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Multiferroic materials with two or more types of ferroic orders have attracted a great deal of atten-
tion in the last decade for their magnetoelectric coupling, and new ideas and concepts have been ex-
plored recently to develop multiferroic materials at nano-scale. Motivated by theoretical analysis, we
synthesized single-phase BiFeO3 (BFO) nanofibers, Pb(Zrg 52Tig.458)O03-CoFex04 (PZT-CFO) and
Pb(Zr0_52Tio_4g)Og—NiFGQO4 (PZT—NFO) composite nanoﬁbers, and COFGQO4—Pb(ZI‘0_52TiOV4g)03
(CFO-PZT) core-shell nanofibers using sol-gel based electrospinning. These nanofibers typically
have diameters in the range of a few hundred nanometers and grain size in the range of 10s nanome-
ters, and exhibits both ferroelectric and ferromagnetic properties. Piezoresponse force microscopy
(PFM) based techniques have also been developed to examine the magnetoelectric coupling of the
nanofibers, which is estimated to be two orders of magnitude higher than that of thin films, con-
sistent with our theoretical analysis. These nanofibers are promising for a variety of multiferroic

applications.
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1 Introduction

Multiferroic materials with two or more types of ferroic
orders have attracted a great deal of attention in the last
decade [1-5]. In particular, the coexistence of electric and

magnetic ordering makes it possible to manipulate the
electric state of a multiferroic material through a mag-
netic field, or vice versa, and thus opens door for a variety
of applications [6-10], including multiple-state memory
devices that can be electrically written and magnetically
read, electrically controlled microwave phase shifters or
ferromagnetic resonance devices, magnetically controlled
electro—optic or piezoelectric devices, and broadband
magnetic field sensors. Nevertheless, the magnetoelectric
couplings in single-phase multiferroic materials are usu-
ally extremely small [1], and much of the attention has
been focused on developing hybrid multiferroic compos-
ites consisting of ferroelectric and ferromagnetic phases
[11-18], wherein the magnetoelectric coupling is induced
indirectly through the interactions of piezoelectric and
magnetostrictive effects, the so-called product property.
An excellent survey of literature in this regard can be
found in a recent review article [19].

In recent years, new ideas and concepts have also been
explored to develop multiferroic materials at nanoscale,
including multiferroic nanoparticles [20-22], heterostruc-
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tured thin films [23-26], and solid solutions [27-29],
which promise much tighter coupling between ferroelec-
tric and ferromagnetic phases, and offer additional de-
grees of freedom in size, interface and epitaxial strain
to further enhance the magnetoelectric coupling. Among
all possible multiferroic nanostructures, one-dimensional
nanofibers are particularly fascinating. It could not
only reveal interesting one-dimensional multiferroicity at
nanoscale, but could also enable novel multiferroic de-
vices, such as a one-dimensional magnetoelectric probe
with nanometer resolution. In addition, the constraint
of the substrate on the nanofibers could be substan-
tially relaxed compared to more conventional form of
thin films, and thus allows maximum demonstration of
intrinsic magnetoelectric coupling without the substrate
clamping. The large aspect ratio of the nanofibers also
makes it possible to magnify the mechanical displace-
ment due to the piezoelectric or magnetostrictive effect,
and thus enhance the magnetoelectric coupling even fur-
ther. In the past four years, our group has pioneered the
analysis [30], synthesis, and characterizations of multi-
ferroic nanofibers [31-34], which will be reviewed here.

