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Abstract

Ni, sZn, sFe,0,-BaTiO; (NZFO-BTO) magnetoelectric composite ceramics with different molar ratios
(myzro-mpro = 1:1.5, 1.5:1 and 2:1, defined as N;B; s, N;sB; and N,;B;, respectively) were prepared suc-
cessfully by using a joint hydrothermal method and sol-gel technique and sintering at 1000 °C. Meanwhile, the
dielectric, ferroelectric and magnetic properties of the composites were investigated. The presence of bi-phase
structure in the composites was verified with X-ray diffraction analyses. The scanning electron microscopy
images and energy dispersion spectrum results confirmed that the bulk-like grains (2 to 5 um) and sphere-
like grains (~0.5 um) could be attributed to NZFO and BTO, respectively. The dielectric constant and loss
increased with increasing NZFO/BTO molar ratio because the carrier concentration of NZFO is higher than
that of BTO. Thus, the dielectric constant of the N,B; ceramics is more than 7800 at low frequency of 100 Hz
and room temperature, while only less than 2000 for the N;B; s composite. Two peaks can be observed in the
temperature dependence of the dielectric constant curves. One is near 120 °C, which corresponds to the Curie
temperature of BTO, while the other peak occurs at about 320 °C, corresponding to the relaxation polarization.
The remanent polarization increases with increasing the content of ferroelectric BTO. The maximum value at
1 kHz was observed for the N;B; s sample and it is larger than 4.5 uC/cmZ, while the minimal value was ob-
tained for the N>B; composite and is only 1.2 uCjem?®. Magnetic properties were also measured and it was
observed that magnetization increases with increasing the molar ratio. The largest saturation magnetization
has the N>B; composite (~51.74 emu/g) due to the larger concentration of NZFO phase. However, the sample
N;Bj s shows the largest coercive field due to the highest interface interaction. This study provides guidelines
for the fabrication of NZF O-BTO magnetoelectric composite ceramics.
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I. Introduction such as in spintronics, novel energy storage devices,
sensors, capacitors etc. [1-3]. Especially, multiferroic
materials simultaneously show magnetic and ferroelec-
tric ordering and they can be coupled with each other,
i.e. the magnetic properties can be tuned by electric field
and vice versa, this is called magnetoelectric coupling
(MEC) effect. Many new functional devices can be ex-
plored based on this MEC effect.

Single phase multiferroic materials are limited in

Multiferroic materials with excellent physical prop-
erties attract tremendous interest from both scientific
research and their potential applications point of view,
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practical applications, since their magnetic and ferro-
electric Curie temperatures are much lower than room
temperature [4-6]. Although BiFeO,, as a typical room
temperature single phase multiferroic material, has the
ferroelectric (T¢ ~ 1103 K) and antiferromagnetic (Ty
= 643 K) transition temperatures far above room tem-
perature, the MEC effect of BiFeO; is still very weak.
This is mostly because of its weak magnetization in-
duced by the G-type antiferromagnetic spiral structure
coupled with serious leakage current generated by the
impurities and defects such as oxygen vacancies and
the change in the valence of iron Fe3* »Fe?* [7-9].
Multiferroic properties at room temperature have re-
cently been discovered in barium hexaferrites doped
with diamagnetic cations [10]. Herewith the magne-
toelectric characteristics of M-type hexaferrites fabri-
cated by a modified ceramic technique are more ad-
vanced than those for the well-known room tempera-
ture BiFeO, orthoferrite multiferroic. This is the sim-
plest type of all ferrites with a hexagonal structure. More
than 90% of permanent magnets are produced all over
the world based on this compound. This compound is a
deep semiconductor (~10° Q-cm) at room temperature
with a ferrimagnetic structure and a total magnetic mo-
ment of 20 up in the ground state [11]. However, the ob-
served multiferroic coupling is limited. Therefore, it is
a long-term and arduous challenge to overcome the dif-
ficulties of weak MEC effect in the single phase materi-
als and to exploit new functional materials with strong
MEC effect.

