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Abstract

Multiferroic ceramics in BaO-Y,03;-Fe,03;—Nb,0O5 system were synthesized and their dielectric, ferroelectric and magnetic properties were
evaluated. XRD results showed that the ceramic composite consists of a major phase of tetragonal tungsten bronze structured Ba, YFeNb,O 5, and
minor phases of monoclinic YNbO, and hexagonal Ba;Fe,NbgO,,. Three dielectric relaxations were observed in the temperature range from 125 to
575 K. The relaxor dielectric behavior in the temperature range from 125 to 350 K was attributed to the random occupation of Fe>* and Nb>* jons at
B site of the tungsten bronze structure. The electrode polarization and the inhomogeneous structure contributed to the high-temperature and
middle-temperature dielectric relaxations, respectively. Both the ferroelectric hysteresis loop and the magnetic hysteresis loop were measured,
which suggested that the synthesized ceramic composite was a promising candidate of multiferroics.
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1. Introduction

The interesting physics and the potential applications in
multifunctional devices have resurrected the research activ-
ities of multiferroic materials, which simultaneously exhibit at
least two ferroic orders (ferroelectric, ferromagnetic, or
ferroelastic) [1-3]. Multiferroic single-phase compounds are
rare due to the mutual exclusive of the ferroelectric ordering
and magnetic ordering, and most of them only exhibit
multiferroicity at very low temperatures [4—7]. On the other
hand, multiferroic composites, which incorporate both ferro-
electric and magnetic compounds, typically demonstrate
ferroelectric and magnetic ordering and larger magnetoelectric
coupling response at room temperature [8—10]. Promising
applications of these composites include magnetic field
sensors, transducer, filters, oscillators, phase shifters, memory
devices, and so on.

In the past decades, multiferroic composites consisting
of ferroelectric ceramics and magnetic ferrites have been
investigated in various systems, such as (a) piezoelectric
ceramics (e.g., Pb(Zr,Ti)O;, BaTiO;, Pb(Mg,Nb)O;,
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(S1,Ba)Nb,Os) and ferrites, (b) piezoelectric ceramics and
magnetic metals/alloys (e.g., Terfenol-D and Metglass), (c)
piezoelectric ceramics and Terfenol-D and polymer, and so
on [8—15]. In the simple 0-3 particulate ceramic composites,
the interdiffusion and/or chemical reactions between the
ferroelectric phases and ferrite phases during high-tempera-
ture sintering may deteriorate the properties of the ceramic
composites. Moreover, large thermal expansion mismatch
between them results in hard-sintering and leads to the
formation of microcracks [8].

Recently, spark plasma sintering (SPS) with the merits of
low sintering temperature and very short sintering time has
been employed to fabricate fully dense multiferroic compo-
sites and avoid possible reactions between ferroelectric phases
and magnetic phases [16—19]. By using the wet-chemical
processing, in situ synthesis of multiferroic composites has
been achieved and a three times larger magnetoelectric (ME)
voltage coefficient was observed in the in sifu synthesized
samples [10]. The in situ synthesis of multiferroic composite
was reported by Josse et al. in Ba,L.nFeNb,O;5 (Ln =rare
earth) system [20,21].

In the present paper, the in situ synthesis of multiferroic
composite in BaO-Y,03;-Fe,03;-Nb,0s system was investi-
gated. The dielectric, ferroelectric and magnetic properties of
the composite were evaluated.
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2. Experimental

High purity BaCOs, Y,03, Fe,O3 and Nb,Os were used as
the raw materials. Stoichiometric mixture of the raw powders
with nominal composition Ba,YFeNbsO;5 was ground in
distilled water for 24 h in a ball mill with ZrO, balls. The
grounded powders were dried and calcined at 1250 °C in air for
3 h and ball-milled again. The dried powders were pressed into
cylindrical compacts of 12 mm in diameter and 1-2 mm in
thickness under a pressure of 98 MPa with the addition of
5 vol% polyvinyl alcohol as binders. These compacts were then
sintered from 1200 to 1300 °C in air for 3 h. Some samples
were silver pasted or gold sputtered for dielectric and
ferroelectric measurements.