2 Theoretical analysis

A multiferroic composite nanofiber consisting of a fer-
roelectric phase Pb(Zrg 52Ti9.45)O3 (PZT) and a ferro-
magnetic phase CoFe;04 (CFO) aligned and electrically
poled along x; axis has been analyzed using beam theory
[30]. When a quasi-static magnetic field is applied either
along or perpendicular to the axis of nanofiber, the strain
from the magnetostrictive effect of CFO is blocked due to
the mechanical constraint when both ends are assumed
to be fixed, inducing internal stress in the fiber that re-
sults in electric charge from the piezoelectric effect of
PZT. This leads to normalized magnetoelectric coupling
coefficient
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where €p and p are permittivity and permeability of vac-
uum, di; is the piezoelectric coefficient of PZT, g1 is the
piezomagnetic coefficient of CFO, and k17 and Sp; are
dielectric constant and elastic compliance of the compos-
ite nanofiber. Similar analysis has also been carried out
for multiferroic thin film of similar compositions, and the
transverse magnetoelectric coefficients of nanofiber and
thin film are compared, as shown in Fig. 1(a). It is ob-
served that the composite nanofiber exhibit the highest
magnetoelectric coupling at 50% of PZT, and its value is
two orders of magnitude higher than that of composite
thin film. Furthermore, the magnetoelectric coupling can
be magnified by driving the nanofiber near its mechan-
ical resonance, and the dynamic analysis suggests that
the frequency dependent magnetoelectric coefficient un-
der free-end boundary condition is given by

g = 5_0 dllqkl |:COS(/€ZC1) B 1:|
\/ Ho K11511 — d%l COS(kL)

which is clearly maximized at mechanical resonance

(2)

when cos(kL) = 0, where k is the wave number. A com-
parison of the dynamic magentoelectric coefficient be-
tween the nanofiber and thin film is shown in Fig. 1(b),
with volume fraction of PZT set to be 25% and loss tan-
gent set to be 5%. It is observed that the dynamic mag-
netoelectric coeflicient is about two orders of magnitude
higher than the corresponding static one, and that of
nanofiber is about one order of magnitude higher than
that of thin film. These analyses established the superior
magnetoelectric coupling in multiferroic nanofibers com-
pared to multiferroic thin films of similar compositions.

3 Electrospinning of nanofibers

A variety of techniques have been developed to synthe-
size one-dimensional nanostructures such as nanowires
and nanofibers, including phase separation [35, 36],
template synthesis [37, 38|, hydrothermal process [39,
40], evaporation [41, 42], electrodeposition [43, 44], and
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Fig. 1 The magnetoelectric coefficients of multiferroic PZT-CFO composite nanofiber, in comparison with multiferroic
thin film of similar composition: (a) static coefficient versus the volume fraction of PZT; and (b) dynamic coefficient
versus the driving frequency, with the volume fraction of PZT set to be 25%. Reproduced from Ref. [30], Copyright (© 2009

American Institute of Physics.
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Fig. 2 Electrospinning of nanofibers: (a) the schematic of overall process; and (b) typical nanofibers synthesized by

electrospinning in our lab.

electrospinning [45, 46], and multiferroic composite
nanowire has indeed been synthesized by template syn-
thesis combined with electrodeposition [44]. In this re-
view, however, we focus on electrospinning of multifer-
roic nanofibers, instead, that we have been working on
since 2007.

Electrospinning is a versatile technique that has been
applied to synthesize a wide range of polymeric [47,
48], ceramic [49], composite [50], and core-shell [51]
nanofibers. The term is derived from “electrostatic spin-
ning”, wherein the formation of nanofibers is accom-
plished through the uniaxial stretching of a viscoelastic
solution induced by electrostatic forces. The principle,
operations, and applications of electrospinning can be
found in several excellent review articles that the read-
ers can refer to [47-49, 52-55], and here we only briefly
introduce the basic concept.

A typical electrospinning set-up consists of three com-
ponents including a syringe pump that drives polymer
solution through the metallic needle, a high voltage
supplier that is connected to the metallic needle, and
a metallic collector that is grounded, as schematically
shown in Fig. 2(a). At a sufficient high voltage, the re-
pulsive electrostatic forces within the charged solution
can overcome the surface tension of the solution, which
forms a Taylor cone at the tip of the needle and causes
the ejection of a thin jet from the tip of the Taylor cone
[47]. Although the jet is stable near the tip of the spin-
neret, it soon enters a bending instability stage with fur-
ther stretching of the solution jet under the electrostatic
forces as the solvent evaporates, resulting in the forma-
tion of continuous nanofibers collected by the grounded
collectors. A scanning electron microscopy (SEM) image
of typical nanofibers synthesized in our lab is shown in
Fig. 2(b), with nanofiber diameters range from 100 to 300
nm. In general, the morphology and size of nanofibers
can be controlled by processing parameters, including so-
lution concentration and viscosity, electric field strength,
and collecting distance [56]. While the process was orig-
inally developed for polymer nanofibers, ceramic and

composite nanofibers have also been successfully synthe-
sized by combining sol-gel process with electrospinning,
followed by appropriate heat treatment [47, 57].