Fortunately, this limitation of MEC effect of the
single phase multiferroic materials may be overcome
in multiphase composite multiferroic materials, which
take advantage of the specific coupling between the in-
dividual components to obtain properties that are absent
in the individual constituent phases [12—14]. A gener-
ally accepted result of MEC effect in composite mul-
tiferroic materials is the product of the magnetostric-
tive effect in the magnetic phase and the piezoelec-
tric effect in the ferroelectric phase [15-17]. Accord-
ing to this statement, the most probable approach to
obtain strong MEC effect is coupling of the interfacial
stress between the ferroelectric and magnetic phases
to an extreme [18-20]. It is quite clear that the cou-
pling effect of multiferroic composite materials depends
greatly on the properties of component phases, such as
the magnetostrictive/ piezoelectric coefficient, magne-
tization/polarization and the coercive magnetic/electric
field of the magnetic/ferroelectric phases. Actually, in
order to obtain excellent multiferroic properties in mag-
netoelectric composites, good ferromagnetic nature, i.e.
large total magnetic moment at operating temperature
(ambient temperature) is also very important.

Till now, several composites have been investi-
gated. For example, Ba(Sr,Ti)O5, BiFeO,, Pb(Zr,Ti)O,
and PMN-PT were generally chosen as the ferroelec-
tric phases, while (La,Sr)MnQO;, (La,Ca)MnO,, NZFO,
MFe,0, (M = Co, Ni, Cu, Zn, Mg, Ca, etc.), Terfenol-
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D and Fe;0, were treated as the magnetic phases [16—
25]. However, in addition to the respective properties
of the component phase, the geometrical phase arrange-
ment in such composites has significant effect on the
coupling effect. It is probably worth pointing out that the
composite in the form of uniformly distributed geome-
try is expected to show improved coupling effect due to
its better phase connectivity, high insulation and larger
interface area. Also, it can overcome the drawbacks of
thermal expansion, grain boundary and so forth [26-28].
In addition, the magnetoelectric composites with proper
molar ratio between the two phases are also anticipated
to present enhanced coupling effect due to its better bal-
anced properties between the two phases, that is, proper
magnetic and ferroelectric properties can be acquired.
Therefore, it is necessary to investigate the effect of
molar ratio on MEC effect in magnetoelectric compos-
ites. However, it was reported that thickness, width and
length of fractions strongly influence the maximum ME
coefficient. Clearly, geometry effects cannot be ignored
in prediction of ME coefficient.

Herein, ferrite NZFO was used for the magnetic
phase. It is a widespread magnetic component due
to its strong magnetostriction and high resistance and
thus strong coupling effect and excellent insulation of
the composites can be expected. BaTiO, (BTO) was
selected as the ferroelectric phase because of its ex-
cellent piezoelectric properties. Hydrothermal method
combined with sol-gel method was used to prepare the
composite ceramics in order to improve the dispersity.
Correspondingly, we make an attempt to explore the ef-
fects of molar ratio of NZFO to BTO (1:1.5, 1.5:1 and
2:1) on the structure, dielectric, ferroelectric and mag-
netic properties of NZFO-BTO based magnetoelectric
composite multiferroics.

II. Experimental procedure

2.1. Synthesis of NZFO-BTO composite particles

All chemical reagents used in this study were
purchased from Sinopharm Chemical Regent Beijing
Co. Ltd., including ferric trichloride (FeCl,-6H,0),
sodium hydroxide (NaOH), ethylene glycol (EG),
ethanol (C,H,O), barium acetate (Ba(CH;COO),),
glacial acetic acid (CH,COOH), titanium butoxide
(TiC,,H,40,), 2-ethoxyethanol (C,H,,0,). All of these
reagents are used without further purification.

Stoichiometric ~amounts of Ni(NO;), -6 H,0,
ZnCl; -6 H,O and FeCl; -6 H,O together with NaOH
(using the molar ratio of 2:1) were dissolved in 70 ml
of EG and stirred constantly to make uniform mixture.
The mixed solution was then sealed in a 100 ml Teflon-
lined stainless steel autoclave, heated in a vacuum
drying oven while the temperature was maintained at
200°C for 10h. After the hydrothermal treatment, it
was cooled down to room temperature naturally. The
obtained black product was washed with ethanol and
deionized water for several times, and then it was dried
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in a vacuum oven at 80 °C for 10 h.

