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Abstract

Single-phase multiferroic BiFeO; nanoparticles were synthesized by the sol-gel method. Their dielectric properties are investigated in
the temperature range of 373-773 K at frequencies 12.4-18 GHz. Multiferroic BiFeO; shows high dielectric loss and a strong positive
temperature dependence of dielectric properties. The average real and imaginary permittivities of BFO increase from 15.5 and 5.5 to 21.8
and 11.4, respectively. The high dielectric loss below 773 K is ascribed to the defect relaxation loss rather than the leakage current
conventionally considered. The calculated attenuation results suggest that BFO nanoparticle is a promising microwave absorber at high
temperatures.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Multiferroic materials, which combine ferromagnetic and
ferroelectric features, have attracted much attention because
of their potential applications in data storage, spin valves,
quantum electromagnets, and microelectronic devices [1-6].
Perovskite-type BiFeO; (BFO) is the most important room-
temperature multiferroic material due to its high ferroelectric
Curie temperature (T¢~1103 K)[7] and G-type anti-ferro-
magnetic Néel temperature (7n~647 K), [8] which are
beneficial for many applications. However, the macroscopic
magnetization of BFO is canceled, and the observation of
linear magneto-electric effects is inhibited, due to the com-
bined spatially modulated spiral spin structure with an
incommensurate wavelength of 1~ 62 nm [9]. Moreover, the
low resistivity of BFO is another problem because of oxygen
non-stoichiometry. Therefore, BFO could not be exploited
for any novel application. Many attempts have been made to
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resolve these problems, including the synthesis of single phase
BFO [10], cation doping [11-16], and forming solid solutions
with other materials [17-20]. Recently, intensive research has
focused on the dielectric properties, electromagnetic inter-
ference shielding, and microwave absorption at GHz fre-
quencies to protect the environment and sensitive circuits
from radiation emitted from telecommunication apparatuses
[21-24]. In particular, the dielectric properties of BFO
material in the GHz region have also attracted considerable
interest [25-27]. BFO may be a possible candidate for
potential high-temperature microwave applications due to
its high Curie temperature and high Néel temperature.
However, little literature has been reported on the high-
temperature dielectric property of BFO at GHz, while the
study of BFO has become more significant on microwave
applications.

In this study, we report the dielectric properties of multi-
ferroic BFO nanoparticles in the range of 12.4-18 GHz (the
Ku band) at high temperatures from 293 to 773 K. It was
found that the BFO exhibited high dielectric loss and a strong
positive temperature dependence of its dielectric properties at
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the frequencies investigated, and the origin of the observed
dielectric relaxations is discussed.

2. Experimental procedure

The BFO nanoparticles were synthesized by the sol-gel
method. Bismuth nitrate (Bi(NO;3);-5H>O) and iron
nitrate (Fe(NOj);-9H,0) in suitable stoichiometric pro-
portions were dissolved in 2-methoxyethanol (C3;HgO,).
Appropriate amount of citric acid and 2-methoxyethanol
was used to adjuste the pH of the solution to about 4, and
polyethylene glycol was subsequently added as a disper-
sant. The mixture was stirred for 30 min at 50 °C to form
the sol. The sol was dried at 80 °C for 48 h to form a dried
gel. This gel was calcined at 300 °C and then sintered at
500 °C for 2 h to form the product.

The structure and morphology of the BFO nanoparticles
were investigated by X-ray diffraction (XRD, X’Pert
PRO, Cu-K,) and high-resolution transmission electron
microscopy (HRTEM, JEM-2010). For the measurements
of DC conductivity, the BFO powders were pressed into
pellets with a diameter of 10 mm and a thickness of 0.74 mm.
The DC conductivity measurements of BFO nanoparticles
were carried out using an Agilent 34970A multi-meter. For
measurements of the dielectric properties, the BFO powders
were pressed into pellets with dimensions of 15.20 mm x 7.56
mm x 2.26 mm and then annealed at 500 °C for 30 min. The
complex permittivity (real part ¢ and imaginary part £”) of
BFO nanoparticles was assessed on a vector network analyzer
(ANRIGSU 37269D) using a test apparatus described else-
where [28].