In addition to solid nanofibers, coaxial electrospinning
has also been developed to synthesize core-shell type and
hollow nanofibers [50, 51, 58], as shown in Fig. 3. The
overall setup is schematically shown in Fig. 3(a), along
with the detailed configuration of coaxial spinneret and
the expected cross section of core-shell nanofiber. The
image of actual coaxial spinneret is shown in Fig. 3(b). It
consists of two commercial blunt needles with different
diameters and lengths that are assembled into a coax-
ial structure. During the electrospinning process, the sy-
ringe loaded with one type of solution is connected ver-
tically to the inside needle as the material for core, and
the syringe loaded with another type of solution is con-
nected horizontally to the outside needle as the material
for shell, resulting in a core-shell type of configuration.
If the core can be burned off, leaving behind a structure
with only the shell, then hollow nanofibers can also be
obtained.

4 Multiferroic nanofibers by electrospinning

In the past few years, we have synthesized a variety of
single-phase [33], composite [31, 32], and core-shell type
[34] multiferroic nanofibers by electrospinning in combi-
nation with sol-gel process, which will be briefly reviewed
next.

4.1 Ultrafine BiFeOj3 fibers

BiFeO3 (BFO) is one of the most studied single-phase
multiferroic material, thanks to its multiferroic proper-
ties and magnetoelectric coupling at room temperature
[59]. Ultrafine BFO fibers have been synthesized by elec-
trospinning in our lab as detailed in Ref. [33]. The BFO
precursors were prepared first, then poly(vinyl pyrroli-
done) (PVP) were added to the BFO precursor solution
directly and stirred continuously to form homogeneous
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Fig. 3 Coaxial electrospinning of core-shell type nanofibers: (a) the schematics of the setup; and (b) the photo of actual
coaxial spinneret. Reproduced from Ref. [34], Copyright (© 2011 Royal Society of Chemistry.
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Fig. 4 Structure of ultrafine BFO fibers: (a) XRD pattern under different atmospheres; (b) SEM image of calcined
fiber; and (c¢) TEM image of etched fiber with HRTEM image in the inset. Reproduced from Ref. [33], Copyright © 2008

American Institute of Physics.

electrospinning solutions. The solutions were electrospun
and the ultrafine fibers spun were collected, then dried
and calcined in three different atmospheres. The X-ray
diffractions (XRD) show excellent crystallinity of BFO
fibers, as seen in Fig. 4(a). Phase pure rhombohedral
perovskite BFO is obtained when Ar is used as protec-
tive atmosphere, and small amount of BizggFeoOs57 and
BisFe Og impurity phases are observed when the fibers
are fired in air or nitrogen atmosphere instead. The SEM
image of calcined BFO fibers shown in Fig. 4(b) suggests
that the diameter of calcined fibers is in the range of
100~300 nm, with the diameter kept uniform across the
fiber length. A transmission electron microscopy (TEM)
image confirms that BFO fiber is composed of rather
dense nanocrystalline grains with the grain size around
20 nm, as shown in Fig. 4(c). The rhombohedral per-
ovskite structure is also confirmed by high resolution
TEM (HRTEM), as shown in the inset of Fig. 4(c).
The high voltage piezoresponse force microscopy
(PFM) has been carried out to verify the piezoelectricity
and ferroelectricity of BFO ultrafine fibers, with PFM
amplitude image in Fig. 5(a) showing clear ferroelectric
domain structure. To switch the polarization in the ul-
trafine fiber, a sequence of DC voltage is applied, and the
butterfly loop between PFM amplitude and applied volt-
age characteristic of ferroelectricity has been obtained,

as shown in Fig. 5(b), with the coercive field of BFO
fiber estimated to be around 150 MV /m, and the maxi-
mum field induced displacement measured to be around
700 pm. This establishes the ferroelectricity of the BFO
fiber as non-ferroelectric materials would show no hys-
teresis. Furthermore, weak ferromagnetism of nanocrys-
talline BFO fibers is confirmed by vibrating sample mag-
netometer (VSM) measurement, with saturation magne-
tization as large as 4 emu/g and coercive field around
200 Oe observed, as shown in Fig. 5(c). Such weak fer-
romagnetism is believed to be caused by nanocrystalline
structure of BFO fibers [60]. We made an additional at-
tempt to measure the magnetoelectric coupling of BFO
fibers without success.

