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Abstract: This study presents the dielectric properties of a barium titanate-gadolinium ferrite com-
posite material, obtained through a solid-state reaction method. The aim of this research was to create
a composite material with enhanced dielectric properties compared to each individual component,
and to investigate the electrical properties of the composites, using impedance spectroscopy. The
structural and morphologic properties were analyzed using X-ray diffraction and scanning electron
microscopy, respectively. Impedance spectroscopy measurements were performed over a wide fre-
quency range (100-0.1 GHz) and temperature (45-170 °C) to evaluate the electrical behavior of the
material. The dielectric relaxations were analyzed using the Havriliak-Negami function, and the
key electrical parameters such as relaxation frequency, dielectric strength, and electrical conductivity
were extracted. Several relaxation processes were identified, which depend on the mixture of the
injtial titanate and ferrite materials, and a correlation between structural, morphologic, and electrical
properties was exposed. The sample with the highest dielectric constant was the 25 wt% gadolin-
ium ferrite composite, with ¢’ close to 240 and loss tangent values below 0.1, affording it the more
appropriate composition for energy storage devices such as lead-free dielectric capacitors.

Keywords: impedance spectroscopy; ceramic composites; Havriliak-Negami; dielectric materials;
barium titanate

1. Introduction

Impedance spectroscopy is a powerful technique that allows for studying the electrical
conductivity and polarization mechanisms of materials, related to charge migration and
the orientation of permanent dipoles. To obtain a complete characterization of the dielectric
response, a broad range of frequencies and temperatures must be used. The different
regimes of the dielectric function can be observed and the dynamics of the relaxations can
be found. In this case, a broad range in temperature and frequencies allows us to see the
different relaxation processes present in the material [1].

In the field of electronics, the efficiency of devices for energy storage becomes im-
perative, not only for size and weight reduction but also for greater sustainability in the
process, as fewer resources are consumed. When it comes to energy storage devices for elec-
tronics, capacitors are the most used, with various manufacturing technologies available
depending on their intended use, considering energy density, size, and cost. The criteria
for the materials used in capacitors encompass the need to have a high dielectric constant
with minimal dielectric losses, a low leakage current, a substantial breakdown voltage,
and adequate stability [2,3]. In addressing material challenges, the focus is on dielectric
materials with dielectric constants exceeding 1000 [4,5] and exceptionally low dielectric

Crystals 2024, 14, 590. https:/ /doi.org/10.3390/ cryst14070590

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14070590
https://doi.org/10.3390/cryst14070590
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-6436-7376
https://orcid.org/0000-0003-4084-5764
https://orcid.org/0000-0002-6858-9507
https://orcid.org/0000-0001-7666-4741
https://doi.org/10.3390/cryst14070590
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14070590?type=check_update&version=1

Crystals 2024, 14, 590

20f17

loss. Commonly, a dissipation factor below 0.1% is deemed highly favorable, while a factor
as high as 5% is considered less desirable [4].

Barium titanate (BaTiO3) is a well-known ferroelectric material, with a perovskite
crystal structure and the capacity to polarize spontaneously, which can be reversed through
the application of an electric field. This material is suitable for several applications in
electronics, including capacitors that can store and release electrical energy, resonators,
and tunable RF filters, among others [6]. Specifically, barium titanate capacitors are more
suitable for applications that require high dielectric constants, a high energy storage density,
and the ability to tolerate high temperatures [7]. They are used in fields like electronics,
telecommunications, and aerospace where these properties are advantageous [7].

BaTiOj3 can be synthesized through various methods, including sol-gel, solid-state
reaction, hydrothermal, and chemical vapor deposition [8]. The resulting physical proper-
ties can be modified by changing the preparation process parameters and the material’s
composition. Similarly, this compound opens the door to the creation of novel microstruc-
tures exhibiting multiferroic properties by incorporating other elements or particles into its
matrix, such as ferrites [9].

Several doped BTO ceramics have been reported for use in energy storage. For
example, Sm**-doped BTO ceramics showed better dielectric properties when compared
with pure BTO ceramics [10]. Other trivalent ions” doping was also studied with promising
dielectric properties. These include La3*, Ce3, Dy3+, and Nd3*, with only small amounts
of doping [11]. Kai Zhang et al. has shown that Yb**-doped BTO-based ceramic has
a relatively good comprehensive performance with a high dielectric constant and low
dielectric loss, with the potential for energy storage [12]. Other possibilities include Nb>*-
and/or In**-doped BTO, which were prepared by a conventional solid-state method,
followed by annealing in N, with interesting results [13].