In the next step, C,H,,0, and CH,COOH with the
volume ratio of 4:1 were mixed and then NZFO was
dispersed into the mixed solvent with constant stir-
ring and sonic oscillation for 10 min. Subsequently,
Ba(CH,COO), was dissolved in the mixed solvent to
form Ba precursor solution, stirred well and heated
at 70 °C for 30min to make sure that Ba(CH;COO),
is dissolved completely. Then, TiC,,H,;O, was mixed
with Ba precursor solution and stirred constantly for
30min to form the mixture. The pH value of the pre-
cursor solution is adjusted to be about 3 by adding
HOCH,CH,NH,. Then CH,COCH,COCH, was added
to control the hydrolysis rate. The concentration of
the precursor solution was subsequently adjusted to
0.3 mol/l by adding a certain amount of C,H,,0,. Fi-
nally, the solution was heated and continuously stirred,
resulting in the gelation of BTO on the surface of the
NZFO nanoparticles. The obtained composite sol was
heated at 80 °C to form a gel followed by a heat treat-
ment at 800 °C to burn out the organic solvent and form
NZFO-BTO composite particles with different molar ra-
tios of ferrite and titanate phases (mNzpo:mpro = 1:1.5,
1.5:1 and 2:1, defined as N{B; 5, Ny 5B; and N,B;, re-
spectively).

2.2. Preparation of NZFO-BTO composite ceramics

NZFO-BTO magnetoelectric composite ceramics
with different molar ratios were prepared successfully
by using a joint hydrothermal method and sol-gel tech-
nique (Fig. 1). Firstly, the NZFO-BTO composite parti-
cles were added into distilled water and then ball milled
for 8 h by the planetary ball mill (XQM-4, Tencan pow-
der Co. Ltd, China). After that the obtained slurries were
dried at 120 °C. The composite particles were pressed
at 12 MPa into pellets with the diameter of 10 mm and
the thickness of 1 mm and then the pressed samples
were sintered at 1000 °C for 2h in a chamber furnace
(KBF1700, Nanjing Nanda instrument plant, China).
For the measurement of electric properties and to avoid

\

i

FeCly « 9H,0
pchd

NaOH

Mixing

Ni(NO3), « 6H,0 Heating
P—

&

ZnCly » 6H,0

Ba(CH3€00);  TiC1Hog0,4
— NZFO
=
C4H 100,
[ ‘"1
CH3COO0H

HOCH,CH,NH, CH3;COCH,COCH

the short circuit, the sintered samples were polished,
and then conductive silver paste was respectively pasted
on the upper and lower surfaces in the centre to form
two circular electrodes with the diameter of 6 mm. Then
they were burned at 500 °C for 30 min so as to reduce
the contact resistance between the sample and the elec-
trodes and therefore Ohm contact may be expected. In
this work, five samples of each composite mixture were
tested.

2.3. Characterization

Structural analysis by X-ray diffraction (XRD) was
performed using a D/max 2500 (Rigaku, Japan) with
Cu-Ka; radiation (1 = 1.5406 A). Scanning electron
microscope (FE-SEM, JSM-7800F, JEOL, Japan) was
used to check the surface morphology. The dielectric
properties of the samples were measured by using an
impedance analyser (HP4980A, Agilent, USA) com-
bined with a high temperature system (TZDM-RT-1000,
China). The relative dielectric constant (&,) can be cal-
culated according to the following equation:

_C-d
_80'5

)

&

where C, d and g, are the capacitance, the thickness of
the samples and the vacuum dielectric constant (8.85 X
102 F/m), S is the effective electrode area on the sam-
ple. The ferroelectric properties were measured by fer-
roelectric test system (TF2000, aix-ACCT Inc., Ger-
many). Magnetic hysteresis loops were measured at
room temperature using a vibrating sample magnetome-
ter (VSM).

II1I. Results and discussion

3.1. Structure of prepared composites

X-ray diffraction patterns of the prepared NZFO-
BTO ceramics with different molar ratios are shown in
Fig. 2. It can be seen that the diffraction peaks could be
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Figure 1. Schemes of the process for the fabrication of NZFO-BTO composites
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Figure 2. XRD patterns of NZFO-BTO composite ceramics

with different molar ratios

Figure 3. SEM images of the sintered composites:

indexed to (220), (311), (400), (422), (511) and (440)
planes of NZFO, while the remaining peaks are identi-
fied as (110), (111), (200), (201), (211) and (220) planes
of BTO. This clearly shows that there is no obvious
chemical reaction between NZFO and BTO phases in
the composite samples, and with this resolution limit of
XRD, no obvious impurity phase peak can be observed.
In addition, we note that with increasing the amount
of ferroelectric phase, the intensities of the diffraction
peaks of NZFO phase become weaker while those of
BTO phase slightly increases accordingly. The relative
intensity of the diffraction peaks between NZFO and
BTO varies monotonically with the molar ratio, indicat-
ing the increased concentration of BTO in the compos-
ites with molar ratio decreased.

