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Enhanced magnetodielectric interaction of
(1-x)BaTiO3;-xCoFe, 04 multiferroic composites

Yajing Shen,' Junpeng Sun,” Linglong Li,' Yonggang Yao,' Chao Zhou,' Ran Su,’
Yaodong Yang'”

A simplified one-pot solid-state reaction is developed to synthesize (1-x)BaTiOs-xCoFe,04
composites, which can enhance the magnetodielectric interaction between different phases.

pm
pm

&>
pm

01234567 o . =+ .
H,_(10AnN)




Journal of Materials Chemistry C Page 2 of 8

Journal Name Journal of Materials Chemistry C RscPublishing

ARTICLE

Enhanced magnetodielectric interaction of (1-
x)BaTiO;-xCoFe,04 multiferroic composites

Cite this: DOI: 10.1039/X0XxX00000X

Yajing Shen,' Junpeng Sun,” Linglong Li,' Yonggang Yao,' Chao Zhou,' Ran Su,’
Yaodong Yang'®

Received 0oth xxxxxxxxx 20xX,

Accepted 00th xxxxxxxxx 20xx ! Multi-disciplinary Materials Research Center, Frontier Institute of Science and Technology, Xi’an Jiaotong

University, Xi’an 710049, China

DOI: 10.1039/X0XX00000X R . . . . . . . . .
State Key Lab of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China

www.rsc.org/ % yaodongy@mail.xjtu.edu.cn

Multiferroic composites containing barium titanate (BaTiO3) and cobalt ferrite (CoFe,0,4) were
synthesized by a simplified one pot solid-state reaction process in which all basic chemicals
(BaCOs;, TiO,, Fe,03, CoO) were directly mixed together. Compared with conventional two
steps solid-state reaction process, the simplified process tends to form smaller grains, and
enhance the magnetodielectric interaction between different phases, which will indirectly

benefit the magnetoelctric coupling.

1 Introduction

Multiferroic  materials, which  simultaneously  exhibit
ferroelectricity, ferromagnetism and unique product tensor
property: magnetoelectric (ME) effect, have drawn much
interest due to their potential applications in multifunctional
devices such as transducers, actuators, and sensors.!” In these
multiferroic materials, the ME effect results from the coupling
interaction between multiferroic orders, including the direct ME
effect (i.e., an electric polarization or electric field appears upon
an applied magnetic field) and reverse ME effect (i.e., a
magnetization is induced by an applied electric field).® Very
few single phase multiferroic materials exist in nature or have
been synthesized in the laboratory,”!! their ME effect generally
occurs at a very low temperature (multiferroic property of
Ni;B;0;5] appears at 46K),'? and is too weak to be used in
practical applications.® '* On the contrary, the multiferroic
composites consisting of piezoelectric and magnetostrictive
phases show an appreciable ME effect at a very wide
temperature range,'* and the ME effect in composites is
induced by the strain transfer between two phases.'>!”

So far, multiferroic composites with various connectivity
schemes and different scales have been synthesized by various
chemical and  physical methods.'®**  Unidirectional
solidification of the quinary system Fe-Co-Ti-Ba-0," solid-
state reaction method,”®* pulsed laser deposition,”” **=* sol-gel
method,*** and electrospinning®" ** ** are some main synthesis
methods. Unfortunately, unidirectional solidification is complex
and costing: it not only involves careful control over the
cooling rate and temperature, but also requires critical control
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on the composition. Due to different nucleation and growth
rates of each individual phase, the pulsed laser deposition
method also involves complex synthesis process, while facing a
high cost with a limited yield problem. Sol-gel spin coating and
electrospinning, two low cost methods, yet have an obvious
disadvantage: organometallic precursors are used in these
processes, which will result in many environmental concerns.

Compared with above four synthesis methods, the conventional
solid-state reaction method has many advantages. It is not only
a low cost and an easy handling method, but also enables a
large yield without seriously environmental problems. But the
conventional solid-state reaction route is somewhat
cumbersome. It requires two steps: firstly, the individual
piezoelectric phase and magnetostrictive phase are prepared by
standard ceramic method, respectively; secondly, these
piezoelectric and magnetostrictive powders are mixed and
sintered again to obtain final multiferroic composites. In this
case, the thermal expansion mismatch between two phases
leads to a poor interfacial connection, and goes against the
strain transferring from one phase to another, which limits the
ME interaction.*® *’ The question is if we can merge two steps
into a one pot reaction to simplify the synthesis process?

