized.

As shown in Fig. 3a, the structural characterizations of PZT,
CFO and CFO-PZT free-standing nanotube arrays with the same
diameter were carried out by X-ray diffraction (XRD). The poly-
crystalline perovskite PZT and spinel CFO were confirmed by
the XRD pattern, without additional or intermediate phase
peaks.””*® And the strongest two diffraction peaks corresponded
to the PZT(110) and CFO(311) plane, respectively. As to the
CFO-PZT coaxial NTs, the peaks were recognized all belonging
to the perovskite PZT and the spinel CFO.

To further characterize the composition and the stress state,
the corresponding Raman spectra measured at room

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) XRD peak pattern of PZT, CFO and CFO-PZT free-standing

nanotube arrays vertically aligned on Pt/Si (111) substrate, and (b) the
corresponding Raman spectra measured at room temperature.

temperature were shown in Fig. 3b. The Raman peaks of pure
PZT and CFO NTs were clearly observed, without additional or
intermediate phase peaks.””*"** Since the PZT tetragonal space
group belongs to the P4mm, the typical 3A; + B; + 4E mode in
Raman peaks can be clearly identified. The four main peaks at
147,208,270, and 578 cm ™', correspond to the A;(1TO), E(1TO),
E(silent) + B,, and A;(3TO) modes, respectively.>” For a cubic
CFO spinel, Fd3m space group analysis yields 5 Raman modes of
A4 + 3T, + Eg.*' The Raman peaks of CFO at 208, 284, 459, 602,
and 678 cm ™' correspond to the T,(3), Eg, Tag(2), Tog(1), and A,
modes, respectively.®> Although the modes below 100 cm ™" were
not recorded due to the equipment limitation, other active
modes such as the soft-modes A;(1TO) and E(2TO) for the PZT
layer and A;, mode for the CFO layer could be clearly
distinguished.

By comparing the Raman spectra, we observed a high wave-
number shift of about 9 cm ™" and 10 cm ™ for the A;, and T,y(2)
vibration modes of CFO in the spectrum of CFO-PZT coaxial
NTs, respectively. The shift of Raman peaks mainly arises from
different residual stress statuses. As reported, a low wave-
number shift of the vibration modes of CFO could be ascribed
to the increase of out-of-plane tensile strain.**** Therefore, we
assumed that the high wave-number shift had indicated the
release of the out-of-plane tensile strain in the CFO layer of free-
standing CFO-PZT coaxial NTs. Generally, the thermal effect
and lattice mismatch are considered to be the two key factors
for the residual stress.”” In the template-assisted sol-gel
synthesis on a Pt/Si substrate, the thermal effect should deter-
mine the macroscopic residual stress in the NTs.

To characterize the ferroelectric properties of the ordered
CFO-PZT coaxial nanotube arrays, PFM measurements were
performed and demonstrated in Fig. 4. The surface topology (as
shown in Fig. 4a) exhibited a closed-packed hexagonal ordering
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Fig.4 Piezoelectric response of the ordered CFO—-PZT coaxial NTs on
a Pt/Si substrate. (a) The surface topology, the corresponding (b) phase
image and (c) amplitude image. The switching characteristics of piezo-
response required by PFM (d) phase-voltage hysteresis loop and (e)
amplitude—voltage butterfly loop coaxial nanotube arrays on Pt/Si
substrate.

of arrays. The diameter of CFO-PZT NTs was about 80 nm, and
the wall thickness of the PZT and CFO in CFO-PZT NTs was
identified to be about 20 nm and 10 nm, respectively, being
consistent with the SEM observation. The dark and bright areas
in the phase micrograph of Fig. 4b corresponded to the up-
polarization and down-polarization state, respectively, indi-
cating the well-defined piezo-response of PZT in the ordered
CFO-PZT nanotube arrays. The obvious contrasts in an ampli-
tude piezo-response of Fig. 4c represent the magnitudes of the
piezoelectric signals.

Furthermore, to examine the local ferroelectric properties,
the piezoelectric hysteresis loops on a single PZT nanotube and
CFO-PZT coaxial nanotube were measured. The square-shaped
phase-voltage piezo-response hysteresis loop and the butterfly-
shaped amplitude-voltage loop were present in Fig. 4d and e.
With the bias voltage increasing from —10 to +10 V, the phase
change in PZT and CFO-PZT coaxial NTs was about 177° and
170° (Fig. 4d), respectively. Generally, such a phase change
indicated that the low aspect ratio of nanostructures had
resulted in an easier polarization switching.*® Meanwhile,
a well-developed butterfly-shaped amplitude loop had been
observed in Fig. 4e. The coercive fields of the PZT and CFO-PZT
coaxial NTs were about —4.36 x 10% kv em ™!, +3.44 x 10> kv
em ' and —2.87 x 10> kV em ™, +3.98 x 10®> kV em ™, respec-
tively. The asymmetric polarization reversal could be due to the
built-in fields from the work-function difference between the
top and bottom electrodes. The PFM conductive needle point as
the top electrode was platinum iridium, while the bottom
electrode was platinum silicon. Normally, the work function of
platinum and the iridium is around 5.65 eV and 5.27 eV,
respectively. Theoretically, it should produce an overall built-in
voltage of 0.38 eV, which breaks the equivalence of two polari-
zation states and provides a strong tendency to align the
domains to a preferred orientation.**** Additionally, the
surface charges stored at the interface between PZT and Pt
electrode may contribute to the observed asymmetric polariza-
tion states.*” In the PZT NTs, the PFM amplitude coercive