That is, the dielectric properties can be improved by doping BaTiO3; (BTO) with some
rare earth oxides. The modified BTO can achieve a higher dielectric constant and also a
higher breakdown electric field strength [14,15]. As observed, rare earth oxides, namely
the rare earth ferrites, are particularly attractive due to their excellent dielectric properties,
characterized by a high dielectric constant and minimal dielectric losses, showing potential
to be candidates for electronic devices [16]. A distinguishing feature of iron garnets is the
presence of exclusively trivalent cations, which impart high resistivity to these materials.
Gadolinium ferrite Gd3Fes0O1; (GIG) is one interesting example of an iron garnet. In these
materials, dielectric losses are typically associated with the simultaneous presence of Fe?*
and Fe3* ions occupying closely related crystallographic sites [17].

Given the inherent properties of both BTO and GIG, the objective of this study was
to create a composite material with enhanced dielectric properties compared to each indi-
vidual component. To achieve that objective, composites containing varying percentages
of GIG were prepared, allowing for assessing the impact of gadolinium iron garnet (GIG)
within a barium titanate (BTO) matrix and analyzing the resulting electrical properties.

2. Materials and Methods

In this study, both BaTiO3; (BTO) and Gd3Fes01, (GIG) powders, including composite
materials, were prepared through a solid-state reaction process, followed by a sintering
procedure. These compositions adhered to the formula (100 — x) BTO + (x) GIG, where x
ranged from 0 to 100 wt%: 0, 25, 50, 75, and 100 wt%.

The initial step involved the preparation of BTO and GIG powders. Specifically,
we created a mixture of high-purity BaCO3 (>99.0% purity, supplied by MaTeck, Jiilich,
Germany) and TiO, (>99.8% purity, supplied by Sigma-Aldrich, St. Louis, MO, USA) at
room temperature. To produce BaTiOj3, the raw materials were weighed considering the
stoichiometry of the reaction (1 mol (Ba%*): 1 mol (Ti**)). The synthesis of GIG was carried
out using oxide powder of Fe;O3 (>99.0% purity, supplied by Sigma-Aldrich, St. Louis,
MO, USA) and gadolinium nitrate Gd(NO3)3-6H,0O (>99.0% purity, supplied by Merck
KGaA, Darmstadt, Germany), following the chemical equations and the same experimental
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procedure to obtain the powders by solid-state reaction as were described in a previous
work [18].

This work differed from the preceding one [18] in the thermal cycle given to the
powders obtained from the solid-state reaction: in the current work, the heat treatment
of the pellet samples was performed via a single-step sintering procedure, whereas the
previous study involved a two-step sintering procedure. The scheme of the composites’
experimental procedure is presented in Figure 1, while Table 1 summarizes the composites’
initial composition from the BTO and GIG mixtures.

| BaCO, (s) | IO, (5) | Gd(NO,),.6H,0(s) | | Fe,0s(s) |
‘ ‘l‘VIixture'. ‘ ‘ ‘I:Ilixtur: ‘

l Planetary mil; At=1 h; v=250 rpm l Planetary mil; At=2 h; v=250 rpm

Homogeneous Homogeneous
Pov.lrder Pov.lvder
l Calcination @800 °C; At=1 h l Calcination @800 °C; At=1 h
. @10 °C/min @10 °C/min
Calcinated Calcinated
Powder Powder
l Heat treatment @1000 °C; At=12 h l Heat treatment @1000 °C; At=12 h
10 °C/mi 10 °C/mi
BaTiO, @10 °C/min Gd.Fe.0,, @10 °C/min
(BTO) (GIG)
L“ BTO & GIG manipulation

75%wt BTO+25%wt GIG; 50%wt BTO+50%wt GIG; 25%wt BTO+75%wt GIG

Grounding with PVAand pressing

‘ Pellets ‘
Heat treatment @1000 °C; At=12 h
v @10 °C/min
Composites
Heat-treated
Pellets

Figure 1. Scheme of the composite experimental procedure.

Table 1. BTO and GIG compositions of the as-prepared samples before the sintering procedure.

Sample B(:};T)Z))?’ Gctiieoz?lz
BTO 100 0
25GIG 75 25
50GIG 50 50
75GIG 25 75
GIG 0 100

In the current study, the dielectric behavior of the samples was studied in detail using
the Havriliak-Negami model and correlated with the adopted thermal cycle.

