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Abstract A new kind of nano/microscale lead-free mul-
tiferroic composite with a formal of 0.4CoFe,0,4—0.6[0.948
(Ko.sNag s)NbO3—0.052LiSbO5] was prepared. The electric-
field-induced dielectric (EID) and magnetization (EIM)
behaviors were systemically investigated for this 0-3-type
structured multiferroic ME composite. Significant electric-
field-induced effects were obtained with a high tunability
and a large EIM coefficient, which the former has a value of
K = 3.35% under the low dc electric-field of 2 kV/cm and
the later is in excess of 2.15 x 10 '° s/m at a low frequency
of 1.0 kHz with a low magnetic bias field of 2000 Oe for this
composite. It is also proved that its EIM behavior is strongly
dependent on the bias magnetic field Hg;,s and the frequency
of driving electric-field. The measured EIM has an excellent
linear relationship with the applied ac electric-field with
amplitude varying from 7.1 to 73.6 V/cm. The electric-
field-induced effects indicate that the 0-3-type particulate
ME composites not only have physical interest but also have
potential practical use.

A multiferroic material with two or more primary ferroic
properties provides significant potentials for applications as
the next-generation multifunctional devices [1, 2]. In gen-
eral, multiferroic can be realized in single-phase or com-
posite forms [3]. So far, multiferroic single-phase materials
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are rare, and their magnetoelectric responses are either
relatively weak or occurs at temperatures too low for
practical applications. Then in some composites by incor-
porating both ferroelectric and ferrimagnetic phases typi-
cally yield giant magnetoelectric coupling responses above
room temperature, which makes them ready for techno-
logical applications. A two-phase composite can be
described as 0-3-, 3-3-, 2-2-, and 1-3-type, in which each
number denotes the connectivity of the respective phase
[4]. The common connectivity schemes are 0-3-type par-
ticulate composites of piezoelectric and magnetic oxide
grains, 2-2-type laminate ceramic composites consisting of
piezoelectric and magnetic oxide layers [4]. In multiferroic
system, the coupling between ferroelectric and ferromag-
netic orders can produce some interesting effects, such as
magnetoelectric (ME) and magnetodielectric (MD) effect
[5]. The ME effect means that the electric polarization can
be induced by a magnetic field H (MIE) or the magneti-
zation can be induced by an electric-field E (EIM) [6]. The
MIE and EIM effects can be expressed by an equal strength
o = (OP/OH)g = 1o(OM/OE)y [7]. Usually, the MD effect
is characterized by magnetic-field-induced dielectric
response [8]. Up to now, the most studies on multiferroics
focused on the magnetic-field-induced effects, while sel-
dom report has been made on the electric-field-induced
effects. For example, large MIE effects have been observed
in two-phase composite, especially in some 2-2-type
structured laminated composites. However, only a few
reports have been made on the EIM effect in these 2-2-type
structured laminated composites [5, 9, 10]. In fact, electric-
field-induced effects have both physical interest and tech-
nological applications, such as coil-free electromagnet
microwave applications and ME memory devices [9, 11,
12]. In this article, a new kind of nano/microscale lead-
free 0.4CoFe,04—0.6[0.948(K, sNag s)NbO3—0.052LiSbOs;]

@ Springer



2650

J Mater Sci (2011) 46:2649-2653

(CFO/KNN-LS) multiferroic composite was prepared, and
the electric-field-induced dielectric (EID) and magnetiza-
tion (EIM) characteristics are systemically investigated for
this particulate 0-3-type structured multiferroic ME com-
posite. The EIM characteristics were detected using double
coils [5, 12]. Significant electric-field-induced effects were
observed with a high tunability and a large EIM coefficient.
The results indicate that the particulate 0-3-type ME
composites not only have physical interest but also have
potential practical use in tunable microwave, coil-free
electromagnet, and related magnetoelectric coupling
devices.

Both precursor 0.948(K( sNags5)NbO3;—0.052LiSbO;
(KNN-LS) and CoFe,0, (CFO) were adopted as the pie-
zoelectric and magnetostrictive phases, respectively.
KNN-LS was prepared by a solid-state reaction method,
and CFO was synthesized using citrate gel method. The
ME composites CFO/KNN-LS were prepared by mixing
40 mol% of CFO phase with 60 mol% of KNN-LS phase.
The composites were examined by X-ray diffraction
(XRD) as shown in Fig. 1. The patterns show that both
CFO and KNN-LS phases are present in the ceramic. No
impurity phases were detected. X-ray diffraction patterns
show that CFO retains its cubic structure in the CFO/KNN
composite and the lattice constant is a = 8.370 A, whereas
the KNN-LS shows mixed phases [13, 14]. The details of
sample preparation and the confirmed multiferroicity can
be found in Ref. 13. For EIM characterization, silver
electrodes were deposited on 1 mm thick samples with a
cubic shape of about 1 x 4 x 4 mm? and then poled in
silicone oil under a poling field of 2-14 kV/cm and at a
poling temperature of 405 K to room temperature. The
piezoelectric coefficient (d33) of the composite is about
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Fig. 1 (Color online) X-ray diffraction pattern of KNN-LS, CFO,
and CFO/KNN-LS ceramic, where A denotes KNN-LS phase and
B denotes CFO phase at room temperature
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Fig. 2 EDS spectrum of CFO/KNN-LS ceramic at room tempera-
ture. The coexistence of CFO and KNN-LS phases in the ceramics is
further evident by the bright CFO particle in spectrum A and the dark
KNN-LS particle in spectrum B

