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ABSTRACT

In the present work, an electroceramic of the perovskite family, BiCusTizFeO;,
(BCTFO), was synthesized by the solid-state reaction method. The structural
study was performed by X-ray diffraction and Mossbauer and Raman spec-
troscopy. Electric and dielectric properties were analyzed by impedance spec-
troscopy and the Hakki-Coleman method. Due to the BCTFO is isostructural of
the CaCu;Ti40;, (CCTO), the BCTFO presents as a promissory electroceramic.
Moéssbauer spectroscopy reveals paramagnetic spectra to BCTFO, with two
octahedral sites for iron ions. Regarding dielectric properties, for 1 Hz, BCTFO
presents a high relative dielectric permittivity (e, ~ 1 x 10*) and dielectric loss
(tan 6 > 1) and ¢ = 230.88, tan 6 ~ 1 x 107 in the microwave range. The pro-
duced ceramic exhibited a high resonance frequency temperature coefficient (zy)
with a value of + 2852 ppm °C~', making it a candidate for fabrication of the
thermostable electroceramic composites with other ceramic matrices with neg-
ative 1; values improving the thermal stability.
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1 Introduction

Rapid technological developments in recent decades
have directed research seeking new materials to meet
the growing needs by stable, miniaturized, and effi-
cient devices. The need for miniaturization and
improved efficiency in several devices, such as circuit
components that operate in the microwave range,
microelectronics, devices memory, optics, sound
systems, satellites, and antennas, requires a search for
dielectric materials with high relative permittivity
and low dielectric losses [1-3]. For example, for radio
frequency (RF) circuit applications, one desirable
characteristic is a high dielectric constant, making
CaCuzTi4O1; (CCTO) a promising material, though it
does have a high dielectric loss value [4-6].

CCTO is a space-centered cubic body structure
(Im-3 space group) and belongs to the perovskite
family with the structural formula ACuzB4O1, [7-9].
The “A” site can be occupied by large ions, such as
Ca?*, Sr**, and Bi®*; trivalent rare earths; or ions that
support high coordination numbers. “B” sites are
generally occupied by Ti**, Mn**, Fe®*, or Sn** or a
combination of ions with adequate sizes for the
octahedral site [8-14]. In the literature, an isostruc-
tural ceramic of CCTO is BiCusTizFeO;, (BCTFO),
which presents a high relative dielectric permittivity,
in the order of 1 x 10* and tan §~1 at room tem-
perature and at 100 Hz [11]. However, the BCTFO
synthesis presented in this work is not completely
pure, including a spurious phase of FeBisTi30;s.

Figure 1 is shown the structure of the CCTO is, as
an example of the ACu3B4O;, system, It is repre-
sented by dodecahedral (Ca®*) and octahedral (Ti*")
symmetry ions. Cu®" ions are in the planar square
symmetry, inserted between dodecahedral and octa-
hedral sites.

Fig. 1 Crystalline structure of CCTO (ICSD: 259850)
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In this work, the BCTFO ceramic matrix was pro-
duced by the solid-state reaction method, and the
structural evolution of the phase was analyzed by
X-ray diffraction (XRD), Mossbauer spectroscopy,
and Raman spectroscopy. Dielectric properties in the
RF range were obtained by complex impedance
spectroscopy (CIS) with temperature variation. For
microwave range, the dielectric properties were
analyzed by the Hakki-Coleman [15] and Silva-Fer-
nandes-Sombra (SFS) methods [16]. The dielectric
properties analyzed were relative permittivity (g,),
dielectric loss (tan ¢), and the resonant frequency
temperature coefficient ().

2 Materials and methods

Polycrystalline samples of BCTFO were synthesized
by a solid-state reaction method, according to the
proposed stoichiometric reaction (Eq. 1). High-purity
of Bi,O3 (Aldrich 99.9%), CuO (VETEC 99%), TiO,
(Aldrich 99.8%), and Fe,O3 (Aldrich 99%) were mixed
in a planetary ball mill (Pulverisette 5) for 6 h with
zirconia balls (14 mm?®) in polyacetal jar (249 cm?), in
the proportion of 100 g of spheres to 10 g of powder,
at 360 rpm. Subsequently, the oxide mixture was
calcined at 800 °C for 4 h in air atmosphere.