In this study, inspired by Yang et al.’s synthesis method,*® the
conventional solid-state reaction process was simplified to a
one step route by directly mixing all basic oxide chemicals in
one pot. BaTiO5-CoFe,0, is a widely investigated multiferroic
composite, and its ME coefficient is in a wide range from 0.19
to 180mV-cm™-Oe™,***? depending on preparation methods,
and the microstructures. Here, we selected this typical ME
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composite as our exemplary product to develop the one pot
reaction. Their crystal structure, morphology, magnetic,
piezoelectric properties were investigated and also compared
with these samples obtained under the similar control
conditions via conventional two steps solid-state reaction route.

2 Experiment

Two groups of (1-x)BaTiO;-xCoFe,O, or B, ,C, composites
were fabricated by the simplified and conventional solid-state
reactions, respectively. In the simplified solid-state reaction
route, all four basic chemicals (BaCO;, TiO,, Fe,O;, CoO)
were directly mixed together at suitable stoichiometric
proportions in a ball mill for 6h. The powders were calcined for
5h in air at 850°C for solid-state reaction to synthesize (1-
x)BaTiO3-xCoFe,04 composite powders in one step. The as-
obtained powders were pressed into disk shape and sintered in
air for 5h at 1000°C. This group of samples was marked as D-
group (direct reaction group). Whereas I-group samples
(indirect reaction group, this group of samples were fabricated
by the conventional solid-state reaction route) were obtained
via two steps. Firstly, the individual BaTiO; and CoFe,O,
powders were synthesized separately by a standard ceramic
method. The BaTiO; and CoFe,0,4 powders both were calcined
for 5h in air at 850°C. Secondly, these as-prepared BaTiO; and
CoFe,O4 powders were mixed together in suitable proportions
in a ball mill for 6h. The mixed powders were pressed into disk
shape and sintered in air for 5h at 1000°C.

Structural analysis was performed by X-ray diffractometer
(XRD, Shimadzu 7000). The patterns were recorded in a 2theta
range from 20° to 80° with a step of 2°/min. The morphology
was observed by a scanning electron microscope (SEM, Quanta
F250), and the corresponding grain size was calculated by Nano
Measurer 1.2 software. The magnetic hysteresis loops were
measured by a vibrating sample magnetometer (VSM-7307,
Lakeshore). The piezoelectric properties were investigated by
an atomic force microscope (AFM, Cypher, Asylum Research).
The temperature dependent magnetization measurement was
carried out by VSM module of a physics property measurement
system (PPMS, Quantum Design) in the temperature range
from 350K to 150K with a cooling rate of 2K/min under a
constant magnetic field of 79600A-m™. Sensitivity of PPMS-
VSM is 2*107"' A-m? and stability of temperature control is =+
0.02%. Magnetodielectric (MD), the relative dielectric
permittivity change as a function of an applied magnetic field
strength, was measured by combining a HIOKI LCR meter into
the VSM-7307.

3 Results and discussion

Fig. 1 shows the X-ray diffraction patterns of BaTiO;-CoFe,O,
composites fabricated by different processes. Individual
BaTiO; (perovskite structure) and CoFe,O4 (spinel structure)
are also listed here as references. For all the samples, the X-ray
diffraction patterns show a mixture of two clear phases
(perovskite and spinel structures), indicating that the
multiferroic  composites  containing  piezoelectric  and
magnetostrictive phases were synthesized by both routes. With
molar fraction of CoFe,0, increasing, the intensity of CoFe,O,
peaks increases in both groups. The XRD data of two groups is
totally consistent at both the angle position and intensity of all
peaks at a same composition. There are a few additional minor
peaks in the composites. Minor peaks at 32.1°, 33.2°, 34.1°,
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40.3°, 49.5°, 54°, 64° are well indexed as the Fe,O; peaks,
while the one at 42.5° is CoO peak, indicating that there is a
little residual Fe,O3 and CoO from raw materials in both groups
samples.
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Fig. 1 X-ray diffraction patterns of BaTiO;, CoFe,0,, and (1-
x)BaTiO3-xCoFe,04 (x is molar fraction of CoFe,0,4)
composites: (a) D-group, (b) I-group.