The temperature of the heat treatments was selected from the thermal analysis dis-
cussed in [18], and was performed on the acquired powders using a differential thermal
analysis (DTA) and thermogravimetry analysis (TGA) system, specifically the STA7300
Thermal Analysis System (HITACHI, Tokyo, Japan). The samples were subjected to a heat-
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ing process, from 30 °C to 1200 °C, with a step of 10 °C per minute, which was accomplished
under a nitrogen (N3) atmosphere.

The powders underwent a calcination process at 800 °C in ambient air for 12 h,
followed by X-ray diffraction analysis. After calcination, BTO and GIG powders were
blended with ethanol using an agate mortar at room temperature to create three different
compositions: 25%, 50%, and 75% GIG in the BTO matrix. To form pellets, each composition
(composite) was mixed with an aqueous solution of polyvinyl alcohol (2 wt% of PVA
dissolved at 80 °C) as a binding agent and pressed into cylindrical pellets 7 mm in diameter
and around 1.3 mm in thickness, using a uniaxial pressure system and applying 3 MPa for
15 min. Subsequently, the pellets were sintered at 1000 °C, with a heating rate of 10 °C/min
in an air environment for 12 h, and cooled to room temperature by the thermal inertia of
the furnace. In this heat-treatment process the PVA binder was all removed. Additionally,
reference pellets, i.e., without mixing the two base materials, were prepared by pressing
BTO powder and GIG powder, using the same pressure and thermal conditions.

To evaluate the structural changes in the samples, namely, new crystal phases and the
crystallographic parameters, X-ray diffraction (XRD) was performed by a diffractometer
(PANalytical, AERIS) using Cu-K1 (A = 1.5406 A) at 40 kV and 15.0 mA. The XRD scans
covered a 20 angle range of 10°-70°, with a step size of 0.003°.

Furthermore, the cross-section morphology of the samples was analyzed by scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS),
using a TESCAN Vega3 and a Bruker Nano X-Flash Detector 410-M, respectively. The SEM
micrographs were acquired using an accelerated voltage of 30 kV. Prior to microscopic
observation, the samples were coated with a carbon layer.

For the dielectric measurements at room temperature, two different impedance ana-
lyzers were used to cover the complete frequency range up to 0.1 GHz: a Keysight E4990A
from 100 Hz to 1 MHz, and an HP4291A from 1 MHz to 0.1 GHz. For these measurements,
cylindrical pellets (with a diameter of 7 mm and thickness close to 1 mm) were prepared
by coating the opposite surfaces of the heat-treated pellets with silver conducting paste.
The electrical measurements as a function of temperature were performed in a tubular
furnace, across the frequency spectrum ranging from 100 Hz to 1 MHz, using an Agilent
4294 A impedance analyzer, in the C,—R;, configuration. The temperature of the sample
was precisely controlled by a thermocouple placed close to the sample.

3. Results and Discussion
3.1. Thermal Analysis

In the results of previous work [18], for the DTA and TGA curves of BTO, there were
significant changes around 900 °C. Meanwhile, for GIG, the previous results were not so
conclusive; nevertheless, it is widely documented in the literature that the decomposition of
transition metal nitrates, such as yttrium or gadolinium, typically occurs below 1000 °C [19].
Within the range of 500-600 °C, any remaining volatile products are expelled, resulting in
the compound’s mass reaching a near-constant level.

In alignment with previous results and based on the literature, we elected to perform
the heat treatments of the BTO, GIG, and composite pellet samples at 1000 °C.

3.2. Structural Analysis

The crystalline structure of the samples was investigated by X-ray diffraction. Figure 2
shows the room temperature diffractograms and the Rietveld refinement of the base pow-
ders that were used to prepare the composites. The GIG sample was found to be a mixture
of two phases, namely, Fe,O3 (ICDD pattern 04-008-7627) and GdsFe;0O1, (ICDD pattern
01-074-1361). The results obtained from the Rietveld refinement (Table 2) showed that
the principal phase was Gd3;FesO1y (81 wt%). The results obtained from the Rietveld
refinement (Table 2) showed that the principal phase was GdsFe501; (81 wt%).
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Figure 2. Rietveld refinement of the room temperature diffractogram from the powder samples GIG
and BTO. The bottom figure shows an inset graphic of the BTO sample in the 26 range of 44.5-46.5°.

Table 2. Results from the Rietveld refinement analysis for the GIG and BTO samples.