15Bi,03 + 3CuO + 3TiO; + 1pFe;05
— BiCu3Ti3FeO12 ( 1)

XRD patterns of powders were collected at room
temperature in a X-Pert PRO MPD Panalytical
diffractometer, operating with a Ko-Co source
41 =1.789 A) at 40 kV and 40 mA. Data were col-
lected in a 20 range of 20°-80°, step A® = 0.013, and
1°/min. The patterns were refined by the Rietveld
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method [17, 18] using the General Structure Analysis
System (GSAS) software [19].

Mossbauer spectra were acquired in transmission
mode using a 57 Co(Rh) radioactive source mounted
on a velocity driver, operating in sinusoidal mode.
Data were evaluated by a least-square fitting to a
series of discrete Lorentzian-shaped subspectra by
the software package Normos. Isomer shifts (§) are
quoted with respect to a-Fe.

Raman spectra were measured at room tempera-
ture using a single grating spectrometer Jobin Yvon
T64000, equipped with a Ny-cooled charge-coupled
device (CCD) detection system. As the excitation
source, a 532 nm beam from a Verdilaser (Coherent),
with a power of 100 mW, was focused through a
50 x microscope. The spectrometer slits were set for
a2 cm™! resolution.

For electric measurements, the BCTFO powder was
uniaxially pressed into a metallic molder at 17 mm
diameter under 98 MPa and with two different
heights. Both samples were sintered in air at 900 °C
for 4 h. For electrical measurements, it was utilized a
computer-controlled impedance analyzer (Solartron
1260), where was applied 1 Vac in the sample during
the measurement, in the frequency range from 1 Hz
to 1 MHz, in the temperature range between 200 and
460 °C. For dielectric measurements at the micro-
wave range, Agilent N5230A and N5230C equipment
were used to obtain the resonance frequency tem-
perature coefficient (1) and dielectric data, respec-
tively. The pycnometry method was used to measure
experimental densities of the ceramics.

3 Results and discussion
3.1 XRD

The BCTFO pattern is not indexed in ICSD database,
thus, the phase confirmation was performed by
matching with NdCu;TizFeO; (NCTFO; ICSD:
200954), which is an isostructural compound of
BCTFO with a body-centered cubic perovskite-re-
lated structure of space group Im-3 (see the bars in
Fig. 2). From the experimental diffractogram (Fig. 2),
it can be seen that all peaks matched with the NCTFO
pattern. The absence of secondary phases is attrib-
uted to the efficiency of the solid-state reaction
method.
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Fig. 2 XRD pattern of the BCTFO sample. Dots and solid lines
describe the experimental data and best fit, respectively. Bars
represent the ICSD-200954 standard pattern

Table 1 Lattice and agreement parameters obtained by Rietveld

refinement

BCTFO NCFTO ICSD: 200,954
Ryp 16.38 -
e 1.19 -
Rgrage 3.54 -
a 7.45543 £+ 0.00009 7.436
b 7.45543 £+ 0.00009 7.436
c 7.45543 + 0.00009 7.436
o 90.00 90.00
p 90.00 90.00
Y 90.00 90.00
vV (A% 414.40 £ 0.014 411.17
Space group Im-3 Im-3

Rietveld refinement was performed by GSAS, with
agreement and lattice parameters shown in Tables 1
and 2, demonstrating the phase formation of BCTFO
from the reaction proposed in Eq. 1. The Rpragg, Rwp,
and »* obtained in refinement demonstrated good
agreement with experimental and calculated diffrac-
tograms and in accordance with the literature [20]. In
refinement, the symmetry was the same of NCTFO,
ie, Im-3. BCTFO lattice parameters a, b, and
c (7455 A) presented higher values than NCTFO
(7.436 A). This increase in lattice parameters and cell
volume, compared with NCTFO (Table 1), is due the
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Table 2 Atomic positions