4.2 Pb(Zr0_52Tiov4g)03—COF6204 and Pb(ZI‘Ov52Tio_48)
03-NiFe;04 composite nanofibers

We have also synthesized multiferroic composite
nanofibers by electrospinning, with ferroelectric phase
being Pb(Zrg52Ti0.45)03 (PZT), and ferromagnetic
phase being either CFO or NFO. The precursors of
ferroelectric and ferromagnetic phases were mixed to-
gether with different molar ratios, and electrospun after
PVP polymers were added. The nanofibers were then

collected, dried, followed by appropriate heat treatment,
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Fig. 5 Multiferroic properties of ultrafine BFO fiber: (a) PFM amplitude image; (b) PFM amplitude—-voltage butterfly
loop; and (¢) VSM magnetic hysteresis loop. Reproduced from Ref. [33], Copyright (© 2008 American Institute of Physics.

as detailed in Refs. [31, 32]. SEM morphologies of the
composite nanofibers are similar to those of BFO, with
diameters of the nanofibers ranging from 100 to 400 nm,
as seen in Fig. 6(a), and the energy dispersion spec-
troscopy (EDS) indicates that ferroelectric and ferro-
magnetic species are randomly distributed, as seen in
Figs. 6(b) and (c). The XRD reveals both ferroelectric
pervoskite phase and ferromagnetic spinel phase, as con-
firmed by HRTEM in Fig. 6(d) and its inset. The grain
size of the composite nanofiber is around 30 nm, slightly
larger than that of BFO.

The ferroelectric properties of the composite nano-
fibers have been confirmed by PFM hysteresis, and their
ferromagnetic properties have been measured by VSM
hysteresis. The comparisons of multiferroic properties
between the PZT-CFO and PZT-NFO nanofibers are

(a) " ’

summarized in Fig. 7, where it is observed that PZT-
CFO nanofibers have higher piezoelectric coefficient [Fig.
7(a)], magnetization [Fig. 7(b)], and magnetic coercive
field [Fig. 7(c)] than PZT-NFO nanofibers of similar
compositions, probably because they have better crys-
tallinity than PZT-NFO nanofibers.

4.3 CoFey04-Pb(Zrg.52Tip.48)O3 core-shell nanofibers

The mixing of ferroelectric and ferromagnetic precursors
results in composite nanofibers with random distribution
of their constituent. To overcome this shortcoming, we
synthesized CFO-PZT core-shell nanofibers by coaxial
electrospinning, as schematically shown in Fig. 3. The
preparations of PZT and CFO precursors were similar to
PZT-CFO composite nanofiber, except that polymethyl

(b)

Fig. 6 SEM (a), EDS (b, c¢) and TEM (d) images of PZT-NFO composite nanoﬁbers with molar ratio 1 1. Reproduced
from Ref. [32], Copyright © 2008 American Institute of Physics.
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Fig. 7 The comparison between PZT-NFO and PZT-CFO nanofibers of identical PZT concentration: (a) piezoelectric
coefficients; (b) remnant magnetization and (c) coercive magnetic field.

methacrylate (PMMA) was used as polymers instead of
PVP. During the electrospinning process, the syringe
loaded with CFO precursor was connected vertically to
the inside 22-gauge needle as a solution for the core, and
the syringe loaded with PZT precursor was connected
horizontally to the outside 18-gauge needle through the
drilled hole as a solution for the shell. The morphology
of CFO-PZT core-shell nanofibers is shown in Fig. 8.
The typical cross section SEM image of the nanofibers is
given in Fig. 8(a), and fibrous core-shell structures with
diameters in the range of 100 to 500 nm are observed.
The detailed cross-sections of three nanofibers are shown
in Fig. 8(b), where it is observed that the CFO core is
relatively porous, while PZT shell is relatively dense, and
some gaps exist at the interfaces between the core and
shell due to the shrinkage of ceramic fibers during calci-
nation. The core-shell structure of the nanofiber is fur-
ther confirmed by the TEM image, as shown in Fig. 8(c).
The selected area electron diffraction (SAED) pattern in
the inset of Fig. 8(c) confirms that both CFO and PZT
phases exist in the nanofiber.