RSC Adv., 2017, 7, 29096-29102 | 29099
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capacitance loop of CFO—-PZT coaxial NTs measured at room temperature.

voltage is around 4 V. However, in the CFO-PZT coaxial NTs, the
corresponding coercive voltage increased to 5 V. The internal
stress on the interface between the CFO and PZT layers, making
it harder for the switching of ferroelectric domains, could result
in an increased coercive voltage and the smaller PFM
amplitude.>*>>

To confirm the multiferroicity, both ferromagnetism and
ferroelectricity of the CFO-PZT coaxial NTs need to be verified.
By a vibrating sample magnetometer (VSM), room temperature
ferromagnetism of the vertically aligned free-standing CFO and
CFO-PZT NTs with the same size and density were investigated,
with the applied magnetic field parallel or perpendicular to the
pillar axis. As shown in Fig. 5a, the CFO NTs have a saturated
hysteresis loop with an in-plane magnetic coercive field H,. of
495 Oe, while the CFO-PZT NTs have an in-plane H. of 615 Oe.
Fig. 5b shows out-of-plane H. of 621 Oe and 837 Oe for CFO and
CFO-PZT NTs, respectively. Obviously, for both CFO and CFO-
PZT NTs, the H, along the in-plane direction is smaller than the
one along out-of-plane direction. Such a phenomenon indicates
that the magnetic easy axis is perpendicular to the substrate,
which is consistent with the theoretical research.> Since PZT is
a typical ferroelectric material and has no magnetism, the
magnetization of CFO-PZT coaxial NTs should arise from the
inner CFO layer. The interface diffusion between CFO and PZT
phases could make it harder for magnetic domains switching,
resulting in a higher coercive field.'® Therefore, it is reasonable
that the CFO-PZT coaxial NTs have a higher H. than the CFO
NTs in both directions. Meanwhile, the coercive field of CFO-
PZT coaxial NTs is lower than 1 KOe, which had been measured
from the PZT-CFO bilayered films.*

The investigation for the ME coupling were performed at
room temperature by a capacitance structure with Pt as a top
electrode. Although a clearly linear ME coupling was not
observed directly, we did find an evidence for magnetoelectric
interaction through the magnetocapacitive measurements.
Fig. 5¢c shows a room temperature magnetocapacitance plot, at
a frequency of 30 kHz under a 0.1 V excitation capacitance, with
both the magnetic and electric fields being parallel to the axis of
CFO-PZT NTs. Hysteresis in the electrical properties of CFO
inside PZT was shown by an applied magnetic field, with
a change in the effective dielectric constant of about 0.8%
between increasing and decreasing magnetic field. Although it
is a relatively small change in dielectric constant, due to

29100 | RSC Adv., 2017, 7, 29096-29102

averaged signal of the capacitive measurements over a relatively
large electrode, the intrinsic coupling may be larger than the
measured one.”” The combination of magnetoelastic and
piezoelectric effects through strain mediation and interface
conductive may induce magneto-capacitance. The test
frequency of magnetocapacitive measurement is beyond the
space charge activation frequency, therefore the measured ME
coupling may result from strain field transfer between the two
phases.® The observed hysteretic behavior of the magneto-
capacitive coupling in such a system may have potential ME
device applications.

Conclusions

In summary, ordered vertically free-standing multiferroic CFO-
PZT coaxial nanotube arrays were realized by a template-
assisted sol-gel method. The double-layer tubular nano-
structure was confirmed by SEM. XRD and Raman spectrum
had been performed to demonstrate the coexistence of spinel
CFO and perovskite PZT phases in the CFO-PZT coaxial NTs.
The observation of shifts in Raman phonon modes indicated
the release of tensile strain without the template. Both the
ferroelectricity and ferromagnetism of CFO-PZT coaxial NTs
have been investigated. Furthermore, a higher order ME
coupling in CFO-PZT coaxial NTs was revealed via the magne-
tocapacitance measurements, indicating the possible tenability
of the dielectric permittivity with external magnetic field. Such
ordered high-density multiferroic nanostructures could be
potentially applied for new ME devices at nanoscale.
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