J Mater Sci: Mater Electron (2021) 32:11607-11615

obtained by Rietveld Atom Ion Site BCTFO NCFTO
refinement x y 7 f X y z f
Nd Nt 20 - - — - 0.0000 0.0000 0.0000 1.0000
Bi Bi*t 2° 0.0000 0.0000 0.0000 1.000 - — - -
Cu Cu*™  6b 0.0000 0.5000 0.5000 1.000 0.0000 0.5000 0.5000 1.0000
Ti Ti*t 8¢ 0.2500 0.2500 0.2500 0.750 0.2500 0.2500 0.2500 0.7500
Fe Fet 8¢ 0.2500 0.2500 0.2500 0.250 0.2500 0.2500 0.2500 0.2500
(0] 0* 24 ¢ 0.29920 0.18201 0.0000 1.000 0.3017 0.1778 0.0000 1.000
® Oxygen
® Bismuth
® Copper
® Iron
O Titanium

Fig. 3 BCTFO structure

higher ionic radius of Bi>*(ionic radio (ir) = 1.17 A)
compared with Nd>* (ir = 1.10 A), both with coor-
dination numbers = 8. Further, all diffraction peaks
shifted for the lowest 20 values, due to the substitu-
tion of neodymium by bismuth, following Bragg’s
Law. In the atomic position parameter, only the
oxygen atom presented some change (Table 2), which
can be explained by substitution of Nd** with Bi**.
The crystalline structure of BCTFO, obtained by
Rietveld refinement (Fig. 3), is very similar to CCTO
(Fig. 1).

Relative density has a great impact on dielectric
properties of electroceramics. The sintered ceramic
presented a relative density 98.0%, where the relative
density was calculated from monocrystal density
calculated in the Rietveld refinement. This relative
density shows a greater densification than the 96.0%
found in the literature [11]. The parameters obtained
by Rietveld refinement are shown in Table 1.

3.2 Méssbauer spectroscopy

The electronic and magnetic configuration of the iron
atom in the BCTFO crystalline lattice was analyzed
by Mossbauer spectroscopy at room temperature
(Fig. 4). The spectrum showed a singlet, characteristic
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Fig. 4 Mossbauer spectrum of BCTFO. The dot points are
experimental data and lines are: red (fitted spectrum), blue and
green are the paramagnetic components of Mdssbauer spectrum
(Color figure online)

of paramagnetic materials without any magnetic
characteristic nor any characteristic of the reagent
(Fe;O3) utilized in the BCTFO synthesis, consistent
with XRD results, however, the material exhibits
magnetic behavior from — 268 to — 223 °C [21]. The
analysis of hyperfine parameters, obtained from best
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Table 3 Hyperfine parameters obtained from fitting the
Massbauer spectrum of BCTFO

Sites Smms™) Amms™") T (mms™") Area (%)
Doublet 1  0.364 0.25 0.39 84.3
Doublet 2 0.365 1.39 0.59 15.7

fits to the data, are listed in Table 3. The spectrum
was fitted by the superposition of two doublets with
different quadrupole splitting values.

Based on the fitting, both doublets presented iso-
mer shifts (6) closer each other, frequently associated
with Fe'® in an octahedral symmetry and with
covalent characteristics. This result confirms that the
iron is in same symmetry of titanium (octahedral site
in the CCTO structure). Moreover, iron ion distribu-
tions in the crystalline lattice indicate two different
sites, as demonstrate by the fact that quadrupole
splitting values (A) for doublets 1 and 2 are quite
different: 0.25 and 1.39 mm/s, respectively. Results
show two different iron sites, where Fe®' in site 1
(84.3%) are octahedral with a symmetric neighbor-
hood (A = 0.25 mm s~ ), while Fe’" in site 2 (15.7%)
are octahedral with an asymmetric neighborhood.
Notably, the linewidth (I') of doublet 2 is broadened
in relation to site 1 because Fe in site 1, compared to
site 2, presents a higher degree of local disorder.