While routine PFM and magnetic hysteresis measure-
ments have been carried out to confirm the multiferroic
properties of core-shell nanofibers, we also developed a
PFM based technique to demonstrate their magneto-
electric coupling. The schematic set up is shown in Fig.
9(a), where a variable magnetic field (VFM) module is
used to apply an in-plane magnetic field up to 2000 Oe
during PFM operation, making it possible to examine
the change of PFM response of the nanofiber induced

by magnetic field, as shown in Figs. 9(b)—(g). As clear
in Figs. 9(b) and (d), after the application of exter-
nal magnetic field, some initially disconnected domains
are connected together, suggesting ferroelectric domain
switching in PZT shell due to the applied magnetic field.
Change in the magnitude of PFM amplitude is also ob-
served, and the average amplitude of nanofiber decreases
from 290.9 pm to 280.7 pm when the magnetic field is
applied, as estimated from Figs. 9(c) and (e). The mag-
netoelectric coupling of the core-shell nanofiber is further
confirmed by PFM switching characteristics before and
after the application of magnetic field, as shown in Figs.
9(f) and (g). In fact, we can estimate lateral ME coef-
ficient a3y = AE3/AH; from the butterfly loop, where
AFjs is the change in longitudinal electric field induced
by the change in lateral magnetic field AH;. Assuming
that the piezoelectric constant ds3 of the nanofiber does
not vary with the magnetic field, the change in electric
field can be evaluated from the change in piezoresponse
displacement Au as AEs = Au/(dssD), where D is the
diameter of the nanofiber, and the piezoelectric coef-
ficient ds3 can be estimated from the butterfly loop as
ds3 = u/V in the absence of the magnetic, where V' is the
applied AC voltage that induced piezoelectric vibration.
All the data are read from the butterfly loop at remnant
state where DC voltage is zero, with Au = 1.0 nm and
u = 3.2 nm, from which we estimate that a3y = 2.95 x
10* mV/(cm - Oe). This turns out to be two orders of
magnitude higher than multiferroic thin films of similar
composition [14], and confirms our theoretical analysis

Fig. 8 The morphology of CFO-PZT core-shell nanofibers: (a) SEM overview of nanofibers; (b) cross-section SEM image;
and (c) TEM image with SEAD pattern in inset. Reproduced from Ref. [34], Copyright © 2011 Royal Society of Chemistry.
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the direction of magnetic field is indicated by the arrow. Reproduced from Ref. [34], Copyright © 2011 Royal Society of

Chemistry.

presented in Section 2. The estimate, however, could be
over-simplified, and further studies are underway.

5 Concluding remarks

In summary, the theoretical analysis suggested that mul-
tiferroic composite nanofibers possess higher magneto-
electric coupling than multiferroic composite thin film of
similar compositions, and this motivated us to synthe-
size single-phase BFO nanofibers, PZT-CFO and PZT-
NFO composite nanofibers, and CFO-PZT core-shell

nanofibers using sol-gel based electrospinning. These
nanofibers typically have diameters in the range of a
few hundred nanometers and grain size in the range of
10s nanometers, and exhibits both ferroelectric and fer-
romagnetic properties. PFM based techniques have been
developed to examine the magnetoelectric coupling of the
nanofibers, as confirmed by the change of PFM response
induced by external magnetic field. The magnetoelectric
coefficient of the core-shell nanofibers is indeed estimated
to be two orders of magnitude higher than that of thin
films, consistent with our theoretical analysis.

The key challenge, however, remains to be the char-
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acterizations of magnetoelectric coupling in multiferroic

nanostructures, particularly in the aspect of quantitative

analysis. Scanning probe microscopy based techniques
provide powerful tools for such investigations, yet much
more studies need to be carried out before definite con-

clusions can be drawn.
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