BaTiO3 BaCO3 Fe203 Gd3F€5012
Sample (Wt%) (Wt%) (Wt%) (Wt%) Rexp Rp Rwp X
GIG 18.60 81.40 2.10 2.00 3.95 1.88
BTO 98.61 1.39 5.46 6.39 8.11 1.49

For the BTO powder, the analysis of its diffractogram required additional care to
identify the correct crystal system. It is well-known that, typically, BaTiO3 has a tetragonal
crystal system at room temperature [20-22]. However, depending on the synthesis route,
the particle size can change significantly. As the BTO particle size decreases, the relative
ratio of the cubic-to-tetragonal region is increased and eventually only a stable cubic region
remains at a critical particle size [23]. A common way to identify its crystal system, cubic
or tetragonal, is to evaluate the degree of peak separation between the (200) and (002)
planes in the 20 region between 44° and 47°. The peak splitting is representative of the
tetragonal ferroelectric BaTiO3 [22,24,25], while its absence indicates that the crystallites
have a cubic structure [23,26]. As one can see in the inset of Figure 2, for the BTO sample, the
diffraction peak at 45.5° is asymmetric, which could indicate a small split of the peak [25].
Nevertheless, it is not possible to distinguish between the (200) and the (002) peaks due to
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their large overlap. This suggests that the tetragonal structure of BaTiO3 is not perfectly
formed in this sample, possibly due to the low annealing temperature. The tetragonality of
the BTO sample, calculated from the ratio of lattice parameters of the c- to the a-axis, =c/a),
is only 1.005. As discussed in [23], this low tetragonality is typical of BTO powders with an
average particle size below 200 nm, in which no clear peak splitting is observed. Besides
the tetragonal BaTiO3 phase (ICDD pattern 04-006-9685), the BTO powder showed a minor
secondary BaCOj phase (ICDD pattern 04-012-9372).

Figure 3 shows the room temperature diffractograms of the composite powder samples.
Besides the BaTiO; tetragonal phase, the composite samples revealed the presence of two
additional crystalline phases, namely, GdFeO3; (ICDD pattern 04-015-5491) and BaFe;O1;
(ICDD pattern 04-002-1982). While the base GIG powder was composed of Fe;O3 and
Gd3zFe5013, the heat treatment performed at 1000 °C during the sintering step promoted
the formation of these two new phases in the composite samples. As shown in Table 3, the
weight percentage of the GdFeO3 perovskite structure increases with the addition of GIG to
the composites. For the sample with 25% GIG, the calculated wt% of GdFeO3; was around
15% and the diffractogram showed some low-intensity peaks related to the BaFe;O1, phase.
For the 50GIG sample, the amount of GdFeOj3 increases up to 33 wt%, and for the sample
with 75% GIG, it became the major crystal phase with 55 wt%.

’UT calc
!‘é‘ obs™ ' calc
]
£
i)
2
4]
c
k) —
c calc
£| 25616 VYo
all
GdFe(;3
| BaFe,0
‘L‘ A L‘ -
| | [ Il Il I I
| |
MECE 1 00 feeee e Cewmr Cowercoomeer eie e ey
20 30 40 50 60 70

26 (°)

Figure 3. Rietveld refinement of the room temperature diffractogram from the powder composite
samples.

Table 3. Results from the Rietveld refinement analysis for the composite samples.

Sample ]3(:,1;2))3 G(irlz';’/gs B?E,‘ZBH Rexp Rp Rwp X

25GIG 84.24 15.04 0.72 3.83 3.70 4.95 1.29
50GIG 57.82 33.45 8.73 3.45 3.47 4.73 1.37
75GIG 26.44 55.42 18.14 2.51 2.67 3.91 1.56
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3.3. Morphological Analysis

In Figure 4, produced by SEM, the cross-section micrographs can be observed of the
BTO, GIG, and composite samples. In Figure 4a, almost a spherical shape of grains can be
seen, with some agglomerates and a porous surface, characteristic of the BaTiO3 crystal
phase, similar to the results found in the literature [27]. The cross-section micrography of
the GIG sample in Figure 4b shows mostly grains with a uniform circular shape, along
with some porosity, as described by Jiang L. et al. [28]. On the BTO and GIG micrographs
(Figure 4a,b), porous surfaces are visible, with geometrical grains (grain joints are visible)
and a homogenous grain size. Using the software Image ], we discerned an average grain
size of 266 & 34 nm for the BTO sample and 555 & 98 nm for the GIG sample.