Fig. 2 are the SEM images to show the morphology of two
groups of composites. Images in the left (right) column
illustrate how the grain geometry varies with composition
change for D-group (I-group). Individual BaTiO; and CoFe,0,
are listed at fig. 2(g) and fig. 2(h) as references. For D-group
samples, some grains in D-B 3C,, have triangle faces. Whereas
with the molar fraction of CoFe,0, increasing, grains in D-
By.67Co33 and D-By5,Cy 43 samples become more irregular. By
contrast, some grains of [-B;gCy, sample show typical
octahedral morphology with four faces on each hemisphere,
whereas grains in [-B(4;Cp33 sample show octahedral-like
morphology too, more obvious chamfering can be found in I-
By.57Co.43 sample.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Scanning electron microscope images of different
samples: (a) D-BygCoa, (b) 1-BosCo2, (¢) D-Bg47Co33, (d) I-
B.67C033, (€) D-Bg57C0.43, () I-Bg57Co.43, (g) BaTiOs, and (h)
CoFe,0,. The insets show their statistical distributions of grain
size and highlight the average grain sizes.

By comparing these images between D-group and I-group, it
can be seen that [-group samples contain clear octahedral-like
grains corresponding to CoFe,O, spinel structure; whereas only
some irregular grains in D-group samples. The insets are the
statistical distributions of grain size and highlight their average
grain sizes (measured by Nano Measurer 1.2 software). From
the insets, it is noticed that the average grain sizes of D-B3C,,
D-B0_67C0_33, and D-B0_57C0_43 are 146311111, 1451nm, 1547nm,
respectively, half smaller than those of I-B(3Cq, (291.3nm), I-
Bo67Co33 (297.4nm), and 1-By57Cy 43 (301.3nm) samples. The
diverse average grain sizes as well as morphologies result from
the different reaction routes. For D-group, all four basic
chemicals (BaCO;, TiO,, Fe,O;, CoO) were mixed rather
homogeneous, the BaTiO; perovskite structure and CoFe,0,
spinel structure turn out to grow at the same time in one
calcining process, resulting in the small grain size and irregular
morphology. Whereas in I-group, the BaTiO; and CoFe,0,

This journal is © The Royal Society of Chemistry [year]
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powders were synthesized separately, so the corresponding
perovskite and spinel structures can grow freely, leading to
bigger grain size. After these BaTiO; and CoFe,O, powders are
mechanically mixed together for sintering, two phases are
relatively independent, and their average grain sizes remain
unchanged.

The magnetic hysteresis loops of all samples are shown in fig.
3. Here the magnetization was already normalized by the mass
of CoFe,0, in different composites. From fig. 3, it can be
noticed that the saturation magnetization of individual CoFe,O,
is the highest, reaching 72A-m*kg"'. When mixed with BaTiOs,
its saturation magnetization decreases with the molar fraction of
BaTiO; increases. This phenomenon originates from that the
mixed BaTiO; phase acts as non-magnetic defects, first
hindering the growth of magnetic domains in CoFe,0O, and also
hindering the movement of magnetic domains in CoFe,O4
under an external field. These effects will result in small
magnetic domains, which are difficult to make one totally
consistent orientation.
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Fig. 3 Magnetic hysteresis loops of CoFe,O, and (1-x)BaTiOs-
xCoFe,04 composites measured at room temperature. The inset
is the enlarged center area.

However, one can still notice that D-group and I-group have
distinctly different magnetization change tendencies with
BaTiO; content increasing. The saturation magnetization of D-
group decreases much faster than that of I-group, suggesting
that there is stronger interaction between BaTiO; and CoFe,O,
in D-group than I-group.