The SEM images of the NZFO-BTO composite ce-
ramics with different molar ratios are shown in Fig. 3.
It can be seen that all samples were composed of two
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a) N;B;s, b) Ny sB; and c¢) N,B;, with compositions of the selected regions
determined by EDS
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kinds of grains. One is fine grained with the size of
about 500 nm, and the other is larger with the size of
more than 2 um. In addition, the larger grains are strip-
type with the length of more than 4 um when the molar
ratio is 1:1.5, as shown in Fig. 3a. When the molar ra-
tio is 1.5:1, the larger grain is polygonal and the mean
size is above 2 um, as depicted in Fig. 3b. In contrast, it
can be found in Fig. 3c that the larger grain shape be-
comes blocky when the molar ratio is 2:1. In addition,
it is very obvious that the content of smaller grains de-
creases monotonically with the molar ratio increase, in-
dicating that the larger grains are magnetic NZFO par-
ticles, while the smaller grains belong to BTO. More-
over, the average grain sizes of the smaller grains in the
ceramics mainly remain the same while the larger grain
sizes of the specimen decrease at first and then increase
with the molar ratios. This means that appropriate addi-
tion of NZFO into BTO or addition of BTO into NZFO
do not only change the grain shape, but also inhibit the
grain growth and so refine the grains. This result indi-
cates that the microstructure features, such as the grain
size, grain shape and the density can be effectively ma-
nipulated by the recombination of magnetic and ferro-
electric phases, implying the possibility to optimize the
macroscopic performance by the approach of composi-
tion.

Energy dispersive X-ray spectroscopy (EDS) was
used to confirm the composition of large and small
grains in the NZFO-BTO composites. It is found that
the Ni, Zn, Fe and O elements are primary for the parti-
cles with the large grain size, while Ba, Ti and O are the
main elements when the grain is small (Fig. 3a). Simi-
larly, it can be seen from Fig. 3b that that the major ele-
ments of the smaller grains are Ba, Ti and O, thus these
particles with smaller size can be regarded as BTO. Fur-
thermore, Ni, Zn, Fe, Ti and O are the main elements
for the bigger particles, as shown in Fig. 3c. Although
Ti element is observed in these particles, the reason can
be ascribed to the large scanning volume of EDS where
the marginal and overlapped BTO particles have been
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measured. But on the whole, these bigger particles are
mainly categorized as NZFO phase. It can be seen from
the images that the distribution of NZFO and BTO is rel-
atively non-uniform, some agglomerations are formed,
which may be due to the poor dispersion of NZFO in
BTO precursor solution.

3.2. Dielectric and ferroelectric properties

The frequency dependencies of relative dielectric
constant (g,) and loss (tan ) at room temperature for
the prepared ceramics are shown in Fig. 4. One can see
from Fig. 4a that the dielectric constant of all the sam-
ples decreases sharply with the increase of frequency in
the low frequency range, while the dielectric constant
tends to be stable at higher frequencies. This can be at-
tributed to the different responses of various polariza-
tion mechanisms in different frequency regions, and the
polarization relaxation is ascribed to this phenomenon
[29,30]. In general, the polarization mechanism of fer-
roelectric materials includes displacement polarization,
turning-direction polarization and space charge polar-
ization [31]. Among them, the response time of dis-
placement polarization is very short (~107!3s), there-
fore this polarization process can be entirely developed
in the measured frequency range. However, the time
for forming the turning-direction polarization and space
charge polarization is very long (~107>s) compared
with displacement polarization, therefore, these relax-
ation polarizations can only be developed when the fre-
quency is very low.