N
[=)

w
=]
w B
=] (=}

n
=3

Relative frequency (%)
3 5

Relative frequency (%)

-
o

- — 0
180 200 220 240 260 280 300 320 340 300 400 500 600 700 800
Particle size (nm) Particle size (nm)

B3 Fe [

. .
MAG: 15,0k Y. 15y WD: 13,3 W55 W \iaG: 15.0kx HV: 16kv. WD 1356mm

(b)

Bym

Figure 4. SEM micrography, grain size distribution, and EDS analysis of the cross-section of the
samples, with a magnification of 30 kx: (a) BTO and (b) GIG.

The cross-section micrographs of the composite samples can be found in Figure 5. The
elemental analysis detected all expected elements, namely, Ba, Ti, O, Gd, and Fe. The EDS
spectra of the composites did not reveal any unassigned peaks or contamination. With
the addition of GIG in the BTO matrix, the average grain size increases from 262 + 46 nm
(25GIG) to 390 £ 72 nm (75GIG). This is related to the increased amount of the GdFeOs3
phase, which was found to exhibit larger particles (Figure 5d).
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Figure 5. SEM micrography, grain size distribution, and EDS area analysis of the cross-section of
the samples, with a magnification of 30 kx: (a) 25 wt% GIG (25GIG), (b) 50 wt% GIG (50GIG), and
(c) 75 wt% GIG (75GIG). (d) EDS point analysis of the 50 wt% GIG composite.

3.4. Electrical Analysis
3.4.1. Complex Permittivity

Figure 6 shows the dielectric constant of the BTO sample as a function of temperature,
from 45 °C to 170 °C. This measurement was performed to complement the XRD results
and evaluate the crystalline system obtained. As one can see, at around 120 °C, the
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dielectric constant shows a discontinuity that could be suggestive of the tetragonal-to-cubic
phase transition, which is known to occur around this temperature [20-22]. As for the
absolute values of the dielectric constant, they are lower than that of the typical tetragonal
ferroelectric BaTiO3 samples. In addition to the low tetragonality of the BTO sample, this
could be related to the small size of the BTO particles and/or the porosity of the pellet
sample (Figure 4a). This observation could indicate that the heat treatment at 1000 °C was
not sufficient to achieve high-quality BTO particles.

250

200

—o—Freq=501 Hz
— % ~Freq=10°% Hz

Freq=104 Hz
+Freq=105 Hz
— % ~Freq=10° Hz

60 80 100 120 140 160
Temperature (°C)

Figure 6. Dependence of the dielectric constant, ¢/, on the temperature, at frequencies from 501 Hz to
10° Hz, for the BTO sample.

Figure 7a shows the real part of the complex permittivity, ¢/, measured at room
temperature, as a function of frequency. At lower frequencies, the dipolar polarization
follows the time-varying electric field promoting an increase in the dielectric constant. As
the frequency increases, the electrical dipoles are no longer able to keep the alignment with
the electric field, leading to a decrease in the total polarization, which translates into a
decrease in the dielectric constant. While historically, BTO was thought to be a displacive-
type ferroelectric, there are more recent acknowledgments that it is a combination of
displacive- and order—disorder-type materials [29-31].

10000 10
GIG

BTO

25GIG

oo <me

GIG
BTO

25GIG
50GIG
75GIG

o<ame

0.014

>
3

T T T T T T T T T T
102 103 104 105 108 107 108 102 103 104 105 106 107 108
(a) Frequency (Hz) (b) Frequency (Hz)

Figure 7. (a) Dielectric constant, ¢/, and (b) Tan (§) as a function of frequency for GIG, BTO, and
composites with compositions of 25 wt% GIG (25GIG), 50 wt% (50GIG), and 75 wt% (75GIG).

The ¢’ of the GIG and BTO samples shows a plateau at higher frequencies. Therefore,
one can take those values as a good estimate of the permittivity of the bulk. The GIG sample
shows the lowest dielectric constant, with a value around 8 at 0.1 GHz. Meanwhile, for
the BTO sample, the ¢’ value at high frequencies is around 119. The sample that exhibited
the highest dielectric constant was the 25GIG composite. The observed enhancement of
the dielectric constant in comparison to the BTO sample could be attributed to either some
charge carriers that are blocked at inner dielectric boundary layers, as explained by the
Maxwell-Wagner-Sillars interfacial polarization, or the doping effect in BTO [32-35]. For
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the 25GIG sampler, the ¢’ was close to 240, while having the loss tangent values (Figure 7b)
below 1 in the entire frequency range. In fact, above 1 MHz, the loss tangent of this
sample was below 0.1, making this the most interesting sample among the five for energy
storage applications.