The piezoelectric properties of D-group were investigated by
piezoresponse force microscope (PFM), and compared to those
of I-group at a same composition: i.e. By 57Cg43. Similar results
were also found in other compositions. Fig. 4 shows the PFM
images of D-By 57Cq 43 and I-B 57Cq 43 samples. From the height
data (fig. 4a and fig. 4e), it can be noticed that the grain size of
D-By57Co43 sample is much smaller than that of I-Bjs,Cq43
sample, which is consistent with the SEM results. The distinct
contrast on different grains can be observed in the amplitude
data (fig. 4b and fig. 4f) to distinguish the magnetostrictive

J. Name., year, vol, 00-00 | 3
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CoFe,0, from the piezoelectric BaTiO;. The brown part where
has higher piezoresponse is piezoelectric BaTiO; phase, and the
blue part where has almost no signal is magnetostrictive
CoFe,0, phase. Clear, fig. 4f is much more colourful than fig.
4b and there are obvious interfaces between BaTiO; phase and
CoFe,04 phase in I-B(5,Cy43 sample (fig.4f), while those
interfaces are blurry in D-B(5;C 43 sample. Again, it indicates
that the interfacial connection of two phases in D-Bs7Cg43
sample is tighter. The phase data (fig. 4c and fig. 4g)
correspond very well with the amplitude data (fig. 4b and fig.
4f), revealing ferroelectric domain patterns at BaTiO;
piezoelectric phase region only.

Fig. 4d and fig. 4h show the different amplitude-voltage curves
from both samples, measurement locations are marked in fig.
4c and fig. 4g. The switching PFM measurement was actually
carried out at many different locations for each sample, and
they all showed similar results, we only show one example
here. Larger switching voltage (30V) as well as obviously
restrained amplitude-voltage loop is observed in D-B5,Cq43
sample, while the switching voltage for I-B5,Cp43 sample is
only 5V.
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Fig. 4 Piezoresponse force microscope images of D-By 57Cq .43
(a, b, ¢, d) and I-By57,Cp 43 (e, f, g, h): (a and e) height images,
(b and f) amplitude images, (c and g) phase images, (d and h)
amplitude-voltage curves.
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To further understand the interaction between BaTiO; and
CoFe,0,, the temperature dependent  magnetization
measurement was carried out on both groups under an applied
magnetic field (79600A-m™, larger than the coercive fields of
all samples) during cooling process. Fig. 5 shows the
temperature dependence of magnetization and its first order
differential over temperature (d(M/m)/dT) curves of these
composites. When cooling from 350K to 150K, the
magnetization of all samples keeps increasing, but their
changing tendencies are different. The difference is illustrated
by the -corresponding first order differential curves of
magnetization over temperature.
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Fig. 5 Temperature dependence of magnetization (at
79600A'm™) and its first order differential over temperature
(d(M/m)/dT) curves of (1-x)BaTiO3-xCoFe,O4 composites
from different fabrication processes.

When the temperature decreases to the phase transition point of
BaTiO; (at 275K, from tetragonal phase to orthorhombic
phase), two obvious inflection points occur in the temperature
dependent magnetization curves successively, corresponding to
the peak and drop of the first order differential curves. The
anomaly of magnetization increase tendency originates from
the structure change of BaTiO; at 275K. When the crystal
structure of BaTiO; evolves from tetragonal phase to
orthorhombic phase, the product strain transfers from the

This journal is © The Royal Society of Chemistry [year]
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BaTiO; to magnetostrictive CoFe,O4 through the interfaces,
further affecting the magnetization of CoFe,0,4. Seen from the
insets of first order differential curves of magnetization over
temperature, the influence of structure change of BaTiO; on
magnetization of CoFe,0,4 is much bigger in D-group than I-
group.

We also measured magnetodielectric (MD) properties of our
composites, which can exhibit the ME effect from another
aspect. Jang et al. used this method to study the ME coupling in
La-doped BFO films;*® M. P. Singh et al. studied the
magnetocapacitance effect of  Lay,Cay3;MnO;/BaTiO;
perovskite-superlattices;>* 1. Fina et al. investigated the ME
coupling of BaTiO;-CoFe,0, nanocomposite thin films by
magnetocapacitance measurements too.>> Here, fig. 6 presents
the change in the real part of relative dielectric permittivity of

the (1-x)BaTiOs-xCoFe,O, composites as a function of
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Fig. 6 MD responses of the (1-x)BaTiO;-xCoFe,O, composites at various