In the low frequency range, if the resistance of the
grain boundaries is high enough, electrons can accu-
mulate at the grain boundaries because of thermal mo-
tion or field stress and thus polarization is produced.
Whereas, with the increase of frequency, the pile up
effect is reduced because electrons keep on switching
their direction of motion and hence the polarization de-
creases. Another factor contributing to the permittivity
at lower frequencies is the space charge polarization due
to the inhomogeneous dielectric structure and other im-

(b)

Dielectric loss

102 108 104 105 108

Frequency [HZ]

Figure 4. Frequency dependencies of dielectric properties at room temperature of NZFO-BTO composite ceramics with
different molar ratios: a) dielectric constant and b) dielectric loss
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perfections, such as the existence of impurities, poros-
ity and grain structure [32-34]. When a small amount
of free charges stays in the centre of the boundary sur-
face to neutralize each other, a space charge layer will
be formed and thus the space field can be changed,
which is equivalent to increasing the dielectric proper-
ties. At relatively high frequencies, except for the dis-
placement polarization, both the turning-direction and
space charge polarizations cannot be produced. There-
fore, the dispersion in dielectric constant becomes small
and present frequency-independent response. In a word,
the phenomenon of the dispersion in dielectric constant
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is explained on the basis of polarization mechanisms at
different frequencies.

Furthermore, one can note that in the variation of di-
electric constant with frequency there is an intersection
line at about 5000 Hz. This result can be attributed to the
different contributions of polarizations under different
frequencies. The relaxation polarization for the N;Bj 5
composite may be dominant in low frequency region.
The mechanisms of slow polarization relaxation come
from the diffuse of space charges and traps, indicating
the different microstructure between the two specimens.
As mentioned above, the inhomogeneity exists due to
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Figure 5. Temperature dependence of dielectric constant for: a) N;B; 5, b) N; sB; and ¢) N,B; ceramics and dielectric loss for:
d) N;Bys, €) Ny 5B and f) N,B; ceramics
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the impurities, porosity and grain structure, which inten-
sifies the assembling of electrons at the interface, lead-
ing to an enhanced interface polarization. Besides, the
grain size of the ceramics is different, and the size effect
may lead to this phenomenon to some extent. This result
indicates that the slow polarization mechanism is the
major contribution of BTO in the low frequency range,
signifying that the space charges may increase with the
BTO content increasing.

Nevertheless, the dielectric loss measured at room
temperature shows different variation tendency from
that of the dielectric constant, as shown in Fig. 4b. It
is worth noting that the dielectric loss for the N;B; 5
composite is the smallest as a whole, which can be as-
cribed to the minor space charges because of its better
frequency stability of dielectric constant. The SEM im-
ages can also indicate more homogeneous structure as
well as smaller grain size of BTO.

Figure 5 shows the temperature dependence of &,
and tan ¢ of the prepared ceramics measured at different
frequencies. It can be seen that the dielectric constant
and loss of the composites do not change monotonically
with the temperature. Thus, a maximal &, value occurs
at about 350 °C for the frequency of 100Hz, and the
dielectric peak shifts to high temperature range with in-
creasing the frequency, while the peak height decreases
with the frequency. As it was discussed above, the peak
may be related to the relaxation polarization induced by
space charge or oxygen vacancies [35-37]. In the high
temperature range, the dielectric constant and loss in-
crease rapidly with the temperature. This is related to
the increased electronic conduction because more and
more electrons can be excited and migrate from valence
band to conduction band. As a consequence, more elec-
trons will accumulate at the grain boundary and thus
polarization can be enhanced. Simultaneously, the di-
electric loss also increases as a result of the increased
conductivity.

Compared with the composite N;B; 5 (Fig. 5a), the
peak for the sample N; 5B becomes dimmer in the high
frequency range (Fig. 5b). The dielectric constant of
the N,B; composite increases also quickly with tem-
perature, but the dielectric peak cannot be detected, as
shown in Fig. 5c. In addition, the dielectric constant
of the composite N;B; 5 at 250 °C is less than 9000 at
the frequency of 100 Hz, correspondingly, the dielectric
loss is about 2. Similarly, the constants of the compos-
ites Ny sB; and N,B; are more than 10000 and 12000,
respectively. However, the dielectric loss does not show
obvious variation being ~2 at 250 °C for all the samples.
It should be pointed out that in the high temperature
range, all the dielectric constants increase promptly with
temperature and this may be related to the space charge
polarization. As it has been mentioned before that more
space charges can be excited if the temperature is high
enough, in addition, with the increase of temperature,
more and more electrons can be stimulated from the va-
lence band to the conduction band, therefore, the large
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dielectric constant can be generated.