3. Results and discussion

Fig. 1(a) shows a typical TEM image of the as-prepared
nanoparticles. It is observed that the samples are spherical
particles with an apparently slightly rough surface, and the
grain size is around 60—120 nm. The XRD patterns of the
samples reveal that the nanoparticles are made of highly
crystallized BFO, as shown in Fig. 1(d). All the diffraction
peaks are perfectly indexed as a rhombohedrally distorted
perovskite with space group R3c¢ (No. 161) and lattice
parameters a=15.582(4) A c=13.876(7) A. There is no
evidence of impurity phases in the samples, such as
Bi>Fe,O9 and Bi,Os. The high-resolution TEM (HRTEM)
image (Fig. 1(b)) shows the clearly resolved crystalline
domains with a uniform inter-planar spacing of 0.39 nm,
which correspond to the (012) plane of the BFO crystal.
Fig. 1(c) shows a selected-area electron diffraction (SAED)
pattern of a typical individual particle, which can be
indexed to the [421] zone axis of BFO. The sharp diffrac-
tion spots indicate that BFO nanoparticles were well-
developed in a single-crystal structure.

Fig. 2 shows the complex permittivity of BFO in the Ku
band at various temperatures. It is observed that, at 293—
773 K, both real permittivities ¢ and imaginary permittivities
¢” have a relatively small change at different frequencies.
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Fig. 1. (a) TEM image, (b) HRTEM image, (c) selected-area electron
diffraction (SAED) pattern, and (d) XRD pattern of BiFeO3 nanoparticles.

However, ¢ and ¢&” increase obviously with increasing tem-
perature at all the frequencies investigated. The average real
and imaginary permittivities of BFO increase from 15.5 and
5.5 to 21.8 and 11.4, respectively. Therefore, ¢ and ¢” depend
weakly on frequency, while they rely heavily on temperature.
According to the Debye equation, ¢ depends on the polariza-
tion relaxation time:

’ ’ 8;—8/
& ((,O) gs+ 1+CO2‘52(T) > ( )

’

where 8;, is the relative static permittivity, ¢ is the relative
optical permittivity, w is the angular frequency, and (7) is the
temperature-dependent relaxation time, which is the inverse of
the angular frequency of maximum dielectric loss. As a large
number of oxygen vacancies exist in the crystal structure of
BFO [29,30], the relaxation time is dominated by defect
relaxation in the Ku band. The defect relaxation time can be
expressed as [31]

©(T) = Aexp [ 2)

(T-Ty)" 2}
where A is the minimum relaxation time (it would reach at an
infinite temperature), B is the effective activation energy, and
Ty is the Vogel temperature. From Egs. (1) and (2), it is found
that the defect relaxation time decreases with increasing
temperature, resulting in an increase in ¢ of BFO.
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Fig. 2. Frequency dependence of (a) real permittivity ¢ and (b) imaginary

permittivity ¢” for BiFeO5 nano-particles at different temperatures (293 K,
373K, 473 K, 573 K, 673 K, and 773 K).
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Fig. 3. Temperature dependence of the dielectric loss tangent, tan J, for
BiFeOj3 nano-particles.

Fig. 2(b) shows that multiferroic BFO possesses a high
dielectric loss in the Ku band, which strongly and posi-
tively depends on temperature. Moreover, the change of ¢’
is more significant than that of ¢ with the influence of
temperature on the loss tangent (tan 0), as is clearly seen in
Fig. 3. The magnitude of ¢’ can also be expressed in terms
of the Debye equation:
&—e,,

o) = e n(r) OO,

1+ w? 2(T) ) )

where o(7T) is the temperature-dependence leakage con-
ductance and gy is the vacuum permittivity. Thus, &’

depends on both polarization loss and leakage conduc-
tance loss based on Eq. (3). Generally, the leakage current
caused by oxygen vacancy is widely considered to be a
major influential factor on the high dielectric loss for BFO
at GHz frequencies. However, in this study, we suggest
that the high dielectric loss of BFO should be primarily
dominated by defect relaxation loss rather than leakage
conductance loss. The mechanism of dielectric loss in BFO
is discussed further.