45 pC/N [13]. The EID properties were measured using
LCR meter (ZM2353). For dielectric properties measure-
ment, the sample was placed in a dc bias electric-field. The
EIM measurement was performed with an induction
method with a sine electric-field 6E,. (about 73.5 V/cm) on
the sample by a signal generator [5, 12]. The piezoelectric
strain is induced in KNN-LS phase due to the converse
piezoelectric effect. Then the strain is acoustically trans-
ferred to CFO phase; as a result, an induced magnetization
OM,. in CFO phase is produced due to the magnetoelastic
coupling. The EIM coefficient is defined as ogp =
Uy(0M,. /SE,.). For EIM measurement, the sample plane
was perpendicular to the bias magnetic field. Double coils
were placed in the bias magnetic field with its planes
perpendicular to the magnetic field. The sine EIM along
bias magnetic field in the sample induced voltage in the
double coils due to the Faraday Effect [5]. All measure-
ments were performed at room temperature.

Figure 2 shows two EDS spectra and their associated
SEM fractograph of the composite. From the bright CFO
particle in spectrum A and the dark KNN-LS particle in
spectrum B, the coexistence of CFO and KNN-LS phases
in the composite is further evident. The composite shows a
homogeneous microstructure. It seems that the CFO par-
ticles are well distributed within KNN-LS matrix.

Figure 3 shows the results of dielectric constant varia-
tion as a function of frequency in the range of 0.5-200 kHz
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under different dc bias electric-field for the experimental
CFO/KNN composite. The electric-field-induced variation
Ae of dielectric constant is defined as Ae = ¢(f,0) — &(f, E)
[15]. Here, &(f,0) and &(f,E) denote the zero-field and
field-dependent dielectric constant at different frequencies.
The results were measured on two kinds of measurement
models for dc bias field related to the measuring silver
electrode, i.e., the vertical model (E | , longitudinal) and the
parallel model (E,, transverse), as shown in the insert of
Fig. 3a and b. It can be seen that Ae¢ increases with
increasing dc bias electric-field (Eg;,s), which means that &
decreases with increasing Ep;,s for Ae = &(f,0) — &(f, E).
This is one of the important properties for some materials
to be used in tunable devices [15]. This behavior of the
ceramic could be interpreted in terms of locking the
moments of polar clusters due to application of external dc
bias field. As the bias field increases, the moments parallel
to the electric-field increase and reach the saturation.
Therefore, very few dipoles are left to respond to the small
signal oscillatory electric-field [16]. The value of Ae¢ is
larger under a higher dc bias field, and the transverse Ag is
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Fig. 3 (Color online) The electric-field-induced variation Ag of
dielectric constant as a function of frequency for CFO/KNN-LS
composite under different dc bias electric-fields. The insets show the
measurement circuit

stronger than the longitudinal A¢ as shown in Fig. 3. An
interesting behavior observed from Fig. 3 is that the value
of the Ae¢ decreases with the increase in frequency, indi-
cating the dielectric constant is correlative with both dc
bias field and frequency. The decrease of Ae with the
increase in frequency is mainly attributed to the dispersion
of the dielectric constant (¢). The high value of Ae observed
at lower frequencies is explained on the basis of space
charge polarization due to inhomogeneous dielectric
structure. The inhomogeneities present are grain structure,
porosity, etc [17, 18].

Based on the strong field dependence of dielectric
constant, it is worthwhile to investigate the dielectric tun-
ability of the composite. In general, the tunability is
expressed as

K=——"—"7->"—-
&(f,0)
For this experiment, the frequency dependent of longitu-

dinal and transverse tunability with a frequency range of
0.5-200 kHz is given in Fig. 4. The experimental studies
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Fig. 4 (Color online) The frequency dependent of longitudinal and

transverse tunability for CFO/KNN-LS composite under different dc
electric-fields
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Fig. 5 (Color online) Frequency-dependent variations of the com-
posite EIM coefficient and capacitance in a frequency region of
1.0-100 kHz for the composite. The EIM was measured under an
electric-field of 73.6 V/cm and a bias magnetic field of 2000 Oe

carried out have revealed that the shape of both Figs. 3 and
4 are strongly dependent on how the electric-field is
applied. It can be seen that the longitudinal £, tunability
decreases with increasing frequency, while the transverse
E,, tunability increases initially with the increase in the
frequency and reaches a maximum at f= 1.0 kHz, and
then decreases with the further increase in the frequency.
Higher tunability is achieved as the dc field increases. For
example, at f = 1.0 kHz, the value of transverse tunability
is 1.95% for E = 1.0 kV/cm, whereas the K value is as
large as 3.35% under the dc electric-field of 2.0 kV/cm. It
can also be seen that the transverse tunability is stronger
than the longitudinal tunability. This is in agreement with
the measured results shown in Fig. 3.