Crystalline phases of the sintered ceramics were identified
by powder X-ray diffraction (XRD) analyses (D/max 2550 PC,
Rigaku Co., Tokyo, Japan). Data collection for Rietveld
refinements was performed by 0.02° step with counting time of
2 s over the range of 20 = 5-130°. The FULLPROF program
was used for Rietveld structural refinement [22].

Dielectric properties were characterized in the temperature
range from 125 to 570 K at 1 Hz—1 MHz with a broadband
dielectric spectrometer (Turnkey concept 80, Novecontrol
Technologies GmbH & Co. KG, Hundsangen, Germany). A
ferroelectric test system (Premier II, Radiant Tech. Inc., NM,
USA) was used for ferroelectric measurement at 1 Hz.
Magnetization measurement was carried out with a magnetic
property measurement system (MPMS-XL-5, Quantum
Design, San Diego, CA, USA).

3. Results and discussion

Rietveld refinement of the XRD data of the sintered ceramic
composite (hereafter referred to BYFN ceramics) was carried out
in three phases model with a final difference and a profile fit in
Fig. 1. The good agreement between the calculated and observed
pattern with R,=7.13%, R,,=9.41%, R..,=3.94%, and
x*>=5.70 is observed. The refinement results demonstrate that
the BYFN ceramics consist of three phases, Ba,YFeNb,O5
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Fig. 1. Observed (open circles), calculated (solid lines), and difference (bottom
line) of X-ray powder diffraction patterns for BYFN ceramics. The up, middle
and bottom tick marks represent the position of all possible Bragg reflections
of Ba,YFeNb,O;s (72.71(0.48) wt%), YNbO, (18.53(0.17) wt%) and
BazFe,NbgO,; (8.76(0.10) wt%) respectively.

Table 1

Crystallographic data and structure refinement parameters for Ba,YFeNb4Os.

Crystallographic data
Space group

P4bm (no. 100)

a (A) 12.58434 (3)
¢ (A) 3.98491 (10)
V (A) 631.073 (3)
Data collection
Temperature (°C) 25
Measuring range (°) 5-130
Step (20) (°) 0.02
Integration time (s) 2
Rietveld data
Program FULLPROF
Number of independent reflections 962
Number of independent parameters 48

Function for background level
Function for peak shape
(H*=Utan® 6+ Vtan 6+ W)

Polynomial 5-order
Pseudo-voigt

U 0.0785 (5)
v —0.0287 (5)
w 0.0216 (6)
R, (%) 7.15
R, (%) 9.43
Reyp (%) 3.95
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(72.71(0.48)  wt%), YNbLO, (18.53(0.17) wt%) and
BazFe,NbgO,; (8.76(0.10) wt%). The crystallographic data of
the major phase of Ba,YFeNb,O,s and structure refinement
parameters are shown in Table 1. The major phase of
Ba,YFeNb,O,5 has a tetragonal tungsten bronze structure with
the space group P4bm. The unit cell parameters derived for
Ba,YFeNb,O,s were: a=12.58434(3) A, ¢ =3.98491(10) A
and the volume V =631.073(3) A. Table 2 shows the atomic
parameters of the proposed structure for the refinement, as well as
the isotropic thermal parameters and relative occupancies. In the
tetragonal tungsten bronze structure with a general formula
(A1),(A2)4(C)4(B1),(B2)g050: the trigonal interstices C are
empty, the pentagonal interstices Al are occupied by Y>*, the
tetragonal interstices A2 are occupied by Ba®*, and the
octahedral sites are statistically occupied by Fe** and Nb’*.
The YNbO, and BasFe,NbgO,; have monoclinic unit cell and
hexagonal unit cell respectively.

Fig. 2 shows the temperature dependence of the dielectric
constant and dielectric loss of BYFN ceramics from 1 Hz to
100 kHz. Three dielectric relaxations with strong frequency
dispersion are observed in the temperature range from 125 to
575 K. For description, the three dielectric relaxations are named
as low-temperature (LT) dielectric relaxation, middle-tempera-
ture (MT) dielectric relaxation and high-temperature (HT)
dielectric relaxation. The HT dielectric relaxations around
500 K disappear at frequency higher than 400 Hz, suggesting
that this dielectric relaxation may be attributed to the electrode
polarization. Fig. 3 shows the frequency dependence of the
dielectric constant of BYFN ceramics with paste silver and
sputtered gold contacts. Although the results from different
measurements agree at high frequencies, the significant devia-
tions at lower frequencies are observed. This confirms that the HT
dielectric relaxation results from the electrode polarization.
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Table 2

Atomic coordinates, isotropic thermal parameters and relative occupancies from XRD data for Ba,YFeNb,O;s.