3.4.2. Electrical Modulus Formalism

For composite materials, impedance spectroscopy enables one to separate the contri-
butions of different phases, using not only the formalisms of the complex permittivity, *,
but also of the complex electric modulus, M*. These entities can be related as follows:

1 1 ¢! . e

M (w) = e(w) & —je' (€217 ) (e +¢"2)

(1)

where M (w) and M” (w) are the real and imaginary parts of the electrical modulus, which
can be represented using the constant complex dielectric.

Figure 8 shows the variation in the imaginary part of M* with frequency, at room
temperature, for all samples. We can see the presence of at least one dielectric relaxation.
To analyze these relaxation phenomena, we used an application software developed by the
authors in MATLAB (part of that presented in [36]). In this way, the experimental data were
adjusted by a multi-variable numerical simulation, which simultaneously fit the complex
M* and ¢* values using the Havriliak-Negami (HN) function:

1 1

MI*—IN =5 ) (2)
AN n _ Ne 9de
€oo t+ Zk:l [1+(ijk)zxk]Bk + (]w€0)
n Agy ( O0dc )s
e'HN(W) = €oo + T\ o
k;l [+ (ijk)ock]Bk jweg

where ¢, is the high-frequency limit of the dielectric permittivity, Ae is the dielectric
strength, Ty is the relaxation time from HN fitting, o4, represents the dc conductivity
with g being the permittivity of the vacuum, s is a constant between 0 and 1, and « and
(3 are shape factors (0 < «, p < 1) related to the width and the asymmetry of curves,
respectively. Depending on the o and 3 values, one can choose different models for the
relaxation process. When « = 3 = 1, the Debye model is obtained; for o« # 0 and § =1,
the dielectric relaxation follows the Cole—Cole (CC) model; and for « =1 and  # 0, the
Cole-Davidson (CD) model is obtained. The purpose of using a multi-variable fitting
algorithm is to find the optimal parameters for the Havriliak-Negami model, assuring that
the result represents the relaxation phenomena in both formalisms, M* and ¢*.

For the GIG and BTO samples, the M” shows a single dielectric relaxation in the entire
frequency range of analysis. From the HN fitting results (Table 4), one can use the relaxation
frequency to estimate the capacitance of the process [37]:

Czcioﬂ
2-M

max

(4)

where M" hay is the corresponding M value at the relaxation frequency, and C represents
the capacitance of the empty cell, Cy = 50%. The term A is the sample electrode contact
area, and L is the sample’s thickness.

According to our calculations, for the GIG sample, the capacitance of the relaxation
is 4.02 x 1072 F, while for the BTO sample, the capacitance is 6.14 x 107! F. These low
capacitance values are typical for bulk processes, which suggests that for the GIG and BTO
samples, the discussed relaxation is assigned to the bulk.

As for the composite samples, the electric modulus shows more than one relaxation
phenomenon. For the 25GIG and 50GIG sample, three relaxation processes were identified,
named low frequency (LF), intermediate frequency (IF), and high frequency (HF).
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The high-frequency process is only observed for the composite samples, and its contri-
bution becomes more prominent in the electric modulus as the wt% of GIG increases. This
suggests that the HF process could be related to the bulk, most likely with the predomi-
nance of the GdFeO3 grains since the amount of this phase also increases with the addition
of GIG to the composites. The relaxation found at intermediate frequencies (IFs) should
represent the combined response from the grain boundaries. As for the low-frequency
process, its relaxation frequency appears to shift towards higher frequencies as the wt%
of GIG increases. For the 25GIG and 50GIG samples, the relaxation frequency from this
process is far apart from that of the IF process. However, for the 75GIG sample, there seems
to be a convolution of the LF and IF processes; hence, we can only identify two relaxation
processes, one at intermediate frequencies and the HF process. The LF relaxation should be
related to a nonohmic process at the sample/electrode interface.

