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Abstract

Composites having general formula 0.1Nig gZng ,Fe;04—0.9Pb; _3,,Sm,Zr ¢5Tig 3503 with x=0, 0.01, 0.02 and 0.03 were synthesized by a
conventional solid state reaction route. X-ray diffraction analysis was carried out to confirm the coexistence of individual phases and
microstructural study was done by using a scanning electron microscope. Dielectric properties were studied as a function of temperature and
frequency. To study ferroelectric and magnetic ordering in composite samples, P—E and M—H hysteresis loops were recorded respectively.
Maximum magnetoelectric coupling coefficient of 22.5 mV/cm Oe was observed for sample with x=0.03. A significant improvement in
dielectric, ferroelectric, piezoelectric and magnetoelectric properties was observed for Sm substitution.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The study of magnetoelectric (ME) composites is one of the
most popular area in the field of material science and it offers
new ideas for multifunctional materials suitable for a variety of
device applications like magnetic field sensors, multiple state
memory elements, transducers, electro-optic devices, magneti-
cally tuned capacitors, etc. [1-4]. In recent years, a combination
of ferrites and ferroelectric materials has been extensively
studied resulting in magnetostriction induced deformation
(ferrite phase) and the generation of piezoelectric charge (ferro-
electric phase). However, use of magnetoelectric composites for
multifunctional device applications is still limited and various
research groups have been trying to improve magnetoelectric
coupling by suitable substitutions and better control of proces-
sing parameters. After literature survey, it has been observed
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that the studied systems correspond to substituted NiFe,Oy,
CoFe,0,4, MnFe,0,, CuFe,0,, ZnFe,O, with substituted PZT,
PMN-PT, BaTiO;, etc. [5].

For the present work, Nig gZng,Fe,O4 (NZF) is chosen as ferrite
phase having high electrical resistivity, low eddy current losses and
high saturation magnetization [6,7]. Lead zirconate titanate (PZT)
is chosen as ferroelectric phase because it has stronger dielectric
and ferroelectric properties, higher electromechanical coupling
coefficients, higher resistivity, higher Curie temperatures, lower
sintering temperatures and is easier to pole as compared to BaTiO3
[8-10]. It has been found that La™> and Sm ™ (off-valent donors)
substitution in PZT counteracts its p-type conductivity and
increases its electrical resistivity. These substituents results in high
dielectric constant, enhanced coupling factor, high remanant
polarization and square hysteresis loop [11-13]. Thus addition of
La and Sm to PZT phase is expected to give rise to improved
magnetoelectric properties. Results of composites of nickel zinc
ferrite and La substituted lead zirconate titanate (NZF-PLZT) has
already been reported [14]. Here we are reporting the study on
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composites of nickel zinc ferrite and Sm substituted lead zirconate
titanate having general formula 0.1NijgZng,Fe,04—0.9Pb;_3,»
Smxzr0'65Ti0V35O3 (NZF—PSZT) with x= O, 001, 0.02 and 0.03.

2. Experimental
2.1. Material synthesis

The system containing two individual phases (NZF and
PSZT) was synthesized by the conventional solid state reaction
route which has already been described [14].

2.2. Characterization

Experimental density of the samples was determined using
Archimede's principle. X-ray density of the samples was
calculated using the lattice parameters. X-ray diffraction
(XRD) data was recorded using a Philips XPERT-PRO
Diffractogram with Cu-K, (1=1.5406 A). Scanning electron
microscope (SEM) micrographs of sintered samples were
obtained using JEOL JSM 6510LV, Japan. For measuring
electrical properties, the sintered pellets were grounded, lapped
and then electroded properly using silver epoxy on flat surfaces
and subsequent heating at 400 °C for 30 min. The dielectric
properties were measured using an Agilent 4263B LCR meter.
P-E hysteresis loops were recorded at 20 Hz using an
automated P—F loop tracer based on the Sawyer—Tower circuit.
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Fig. 1. XRD patterns for NZF-PSZT samples at room temperature.

Table 1
Structural parameters for NZF-PSZT samples.

For electric poling, samples were heated to 150 °C and a DC
electric field (~15kV/cm) was applied for 1h. Then the
samples were cooled to room temperature in the presence of
field. M—H loops were recorded using a Lake Shore 735 VSM
Controller, Model 662 interfaced with a computer. The
magnetoelectric signal (voltage) was determined as a function
of increasing DC magnetic field (0-2000 Oe) using 7265 DSP
lock-in amplifier in the presence of small AC magnetic field
(Hac=100e at 1kHz). ME coupling coefficient, @ was
determined from the magnetoelectric signal (8V) using the
formula [15]:

LY 1)

a tH ac

where 8V is the magnetoelectric signal (voltage generated by
applying magnetic field), ¢ is the thickness of the sample and
Hc is the AC magnetic field.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the room temperature XRD patterns for NZF—
PSZT samples. The analysis shows that all samples are
polycrystalline, composed by mixtures of cubic spinel NZF
phase and rhombohedral perovskite PSZT phase and no extra
peak other than diffraction peaks corresponding to pure phases
(NZF and PSZT) was found which indicate that no chemical
reaction had occurred between the constituent phases during
sintering of NZF-PSZT composites.