Atom Wyckoff position x y z Biso (10%2) Occupies
Y1 2a 0.00000(0) 0.00000(0) 0.00000(0) 0.022(6) 0.250(0)
Bal 4c 0.17424(13) 0.67424(13) 0.98160(3) 4.904(8) 0.500(0)
Fel 2b 0.00000(0) 0.50000(0) 0.50868(4) 3.791(12) 0.050(0)
Nbl 2b 0.00000(0) 0.50000(0) 0.50868(4) 3.791(12) 0.050(0)
Fe2 8d 0.07584(17) 0.21407(17) 0.46320(2) 2.648(6) 0.200(0)
Nb2 8d 0.07584(17) 0.21407(17) 0.46320(2) 2.648(6) 0.200(0)
Ol 2b 0.00000(0) 0.00000(0) 0.00082(15) 1.292(2) 0.250(0)
02 4c 0.28554(9) 0.78555(9) 0.56773(6) 1.292(2) 0.500(0)
03 8d 0.07773(10) 0.21152(9) 0.01718(6) 1.292(2) 1.000(0)
04 8d 0.32160(10) 0.01644(8) 0.59026(4) 1.292(2) 1.000(0)
05 8d 0.1441109) 0.08157(10) 0.43538(5) 1.292(2) 1.000(0)

The characteristic temperature of the MT dielectric relaxation
shifts to higher temperatures and the magnitude of the dielectric
constant decreases with increasing frequency. As shown in
Fig. 2(b), the dielectric loss peak of the MT dielectric relaxation
shifts to higher temperature with increasing frequency, indicating
that the MT dielectric relaxation is thermally activated. The
variation of (tan 8),.x Of frequency versus 1000/T is shown in
Fig. 4. This variation well follows the Arrhenius law:

f = foett (1)

where f is the relaxation frequency at an infinite temperature,
E, is the activation energy, and kg is the Boltzmann constant.
The fitting parameters are E, = 0.45 eVand f, = 1.33 x 10° Hz.
Considering its giant low frequency response and activation
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Fig. 2. Temperature dependence of dielectric constant and dielectric loss at
various frequencies for BYFN ceramics. The insets show the low temperature
(LT) dielectric relaxation.

energy, the middle dielectric relaxation is most likely arises
from the inhomogeneous structure, such as the interface be-
tween different phases or the grain boundaries.

The LT dielectric relaxation is clearly shown in the insets of
Fig. 2. These curves illustrate a typical relaxor behavior where
the dielectric constant decreases and the maximum dielectric
constant temperature 7, shifts to high temperature with the
increase of frequency, indicating a diffuse phase transition
(DPT). The DPT can be described by modified Curie—Weiss
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Fig. 3. Frequency dependence of dielectric constant of BYFN ceramics with
silver-paint (solid symbols) and sputtered gold contacts (open symbols) at
selected temperatures.
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Fig. 4. Variation of (tan §),,x of frequency versus 1000/7 for middle-tempera-
ture dielectric relaxation of BYFN ceramics. Symbols are the experimental
points and solid line is the Arrhenius fit.
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Fig. 5. Variations of log(1/ — 1/,,,,,) with log(T — T,,,.,) at typical frequencies
for BYFN ceramics. T,,,, is the temperature corresponding to the dielectric
constant maximum, £p,.x. Symbols are the experimental points and solid lines
are the fitting lines.

law [23]

1 1 T — Toax)”