0.04
o Mo BTO
. 0.002
0.03 — HNfit
= 0.02 =
0.0014
0.014
0.004 0.000 T T T T T T
102 103 104 10°% 1086 107 108 10° 102 10% 104 105 10%® 107 108 10°¢
(@) Frequency (Hz) (b) Frequency (Hz)
0.0006 o 0.0020
e 25GIG . Mo 50GIG
' 000151 — HNfit
0.0004+4
s S 0.0010- HF
0.0002- e X
0.0005+ LF
0.0000 r ; . T i 0.0000 : = e
102 103 104 105 108 107 108 10° 102 103 104 105 1068 107 108 10°
(C) Frequency (Hz) (d) Frequency (Hz)
0.008
75GIG
o M
0.006- o0
S 0.004-
0.0024
0.000+ T
102 10% 104 10 10%® 107 108 10°
(e) Frequency (Hz)

Figure 8. Dependence of the imaginary part of the electric Modulus, M”, on the frequency and the fit
according to the simulation using the Havriliak-Negami (HN) model (red curve) for (a) GIG, (b) BTO,
and composites with (c) 25 wt% of GIG, (d) 50 wt% of GIG, and (e) 75 wt% of GIG.

Table 4. Havriliak-Negami parameters from the numerical fitting to the M* and €* data of the samples.

f// f/l f

A€HN,; AeHNg AEHN; Eoorp Eoorp Eoonp “(/Iﬁazx;f Iz’[HmaZx)IF I\Z[IZ-‘IZ;I){F (S;);n)
GIG 23.7 8.4 360 7.97 x 1078
BTO 663.8 114.2 2734 5.47 x 107°
25GIG 661.5 378.0 59.7 669.1 291.1 231.4 52 18,700 6.5 x10° 697 x 10°8
50GIG 867.0 4122 90.4 589.7 177.5 87.0 356 21,290 1.1 x107 241 x10°°
75GIG 914.1 69.5 97.2 27.7 2810 1.1 x 107 2.55 x 107°

The Nyquist M* plots of the samples are shown in Figure 9. For all samples, the
obtained HN fit agrees very well with the experimental data. The analysis of the complex
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function is very important since the shape of dielectric relaxation can only be fully char-
acterized when the HN model is fitted to the complex M* or ¢* function. In addition, to
determine the dielectric strength (A¢), the fitting model requires the M’ or ¢’ values, since
At = €5 — €co.

GIG o Moy 0.0044 BTO o Mo

0.05- — HNfit — HNit

B3 s
”“\ 0.0024 /—'\
0.00 T . 0.000 T T T T
0.00 0.05 0.10 0.15 0.000 0.002 0.004 0.006 0.008 0.010

@ W (b) w

0.0024 25GIG o Mgy, 50GIG o Mgy

— HN it 0.0054 — HN it
s
0.001+ HE
40 H IF
: LF 3
0.000 T T T T 0.000 r T
0.000 0001 0.002 0003 0.004 0.005 0.000 0.005 0.010
(© M (d) Y
0.02
75GIG o Meyp
— HN fit
S 0.01
0.00 ’s/.-—s.\ .
0.00 0.01 0.02 0.03 0.04
(e) w

Figure 9. Nyquist plot, M” vs. M/, and the fit according to the simulation using the Havriliak-Negami
(HN) model (red curve) for (a) GIG, (b) BTO, and composites (c) 25GIG, (d) 50GIG, and (e) 75GIG.

The GIG and BTO samples (Figure 8) show an asymmetric curve characteristic of the
Cole-Davidson model. In fact, for both samples, the obtained shape parameters of the HN
function were @ =1 and 3 = 0.4. As for the composite samples, the experimental M* data
were fitted using multiple Cole—Cole relaxations. For the 25GIG sample (Figure 8), one
supplementary impedance measurement was taken up to lower frequencies (0.01 Hz), to
inspect if any additional relaxation occurred beyond the LF process. The data from this
measurement, plotted as open circles in Figure 9, confirm that the LF relaxation intersects
the origin of the electric modulus; hence, no additional relaxation is observed.

As previously discussed, the dielectric relaxations were investigated by simultaneously
fitting the complex M* and €* values to the Havriliak-Negami (HN) function. Figure 10
shows the complex permittivity of the 25GIG sample, revealing the three relaxation pro-
cesses, and that the HN parameters are well suited to both formalisms (M* and ¢*). While
in the M” representation, the contribution of the HF process is large and becomes the
dominant process for the 50GIG and 75GIG samples, the intensity of this relaxation is much
smaller in the complex permittivity representation. The electric modulus has the advantage
of minimizing high capacitance effects such as spatial charge accumulation effects [38],
which allows small capacitance processes to be disclosed and highlighted, such as localized
dipole relaxations in the bulk. As shown in Table 4, the dielectric strength of this process
(Aepngy) is also the smallest among the three relaxations, which corroborates its smaller
intensity in the Nyquist €* plot.
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¢
Figure 10. Cole—Cole plot for composite of 25 wt% of GIG and the adjustment according to the
simulation using the Havriliak-Negami (HN) model (red curve), showing three relaxation processes.