Fig. 4 shows the plot of DC conductance of BFO at
293-773 K. It is observed that DC conductance slowly
increases first and then sharply increases with the rising
temperature. Hence, DC conductance is also strongly
dependent on temperature in the range 600-773 K, while
it is poorly temperature-dependent below 600 K. The DC
conductance of BFO can be expressed by [32]

o1 =avenp (= 57 ) @

where gy is a pre-exponential factor (the influence of
temperature is negligible), k£ is the Boltzmann constant,
and U is equal to the defect ionization energy for oxygen
vacancy. According to Egs. (3) and (4), the fitted curves for
In(a(7)) and In{wey[e”’(T)—¢"(293)]} are shown in the inset
of Fig. 4. Since the greatest possibility of a strong influence
of leakage conductance on dielectric loss should only occur
at high temperature, the points corresponding to tempera-
tures below 600 K were excluded from the fitting proce-
dure. From the inset of Fig. 4, we can conclude that the
leakage current originating from oxygen vacancy does not
have a dominant influence on the dielectric loss of BFO,
due to the difference in the slopes of the fitted curves.
Therefore, the high dielectric loss of BFO in the Ku band
should be mainly attributed to defect relaxation, which is
similar to ¢'. It is known that the relaxation time is equal to
the inverse of the resonant angular frequency. Thus, the
resonant frequency moves toward higher frequencies with
increasing temperature, according to Eq. (2). Therefore, we
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Fig. 4. Temperature dependence of DC conductance for BFO nanoparticles.

The inset shows the fitted curves for In[o(7)] and In{weg[e”(T)—¢"(293)]}
above 600 K.
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can deduce that the resonant frequencies are less than
12.4 GHz in the temperature range because of the positive
temperature dependence of relaxation loss.

In order to investigate the high-temperature microwave
absorption properties of BFO, we calculate the high-
temperature reflection loss at different frequencies. For
the microwave-absorption layer on a metal back plane, the
reflection loss (R) is expressed as [33,34]

|Zin—1]
‘Zin +1 | .

Here the normalized input impedance Z;, of microwave-
absorption layer reads

Ly = \/?tanh (j 27[({014/,[1,8,->, (6)

where C is the velocity of light in vacuum, f'is the frequency,
u, and ¢, are the relative permeability and permittivity of the
composite medium, respectively, and d is the thickness of
microwave-absorption layer. Fig. 5(a) shows the reflection
loss of BFO at different frequencies using the complex
permittivity and permeability as shown in Fig. 2(a) and (b).
All the values were obtained in the same case with the
thickness d=12mm. It is obviously observed that the
maximum absorbing peak decreases and shifts toward lower
frequency when the temperature increases. According to the
electromagnetic field theory, the maximum attenuation is

R =20log (5)
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Fig. 5. High-temperature microwave absorption of BFO nanoparticles.
(a) Reflection loss at thickness 1.2 mm and (b) Reflection loss at resonant
frequency 15 GHz.
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Fig. 6. Reflection loss at temperature 773 K with various densities.

relationship between resonance frequency f, and thickness
can be described by

_ C
Jr= 4d x Re(\/I5e)
Therefore, according to Eq. (7), the resonance frequency
shifts toward lower frequency with the increasing ¢, as
temperature increases. Fig. 5(b) shows the high-temperature
resonant absorption for BFO (15 GHz) in the temperature
range 293-773 K. The maximum absorbing value descends
from 23.3dB at 293K to 10.1 dB at 773 K. Although the
dielectric loss significantly increases with the increase of
temperature, a monotonic decrease in the calculated attenua-
tion is observed when the temperature increases. The opposite
behavior can be explained by impedance matching conditions.
The similar phenomenon has also observed in other absorbing
materials, such as CNTs nanocomposites [35].

In order to evaluate the potential ability of microwave
absorption at high temperature, we calculate the reflection
loss of the samples with various densities at 773 K based
on the Bruggeman formula [36], as shown in Fig. 6. It is
found that the maximum attenuation occurs around 55%
of the theoretical density, which is up to 37 dB. More
importantly, the strong attenuation may be achieved in the
wide density range from 50% to 60%, which is more than
10 dB in the frequency range 12.7-17 GHz. It is suggested
that BFO may be an excellent absorber at high tempera-
ture. Therefore, the excellent microwave absorption can be
attained through adjusting the complex permittivity by
changing BFO materials density or compounding it with
low-loss materials.

()

4. Conclusions

The multiferroic BiFeO; nanoparticles are successfully
synthesized by the sol-gel method. High dielectric loss and
strong positive temperature dependence are observed in the
complex permittivity spectra of BFO nanoparticles in the Ku
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band. Although DC conductance shows strong positive
temperature dependence, analysis of the results suggests that
defect relaxation plays a major role in the high dielectric loss
of BFO. The calculated attenuation results show that the
maximum absorbing peak decreases and shifts towards lower
frequency under the same thickness when the temperature
increases, which is resulted from impedance matching and
quarter-wavelength resonance, respectively. Consequently,
multiferroic BFO materials have great potential to be applied
in the field of high temperature microwave absorption.
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