,,7:ﬂ (2)
€ Emax C

where ¢ is the dielectric constant, 7 is the temperature, &,,,, is
the maximum ¢ value at T=T,,,,, C is the modified Curie—
Weiss constant and y is an exponent that can vary from 1, for
normal ferroelectrics to 1-2 for relaxor ferroelectrics. The
variation of log(1/¢ — 1/¢,,,,,) with log(T — T,,,.,) and the values
of y obtained from the slope of the curves at various frequencies
are shown in Fig. 5. All the y values are close to 2, confirming a
typical relaxor ferroelectric behavior. In addition, the y value
slightly decreases with increasing frequency, which is not
consistent with that of the well-known relaxor, such as
PbMg,,3Nb,/305 [23-25]. The dependence of y value on the
frequency has also been observed in other tungsten bronze
compounds [26]. Further investigation is needed to explain this
phenomenon. As shown in Fig. 6, the frequency dependence of
T,,.x 1s found to be well obey the Vogel-Fulcher relation [27,28]
f= fodT T )
where f is the preexponential term, E,, is the activation energy
for polarization fluctuation of an isolated micropolar region,
T,.ax 1s the temperature of the dielectric constant maximum, kg
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Fig. 6. Inverse of dielectric maximum temperature as a function of measure-
ment frequency for BYFN ceramics. Symbols are the experimental points and
solid line is the fitting line.
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Fig. 7. P-E loops of BYFN ceramics measured at selected temperatures.

is the Boltzmann constant, and 7T is the Volgel-Fulcher tem-
perature, i.e., the static freezing temperature. The value of E,, T;
and f, for BYFN ceramics are found to be 0.030 eV, 138.7 K
and 2.26 x 10® Hz, respectively.

The major phase of Ba,YFeNb,O;s in BYFN ceramics
possesses a tungsten bronze structure and the random occupation
of Fe®* and Nb>* ions at B site is confirmed by the structure
refinement (Fig. 1). The contribution of the cationic disorder at
site A or site B to the diffuse, frequency dependence dielectric
behavior has been reported by many authors [26,29-33]. Thus
the relaxor dielectric behavior in the temperature range from 125
to 350 K of BYFN ceramics can be attributed to the random
distribution of Fe** and Nb* ions at B site. The random
distribution of Fe®* and Nb’* ions also causes the local
compositional disorder and unequally distributed electrical
charges, which lead to the appearance of micropolar regions by
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Fig. 8. (a) Magnetization curves of BYFN ceramics. FC and ZFC refer to field
and zero-field cooling measurements. (b) M—H loop of BYFN ceramics at room
temperature.



Y.J. Wu et al./Ceramics International 36 (2010) 2415-2420 2419

breaking the long-range polar order. As shown in Fig. 7, the
ferroelectric hysteresis loops measured in the extended Curie
region indicate that the micropolar clusters exist above T
which is a typical ferroelectric-relaxor characteristic.

Magnetization curves of BYFN ceramics were measured at
1000 Oe by field and zero-field cooling and shown in Fig. 8(a).
Fig. 8(b) shows the M—H loop of BYFN ceramics at room
temperature. The value of remnant magnetization and coercive
magnetic fieldis 1.609 emu/g and 2.010 kOe, respectively. The
magnetic response of BYFN ceramics may be due to the
presence of magnetically ordered Fe ion in Ba, YFeNb,O,5 and
BasFe,NbgO,;. As Fe’* is paramagnetic, any Fe’*—O-Fe®*
superexchange interactions will be antiferromagnetic in
nature. In the distorted tungsten bronze structure, the change
of the angle of Fe**—-O-Fe®" bond may result in the net
magnetization in the BYFN ceramics [34]. The simultaneous
observation of the ferroelectric and magnetic hysteresis loop
reveals that BYFN composite is a promising candidate of
composite multiferroics.

Emax

4. Conclusions

Ceramic composite consists of Ba, YFeNb,O,5, YNbO, and
BasFe,NbO,; was synthesized by the conventional solid-state
reaction method. Three dielectric relaxations were observed in
the temperature range from 125 to 575 K. The high-temperature
and middle-temperature dielectric relaxation can be attributed
to the electrode polarization and the inhomogeneous structure,
respectively. The random distribution of Fe** and Nb* ions at
B site of the tungsten bronze structure contributed to the relaxor
dielectric behavior of BYFN ceramic at low temperatures. The
observation of the ferroelectric hysteresis loop and the
magnetic hysteresis loop suggests that the synthesized ceramic
is a promising candidate of multiferroics.
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