The ionic radius of Sm™? (138 pm) is smaller than that of
Pb™? (163 pm), hence slight shifting in diffraction peaks
corresponding to PSZT phase towards higher angle side is
observed for higher Sm content. This indicates the slight
decrease in lattice constant corresponding to PSZT phase as
shown in Table 1. The variation in the values of lattice
constant corresponding to NZF phase may be due to stress
induced by a non-ferrite phase (PSZT) [16]. The experimental
density, X-ray density and relative density values were
determined for all samples and are given in Table 1.
Such variations in density value are already observed for
NZF-PLZT samples [14].

The SEM micrographs of the freshly broken surfaces for
samples with x=0.01 and 0.03 are shown in Fig. 2. The
micrographs show closely packed and well oriented grains.
The shape, size and distribution of grains confirm the poly-
crystalline nature. Individual phases (NZF and PSZT) cannot

X 0 0.01 0.02 0.03
Lattice constant (A) (NZF phase) 8.35 8.34 8.34 8.33
Lattice constant (A) (PSZT phase) 4.10 4.10 4.09 4.09
Exp. density (g/cc) 6.88 6.91 6.89 7.04
X-ray density (g/cc) 7.75 7.72 7.71 7.69
Relative density (%) 88.8 88.2 89.4 91.5
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be distinguished in SEM micrographs because of the small
concentration of NZF phase.

3.2. Dielectric properties

The temperature variation of dielectric constant (¢’) and loss
(tan 6) at three selected frequencies (1, 10 and 100 kHz) is
shown in Fig. 3. For all samples, as temperature increases,
value of dielectric constant increases, attains a maximum at
certain temperature (ferroelectric—paraelectric transition in
PSZT phase) and then decreases with further increase in
temperature. Increase in dielectric constant with increase in
temperature in the paraelectric region can also be seen from
graphs at 1kHz frequency that could be related to a low
frequency relaxation process. High values of dielectric loss in
paraelectric region may be attributed to thermal conductivity
losses at elevated temperatures due to the presence of NZF
phase. The values of ferroelectric Curie temperature (7.), room
temperature dielectric constant (¢'rr), dielectric constant at 7.
(&' max), room temperature dielectric loss (tan dgr) and dielec-
tric loss at 7. for all samples are given in Table 2 for
comparison.

Decrease in T, is observed with increase in Sm substitution
which is due to shrinkage in PZT lattice volume and substitu-
tion of smaller ionic size Sm™> at Pb site. The values of ¢’ and
tan 6 given in Table 2 show that Sm substitution results in
improved dielectric properties for the given NZF-PSZT
composite system.

The typical room temperature variation of dielectric constant
(¢') and loss (tan o) as function of frequency (10>-10° Hz) is
depicted in Fig. 4. It is found that as frequency increases,
dielectric constant decreases which accounts for the normal
behavior of dielectric materials. Further, if we compare the
variation of ¢’ and tan § with frequency for unsubstituted sample
(x=0) with that for substituted ones (x=0.02 and 0.03), it is
observed that the dispersion is decreasing with increase in Sm
substitution which can be explained on the basis of the fact that
Sm substitution reduces the number of Pb vacancies and
counteracts the p-type conduction in PSZT phase resulting in
decrease in low-frequency dispersion [12,17]. Similar trends in
variation of dielectric properties with frequency are observed for
many ferrite-ferroelectric bulk composites [18-20]. NZF-PSZT

1\5533 \\ x10,000 1::21‘L —
x=0.03
Fig. 2. SEM micrographs for NZF-PSZT samples with x=0.01 and 0.03.

samples with x=0.02 and 0.03 are suitable for low loss
applications in the above given frequency range.

3.3. Ferroelectric properties

To study ferroelectric behavior of NZF-PSZT composite
samples, room temperature P—E hysteresis loops were recorded
for all the samples and are shown in Fig. 5. P—E loops obtained
for all composite samples are unsaturated which may be due to
the defects created by the NZF phase because the P—E loops
obtained in composites are due to the presence of PSZT as
ferroelectric phase and NZF as non-ferroelectric phase. Similar
loops were recorded by many research groups [21-23]. It is
also observed that the P-E loops are asymmetric about the
origin which may be attributed to the internal bias field
developed in the ferroelectric phase due to defects [16,24]
present in the samples having non-ferroelectric phase. Values
of remanant polarization (P,) and coercive field (E.) were
determined from P—E loops for all the samples and are given in
Table 3. With increase in Sm substitution (x), increase in P,
and decrease in E. was observed except for x=0.03. The
reason for increase in P, and decrease in E. is due to the
softening effect of Sm™> resulting in creation of A-site
vacancies. It is also well reported in literature that substituents
like La and Sm make the materials more soft i.e. increase in P,
and decrease in E, [25].