Furthermore, another dielectric loss peak can be ob-
served for all the samples at about 400 °C. The peak po-
sition also shifts to higher temperature range with the
increase of frequency. As it was indicated above, that
the peak corresponding to the low temperature can be
attributed to the relaxation loss which is caused by slow
polarization process such as turning-direction polariza-
tion and space charge polarization. The high tempera-
ture loss peak may be related to the phase transition of
NZFO.

In order to elucidate how the molar ratio affects the
ferroelectric properties, the P-E curves of all the sam-
ples (Fig. 6) were measured at the same frequency
(1kHz). Obviously, although the coercive field (E.) of
all the specimens is nearly the same (~15kV/cm), the
remanent polarization (P,) decreases with increasing the
molar ratio. The maximal value of P, is 4.5 uC/cm2
obtained for the sample N;B;5, while the specimen
N,B; has the minimum P, of 1.2 uC/cmz. Theoretically,
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Figure 6. P-E curves of NZFO-BTO composite ceramics with
different molar ratios
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Figure 7. J-V curves of NZFO-BTO composite ceramics with
different molar ratios
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the remanent polarization of the composites should
decrease with decreasing the content of ferroelectric
phase.

Typical J-V curves indicate that the current density
increases monotonically with the molar ratio increase,
as shown in Fig. 7. When the applied bias field is
28 kV/cm, the values of current density for the samples
N;B;s, N; 5By, and N,B; are 0.4, 0.9 and 2.2 mA/cm?,
respectively. Although many factors can affect the leak-
age current, including defects, such as oxygen vacan-
cies, grain boundaries, pores and interface, these ele-
ments may not be dominant. The reason for the enor-
mous difference in the leakage current of these samples
is that the carrier concentration in NZFO is much higher
than that in BTO due to its smaller band gap. Therefore,
the conductivity of NZFO is larger than that of BTO.
As a consequence, by combining the P-E curves with
J-E curves, it can be concluded that the sample N|B; 5
shows better ferroelectric properties.

3.3. Magnetic properties

The magnetic hysteresis loops of all composite ce-
ramics are shown in Fig. 8. It is interesting to observe
a clear hysteresis loop for the NZFO-BTO magneto-
electric composite ceramics, with very small coercive
magnetic field (H,), representing typical superparamag-
netic character. The values of the saturation magnetiza-
tion (M,) for all the samples can be determined by the
extrapolation of the magnetization curve to zero applied
fields, and the magnetic parameters are listed in Table 1.
It is obvious that both the remanent (M,) and saturation

Table 1. Magnetic parameters of NZFO-BTO composite

ceramics
Sample N1B1.5 N1'5B1 N2B1
M, [emu/g] 30.01 41.81 51.74
M, [emu/g] 0.78 0.98 1.25
H, [Oe] 33.07 30.86 28.98
M;_y [emu/g] 75.02 69.68 77.61
Loss [emu/g-Oe] 1422 2050 2362
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magnetization (M) increase with the increase of mo-
lar ratio, i.e. with increasing the concentration of mag-
netic NZFO phase. However, H, presents the opposite
behaviour.

Generally speaking, the magnetization of NZFO-
BTO composite ceramics is entirely contributed by
NZFO because BTO is a non-magnetic material. There-
fore, the magnetization should be proportional to the
mass fraction of NZFO in this composite ceramics if
there is no interaction between the two phases, and with-
out considering the size effect as well as the different
shapes of NZFO in different samples. The mass fraction
of NZFO (¢,,—n) can be expressed as:

My X ny
my + mp My Xny+ Mg X ng

my

(2)

¢m—N =

where my and mp are the masses of NZFO and BTO
in the composites, respectively, My and My are the mo-
lar masses of NZFO (~230) and BTO (~233), respec-
tively, while ny and np are the molar fraction of NZFO
and BTO in the composites, respectively. Therefore, the
effective saturation magnetization of NZFO (M;_y) is
calculated by:
M,
¢m—N

where M is the saturation magnetization of NZFO/BTO
composites obtained from the M-H curves. The mass
fraction and effective saturation magnetization of NZFO
are also listed in Table 1. It is very strange to find
out that the effective saturation magnetization of NZFO
in the samples is quite different. The effective satu-
ration magnetization of NZFO for the sample N 5B
is the smallest (69.68 emu/g), while the largest value
(77.61 emu/g) is obtained in the specimen N,;B;. Be-
cause the measured magnetization is macroscopic prop-
erty, not for one particle, therefore the abnormal result
cannot be attributed to the heterogeneous distribution of
the magnetic and ferroelectric phase. One possible rea-
son for the disproportionate effective magnetization to

1.5 1 L
—— NyB; //
—N;5B

10- 15B1

—N1B1s

My = 3)

7

".40 -20 0 20 40
H [Oe]

M [emu/g]

Figure 8. Room temperature M-H curves of NZFO-BTO composite ceramics with different molar ratios
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molar ratio may be the presence of interface coupling
effect between the two phases. Proper ratio between the
two phases can induce the largest uncompensated spin
magnetic moment and thus the reduced amount of mag-
netic phase can result in the enhancement of magnetic
properties [37-39].