3.3 Raman spectroscopy

Vibrational properties were investigated through
Raman spectroscopy. Raman spectra of the BCTFO
sample were recorded in the spectral region between
200 and 1000 cm™', using a 532 nm laser line as the
excitation source. From XRD results, BCTFO exhib-
ited a body-centered cubic primitive (Im-3) group,
containing 20 atoms per unity. Group theory predicts
that Raman active modes for the Im-3 group are
distributed among the irreducible representation as
[22]:

IRaman = 2A, + 2E, + 4F, (2)

The room temperature Raman spectrum for BCTFO
(Fig. 5) shows five of the eight predicted symmetry
modes.

Based on literature about the CCTO structure
[5, 22-24], the symmetry modes are identified as
Fy(1) =270 cm™, Ag(1) =457 cm ™, A (2)-
=500 cm ™', F4(3) = 556 cm ™', and Fy(4) = 695 cm™ .
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Fig. 6 Dielectric spectra for BTCFO at room temperature

In the region of the Raman spectrum around of the
500 cm ™" there is an overlap of the Ag(1), Ag(2), and
F,(3) modes. Following lattice dynamics calculations,
the 270, 457, and 500 cm ™! transitions are TiOg rota-
tion-like modes. The peak around 556 cm™' is
assigned to the Ti-O-Ti anti-stretching mode of the
TiOg octahedra. The Fg(4) mode has been predicted to
appear around 708 cm~', and the mode near
695 cm™' has been attributed to the symmetric
stretching breathing of the TiO4 octahedra. Based on
the group analysis by Kolev et al. [22], only Ti

vibrations are active in Raman spectra.
3.4 Electric and dielectric characterization

To analyse electrical properties (dielectric constant,
losses, activation energy, electric modulus, and con-
ductivity), the CIS measurements were done [25]
from 1 Hz to 1 MHz and at different temperatures

@ Springer
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Fig. 8 Arrhenius plots showing the dependence of G4 and fiax
(peak) versus 1000/T

(30460 °C). These dielectric properties are often
represented in terms of complex dielectric permit-
tivity (¢%), electric modulus (M*), and complex
impedance (Z*).

At room temperature, dielectric measurements for
BCTFO present high relative dielectric permittivity
(giant permittivity; &, ~10’) and dielectric loss (tan J
~ 4) at low frequency, as shown in Fig. 6. There is a
good similarity of this dielectric properties presented
by BCTFO with CCTO ceramic, i.e., BCFTO appears
as candidate for colossal permittivity ceramic.

Figure 7a and b show the conductivity and nor-
malized impedance spectra at different temperatures,
respectively. In Fig. 7a, an increase in conductivity
with variation of temperature and frequency was
observed. In Fig. 7b, it was observed a displacement
of the relaxation peaks with the temperature increase.

@ Springer

These behaviors indicate that BFECTO exhibits some
thermally activated conduction process. Thermo-ac-
tivated processes can obey the Arrhenius relation
(Egs. 3 and 4), and the activation energy can be
determined.

() = n(fo) — (Bufe)  (7) (3)
In(0) = In(oo) — (Fag) + (V) 4)

where E, is the activation energy related to the
thermo-activated process, which is in general, a
conduction process. k is the Boltzmann constant (in
eV), and T is absolute temperature. ¢ and f are the DC
conductivity and frequency of the maxima present in
the imaginary impedance spectrum, respectively,
while gy and f, are pre-exponential factors.

Figure 8 presents the Arrhenius curve, according
to Egs. 3 and 4, for dc conductivity and relaxation
frequency for BCTO sample. Note that both curves
are for thermo-activated process and presents values
of activation energy (E,) close to each other. Indicat-
ing that the thermo-activated process observed in
Fig. 7a is same observed in 7b.

The temperature coefficient of capacitance (TCC)
depicts how capacitance varies in a given tempera-
ture range. This parameter is an important factor for
the development of devices that operate in the RF
region [26]. For one ideal capacitor, the TCC values
can be closer to zero. Which means that the capacitors
must present electric stability under external effects,
such as temperature variation. [27]. In this work, the
TCC was measured from 30 to 100 °C. Table 4 shows
the TCC values for BCTFO at various frequencies.
BCTFO shows high positive TCCs (above 100 kHz)
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Table 4 TCC values for BCTFO

Frequency (Hz) TCC (ppm °C™")

1k — 2435.34
10k 1431.79
100 k 16,528.12
1M 19,583.28

and, thus, is a promising candidate for ther-
mostable ceramics when mixed with other oxides,
whose TCC has opposite signs.