3.4. Ferromagnetic properties

To study magnetic behavior of NZF-PSZT composite
samples, room temperature M-H hysteresis loops were
recorded for all samples and are shown in Fig. 6. All the
samples show well defined ferromagnetic behavior and con-
firm the existence of magnetic ordering in the mixed ferrite-
ferroelectric composite system. Values of remanant magnetiza-
tion (M,), saturation magnetization (M) and coercive field (H,)
were determined from M-H hysteresis loops and are given in
Table 3. Small values of H. for these samples indicate their
soft magnetic behavior. Also, with Sm substitution (x), random
values of M, and M, are observed. This behavior can be
understood in terms of the fact that M—H hysteresis loops in
NZF-PSZT composites are obtained mainly due to the
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presence of NZF as magnetic phase while Sm is substituted in
ferroelectric phase, PSZT (non-magnetic phase).

3.5. Piezoelectric properties

The values of piezoelectric charge coefficient (d33) for NZF—
PSZT composites are listed in Table 3. The d3; values are
compositional dependent because the composition influences
the dielectric permittivity, electrostrictive constant and sponta-
neous polarization. These parameters are directly related to d3;3
coefficients. As Sm substitution (x) increases from 0 to 0.03,
the dz3 values increases from ~72 pC/N to ~92 pC/N.

3.6. Magnetoelectric properties

Fig. 7 shows the typical variation of ME coupling coeffi-
cient (o) with applied DC magnetic field for all samples
at room temperature. The appearance of ME signal in
NZF-PSZT composites is due to the strain induced in
magnetostrictive phase (NZF) by applied magnetic field which
leads to polarization in the piezoelectric phase (PSZT). Initially
a increases for lower magnetic field values, reaches to
maximum and then starts decreasing for higher magnetic field
values for all samples. The curves show a maximum at DC
magnetic field in the range of ~800-950 Oe.

The maximum value of « is given in Table 3 for all samples.
As Sm substitution (x) increases, increase in « is observed
which can be attributed to the piezoelectric properties. Sample
with x=0.03 exhibited the highest ME coupling coefficient
due to the fact that its piezoelectric charge coefficient (ds;3) is
higher as compared to other samples. These results are in fair

Table 2
Dielectric parameters for NZF-PSZT samples at 100 kHz.

X 0 0.01 0.02 0.03
T. (°C) 408 401 375 362
&'RT 590 550 740 825
€ max 7635 5740 7025 5950
Tan gt 0.03 0.01 0.01 0.02
Tané at T, 0.22 0.21 0.15 0.11
1050 —
—<—x=0.01
—»—x=0.02
900 }%g —e—x=0.03
- 750 4
w

600

et adenad

450
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frequency (Hz)
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agreement with the theoretical prediction [26]. Maximum « of
22.5 mV/cm Oe is observed for the sample with x=0.03 and is
higher as compared to those reported for bulk ferrite—ferro-
electric composites in literature [27-31].

4. Conclusion

NZF-PSZT composites synthesized by the conventional
solid state reaction method were characterized by XRD and
SEM for structural and microstructural analysis respectively.
Sm substitution results in improved dielectric, ferroelectric,
piezoelectric and magnetoelectric properties. Observation of
both P-E hysteresis loops and M—H hysteresis loops indicates
the presence of ordered ferroelectric and magnetic behavior in
the mixed ferrite—ferroelectric composite system. The genera-
tion of electric field by applying DC magnetic field is the
evidence for magnetoelectric coupling between the constituent
phases. The investigated composites showing large ME
coupling coefficients seem to be very attractive for applications
in multifunctional devices.
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Fig. 5. Room temperature P—E hysteresis loops for NZF-PSZT samples
at 20 Hz.
0.60 1 DY
—»—x=0.02
—e—x=0.03
0.45 -

0.30

- -
10* 10°

frequency (Hz)

-
10°

Fig. 4. Variation of dielectric constant (¢") and loss (tan §) with frequency for NZF-PSZT samples at room temperature.
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NZF-PSZT samples.

Table 3
Ferroelectric, piezoelectric, magnetic and ME parameters for NZF-PSZT
samples at room temperature.

Parameters 0 0.01 0.02 0.03
P, (uClem?) 1.1 1.3 1.7 2.7
E. (kV/cm) 4.6 34 33 4.6
M, (emu/g) 0.09 0.11 0.10 0.12
M, (emu/g) 3.7 39 3.7 4.6
H. (Gauss) 30 30 30 30
ds3 (pCIN) 72 75 83 92

a mV/(cm Oe) 6.7 10.5 16.7 22.5
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