magnetic field H at room-temperature. Clearly, the capacitance
is decreasing under a magnetic field. Below a certain critical
probing frequency (10kHz), curves also show a clearly
frequency-dependent MD response: with increasing frequency,
MD susceptibility (the slope of curves in fig. 6) decreases;
whereas higher than the critical value, the MD effect is found to
be essentially independent of the probing frequency. The MD
effect at a low-frequency region (f<<10kHz) can be attributed to
the magnetoresistance effect combined with the Maxwell-
Wagner effect.’® In our composite case, the significant
contribution can come from both phases and the interaction
between them. At the low-frequency region (f<<10kHz), a
dramatically enhanced MD change is observed in D-group,
which originates from its smaller grain size and tighter
interfacial connection.

b
( ) 0 0 = BI].EYCD 33
<05
)
£ 10F —o—|_100Hz
S —e—D_1kHz —o—1_1kHz
¥ —+—D_10kHz ——I_10kHz
I 151 —4—D_1MHz ——I_1MHz
£
201+
'2-5 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
5 -1
H, (10°A-m™)
(d) 0.020 PR PO - oSS . 2
0.016
e 0.012}
5
o7 7043
0.008 L I"Bu,a'co.z 1Mk
’ I'Bo.u'co,ss
I'Bmsfca.as
P33P g g B o B P BB g g I3
0004 1 1 1 1 1 1 1 1
-1 0 1 2 3 4 5 6 7 8
H, (10°Am™)

frequencies. (a) BsCo.2, (b) Bo.s7Co.33 and (¢) By 57Co.43.

(d) Tangent loss (magnetoloss) as a function of H at a frequency of IMHz.

After eliminating the interference from other effects, MD
changes detected above 10kHz can be used to evaluate the
intrinsic ME susceptibility (y,.). Under frequency of 1MHz,
tand of all samples is much less than 0.1 and essentially
independent of H (as shown in fig. 6d). According to the
simplified condition discussed by Jang et al.>® .. can be
calculated by following expression:
[e(H)—&(0))/8(0)=()me/Eo)H

Where E, is the applied excitation signal 2.5V and H is the
magnetic field. After considering the thickness of sample

This journal is © The Royal Society of Chemistry [year]

(0.56mm), we obtain that yx,. of D-Bgs5;Co4s is about
0.16mV-cm™-Oe™ at 26380e or 210038A-m™, which is larger
than that of I-B0'57C0‘43. But for BO.SCOQ and BO467C0433 casces,
MD effects in I-group samples are a slightly higher at the
frequency of 1 MHz. These indicate the complexity of ME
coupling: it is not only affected by the grain size and interfacial
connection, but also influenced by the composition of ME
composites.

From above measurements, BaTiO3;-CoFe,O, composites
synthesized by the simplified one pot solid-state reaction show

J. Name., year, vol, 00-00 | 5
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smaller grain sizes, tighter interfacial connection. Only talking
about the magnetic or piezoelectric properties, D-group is not
as good as I-group. But the strong interaction between two
phases can bring better MD coupling in D-group. Our method
provides a simple and new way to improve strain transfer. Just
alike the double-edged sword, the strong interaction is bad from
one side (magnetic/piezoelectric properties), but good from
another side. Clear, higher ME effect inside a composite
requires three essentials: high magnetostrictive, good
piezoelectric properties from each individual functional phase,
and strong interaction between them. If we cannot
simultaneously achieve the maximum values for all three
essentials, we would better to search an optimum combination
of them.

4 Conclusions

Our results demonstrate that BaTiO;-CoFe,O, multiferroic
composites fabricated by a simplified one pot solid-state
reaction have smaller grain sizes, tighter interfacial connection,
and enhanced MD effect than those obtained via the
conventional two steps solid-state reaction. Due to the direct
mixing and homogeneous distribution of all four basic
chemicals (self-assemble to form two phases via reaction),
different phases will block each other’s growth, leading to
relatively small grain size and much tighter interfacial
connection. The tighter interfacial connection provides
convenience to the strain transferring from the piezoelectric
phase to magnetostrictive one (or in reverse). Better strain
transfer will enhance the MD coupling in composites, indirectly
benefiting the ME performance.
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