In general, the magnetization of the composite ce-
ramics should be in direct proportion to the component
of NZFO if there is no interface interaction between
the two phases. However, the magnetization of the sam-
ples is highly deviated from the theoretical values. One
reason may be attributed to the composite effect of
large-scale cationic migration and surface spin disorder.
The existence of non-magnetic perovskite phase BTO is
likely to influence the magnetic properties of the com-
posites because surface spin disorder is often associated
with magnetic nanoparticles [40]. In these magnetoelec-
tric composites, disorder at the surface may be due to
the broken or unsaturated bonds, competing interactions
or different grain boundary microstructures. The surface
spin canting of magnetic nanoparticles is a natural con-
sequence of surface spin disorder.

In addition, it is well known that the complex 3d-
metal oxides easily allow the oxygen excess and/or
deficit. Therefore, oxygen non-stoichiometry greatly af-
fects the magnetic and magnetoelectric properties of
complex oxides [41]. Oxygen excess and deficit can in-
crease and decrease the oxidation degree of 3d-metals.
The changing of charge state of 3d-metals as a con-
sequence of the change of oxygen content alters such
magnetic parameters as total magnetic moment and the
Curie point. Moreover, oxygen vacancies have effect
on exchange interactions. Intensity of exchange inter-
actions decreases with oxygen vacancy concentration
increase. In complex oxides there is only indirect ex-
change. Exchange near the oxygen vacancies is nega-
tive according to the Goodenough-Kanamori empirical
rules. Oxygen vacancies should lead to the formation of
a weak magnetic state such as spin glass.

It may also be observed from Table 1 that the coerciv-
ity (H,) decreases with NZFO concentration in obtained
materials. The highest H, is 33.07 Oe when the ratio is
1:1.5 and it can be ascribed to the large grain size. In ad-
dition, it can be seen from Table 1 that the magnetic loss
increases with increasing the content of NZFO in the
composites. Although the value of H,. for the N;B; com-
posite is the lowest, it has the largest remanent magne-
tization and saturation magnetization, which results in
the highest magnetic loss (2362 emu/g-Oe). In general,
the magnetic loss in ferrite is mainly composed of resid-
ual loss and hysteresis loss. The hysteresis loss results
from the irreversible magnetization in magnetic materi-
als. In quasi-static magnetization, the magnetic loss is
proportional to the area of hysteresis loop. In the mag-
netization cycle of AC magnetic field, there are not only
eddy current loss, but also the acceleration of domain
walls and the loss of elastic energy. Nevertheless, al-
though the magnetic loss increases with increasing the
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content of NZFO, it is not in direct proportion to the
mass fraction of NZFO in the composites. Therefore,
the phenomenon should be related to the stronger inter-
face interaction, thus the increased coercive field will
affect the loss.

IV. Conclusions

NZFO/BTO magnetoelectric multiferroic materials
with different NZFO/BTO molar ratios have been suc-
cessfully prepared by combining hydrothermal method
and sol-gel method. The formation of bi-phase mag-
neto/electric structures after sintering at 1000 °C has
been confirmed by XRD. All ceramics show disper-
sion in dielectric constants and both the dielectric
constant and loss show non-monotonic variation with
the increase of molar ratio. The sample N;B; s, with
NZFO/BTO molar ratio 1:1.5, possesses preferable fer-
roelectric properties and lower leakage current density
compared to other samples due to the larger content of
ferroelectric phase in the ceramics. The sample N,B,
with NZFO/BTO molar ratio 2:1, shows the strongest
magnetization because of stronger interface interaction
and the highest concentration of magnetic phase NZFO.
Thus, these results may provide some valuable informa-
tion for enhancing the magnetoelectric coupling effect
of magnetoelectric composites.
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