As expected, the changing capacitance in the materials
would significantly affect the EIM behavior [5, 12]. Fig-
ure 5 shows the frequency dependent of the capacitance
and EIM in a frequency region of 1.0-100 kHz for the
composite. The EIM was measured under an electric-field
of 73.6 V/cm and a bias magnetic field of 2000 Oe. It can
be evidently seen that the capacitance and the EIM coef-
ficient agp output show the same change trend and
decrease with the increase in frequency. The capacitance
and the agpy decrease rapidly with a very high value at
lower frequencies and decrease slowly with a very low
value at higher frequencies. The high values of the
capacitance and ogpy at lower frequencies are attributed to
different types of polarizations (electronic, atomic, inter-
facial, ionic etc.), and the low values at higher frequencies
are only due to the electronic polarization.

In order to see the correlation of the induced saturation
magnetization (0M,.) with applied ac electric-field E,. and
frequencies, we measured the change of dM,. with applied
ac electric-field E,. for various frequencies at the bias
magnetic fields Hpg;,s of 2000 Oe, as shown in Fig. 6. The
induced saturation magnetization (dM,.) was obtained by
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Fig. 6 (Color online) Induced saturation magnetization (0M,.) as a
function of applied ac electric-field for various frequencies at the
magnetic bias fields Hpg;,s of 2000 Oe for CFO/KNN-LS composite
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Fig. 7 (Color online) The dependence of EIM on magnetic bias field
Hpi,s With the frequency of 10.0, 20.0, and 100.0 kHz for CFO/KNN-
LS composite

OM,. =m/V, where m is the magnetic moment in the
original and V is the composite volume. The detailed
method for the calculated dM,. can be found in Ref. 5. The
results indicate that all the 6M,. respond almost linearly to
applied ac electric-field E,. in the entire field range of
7.1-73.6 V/cm, which is consistent with the results by Jia
and Chen et al. [9, 10] in layer composites.

Figure 7 gives the dependence of EIM on magnetic bias
field Hg;,s below 4000 Oe at the frequency of 10.0, 20.0, and
100.0 kHz. It can be seen that all the EIM coefficient ogpy
increase initially with the increase in dc bias magnetic field
and then decrease with the further increase in the field,
agreeing with the experimental results of the layer com-
posite [5, 9, 12]. This reason is that the magnetostrictive
coefficient reaches saturation at a certain value of the
magnetic field. Beyond saturation, the magnetostriction gets
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saturated, producing a nearly constant OM,., thereby
decreasing o (otEm = Uy(0M, /OE,.) with increasing
magnetic field. The values of Hp;,s corresponding to the
maximum EIM coefficient o)y are about 1880 Oe for
10 kHz, 1930 Oe for 20 kHz, and 2130 Oe for 100 kHz,
respectively. It seems that the value of Hpg;,s corresponding
to apiy 1s dependent on the frequency and increases with the
increase in the frequency. However, this behavior may be
attributed to the magnetostrictive hysteresis, which causes
the previous measurement impact on the subsequent [12].

Specifically, the greatest EIM response occurs at the
frequency of 1 kHz. The maximum EIM coefficient agpy is
determined to be 2.15 x 107'° s/m with the Hg;,s of
2000 Oe, suggesting that large ogpy can be obtained in low
frequency and low dc bias magnetic field. The maximum
ogM 1S much bigger than that of single-phase materials. For
example, ogpy peaks at 4.1 x 1072 s/m (Cr,03) near the
Neel temperature of 307 K [7, 19]. Importantly, the Hg;,s
of 2000 Oe is relatively low and easily obtained in prac-
tical applications using permanent magnets [9].

In summary, we successfully prepared a new kind of 0-3-
type structured nano/microscale lead-free 0.4CoFe,O4—
0.6[0.948(K sNag s)NbO3—0.052LiSbO5] multiferroic com-
posite and systemically studied the EID and magnetization
properties. A significant electric-field-induced effect was
observed with a high tunability and a large EIM coefficient.
The former has a value of K = 3.35% under the low dc
electric-field of 2 kV/cm, and the later is in excess of
2.15 x 107® s/m at a low frequency of 1.0 kHz with a low
magnetic bias field of 2000 Oe for this 0-3-type structured
multiferroic composite. The result proves that its EIM
behavior is strongly dependent on the bias magnetic field
Hpgias and the frequency of driving electric-field. The mea-
sured dM,. has an excellent linear relationship with the
applied ac electric-field with amplitude varying from 7.1
to 73.6 V/cm. The present experiment indicates that the
0-3-type ME composites not only have physical interest but
also have potential practical use.
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