The electrical responses of electroceramics arise
from the sum of electrical responses of the mor-
phology of the ceramic as grain, grain boundary, and
electrode interface. Each electric response is associ-
ated with a half-circle for each contribution in the
Nyquist plot. Some cases, two or more half-circles
can overlap with each other showing only one or two

11613

contributions of the grain and grain boundary from
the Nyquist diagrams is the equivalent circuit simu-
lation, in which one associated resistor—capacitor
(RC) can represent the electric response of each
ceramic region. Figure 9 presents the Nyquist plots
for some measurements and the fitted by equivalent
circuits. At high-frequency region, the grain effects
are very evident while at low frequency (grain
boundary response) the presence of a second semi-
circle is not evidenced. From the simulation of the
equivalent circuit (inset in Fig. 9b), the effect of grain
and grain boundary can be separated. All fitting
presented errors varying from 0.2 to 3.7%. Two types
of relaxation behaviours are observed in low and
high-frequency regions at low temperatures [28].
However, these two relaxations are well-defined, as
shown in Table 5 showing the grain resistivity
decreasing with temperature, with the grain bound-
ary exhibiting charge carrier diffusion due to the
coarse electrode surfaces [29].

half-circle. One way to observe electrical
Fig. 9 Nyquist plots at a 30, —o— Experimental — Fitting
b 100, ¢ 200, and d 300 °C
with an electrical equivalent L6k
circuit 3M- (a) (b)
-4k
2M+
-3k

800.0k  1.6M

-
> R&

6201 (c)

ZH (Q)

4654

-156

-104

0 52 104 156 208
7' (Q)
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Table 5 Fitting equivalent

circuit parameters for BCTFO Temperature (°C)  Grain Grain boundary
R, () P, (F) N, R, (Q) P, (F) N,
30 272 x 10  1.45 x 10°% 0851 223 x 10° 247 x 1077 0.498
100 134 x 10° 129 x 10°® 0857 505 x 10* 502 x 107  0.782
200 488 x 10°  1.17 x 10 0750 125 x 10* 230 x 1077 0.599
300 6.05 x 10> 489 x 10° 0598 470 x 10> 4.87 x 1077 0.488

R resistance, P equivalent to capacitance (Faraday), N deviation of ideal capacitance

The dielectric response in the microwave range
were measured with Hakki-Coleman and SFS meth-
ods. For both methods, one ceramic cylinder was
fabricated with 14.80 mm diameter and 8.94 mm
height. BCTFO presented high relative dielectric
permittivity at 1.7 GHz (e, = 230.88) with tan
8 =2.08 x 1072 The temperature coefficient of the
resonant frequency (ry), measured in the microwave
range, was 2852 ppm °C~'. These results suggest its
potential use for miniaturization of devices operating
in this range, and BCTFO also presented higher rel-
ative dielectric permittivity compared to other
ceramics [4]. For 1 although the higher positive
value indicates BCTFO is thermally unstable, it
makes BCTFO a good candidate for formulating new,
thermally stable composites with other ceramic oxi-
des, such as NdAlOs, LaAlO;, PbZrO;—CeO, [4] and
Na;Nb4Oq; [30], in processes based on Silva et al.
[31].

4 Conclusion

BCTFO ceramic was successfully produced by a low-
cost, solid-state reaction route, without the presence
of spurious phases. XRD results indicated a single
perovskite-related structure phase, which was con-
firmed by Raman analyses. Mossbauer results sug-
gested that iron atoms are in the Fe®" state and
surrounded by two different chemical environments
characterized by two singlets, both with octahedral
symmetry and without magnetic character. The
dielectric properties (¢, and tan §) presented by
BCTFO in the RF and microwave ranges demon-
strated high values compared with other ceramics,
and 1y presented a higher positive value (2852 ppm
°C~Y), which allows BCTFO to be combined with
other ceramic oxides to found thermally stable ce-
ramic composites.
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