3.4.3. Impedance Response

The electrical properties of the samples were further studied using the impedance
formalism. The analysis using equivalent circuit models (ECMs) allowed us to identify the
contributions observed in the impedance spectrum based on their resistance and capaci-
tance. The distinction between different electrochemical processes could be determined
based on the order of magnitudes of their capacitances.

Figure 11 shows the Nyquist Z* plot of the GIG sample. The impedance data of this
sample were fitted to an electrical circuit consisting of a resistor (R;) in parallel with a
constant phase element (CPE;), using MATLAB application software developed by the
authors [39]. From the fit results, we calculated the true capacitance of the constant phase
element with the Brug formula [40,41] and a value of 4.5 x 10~12 F was obtained (Table 5).
This value is in good agreement with the capacitance calculated using the M . value,
confirming that the constant phase element represents the bulk capacitance and the resistor
the bulk resistance. Both depend on the sample’s geometry. The bulk conductivity was
also calculated and the obtained value, 9.36 x 108 S/m, is also very close to the opc value
obtained from the HN fitting (7.97 x 1078 S/m).

2x108
O GIG
— ECM fit
1.5%x108+
)
N 1x1084
5x1071 & a

CPE,
0 5x107 1x108 1.5x108 2x108
z(Q)

Figure 11. Nyquist plot, —Z" vs. Z/, for the GIG sample at room temperature. The inset of the graphic
shows the equivalent circuit model (ECM) used to fit the data.

The impedance data of the BTO sample (Figure 12) could not be modeled by a single
R/ /CPE circuit; hence, the equivalent circuit model of choice was a resistor (R;) in parallel
with a constant phase element (CPE;), connected in series with a second resistor (Ry) in
parallel with a constant phase element (CPE;). The impedance at a low frequency clearly
suggests a second semicircle that extends to lower frequencies, beyond our frequency range
of analysis. The capacitance of the low-frequency semicircle (R, //CPE,) is 1.5 x 107° F,
which indicates that this relaxation process is assigned to the grain boundaries. The
high-frequency semicircle, represented by Ry //CPEj, is associated with the bulk. The total
conductivity of the sample, calculated with the resistance from the bulk and grain boundary,
i53.93 x 107 S/m, which also corroborates with the HN result. This agreement highlights
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the effectiveness of our approach using a multi-variable algorithm with simultaneous fitting
of the complex M* and ¢* values.

Table 5. Obtained parameters from the equivalent circuit model of the impedance of the samples.

Ry C1 R, Cz o
Q) (F) Q) (F) (S/m)
GIG 3.7 x 108 45 x 10712 9.36 x 108
BTO 4.6 x 10° 75 x 10711 4.0 x 106 15 x 107? 393 x 10
25GIG 4.0 x 108 3.5 x 10710 836 x 1078
50GIG 1.9 x 107 4.0 x 10710 1.84 x 10°
75GIG 1.4 x 107 1.2 x 10710 254 x 1076
5x106
O BTO
6.
410°1 _ eowmit
~ 3x1064
<)
N

CPE, CPE,

0 1x10° 2x106 3x106 4x106 5x10°

Z©Q
Figure 12. Nyquist plot, —Z" vs. Z’, for the BTO sample at room temperature. The inset of the
graphic shows the equivalent circuit model (ECM) used to fit the data.

Similarly to the GIG sample (Figure 10), the impedance of the composite samples
shows an incomplete semicircle (Figure 13) that is well-fitted to an electrical circuit consist-
ing of a resistor (Ry) in parallel with a constant phase element (CPE;). As shown in Table 5,
the conductivity of the 75GIG and 50GIG samples is very close, at 2.54 x 107% S/m and
1.84 x 107° S/m, respectively. Conversely, for the 25GIG sample, the conductivity is two
orders of magnitude lower, at 8.36 x 1078 S/m. When judging solely on the capacitance
values (around 10~'° F), one cannot accurately conclude on the assignment of this contribu-
tion. Although they resemble the typical values found for grain boundaries (10~ 1-1078 F),
additional information such as impedance measurements as a function of temperature is
required to confirm this assumption.

8x10°
O 25GIG
6x106+ 0 50 GIG
o 75GIG
- — ECM fit
c
= 4x106-
N

0 2x106  4x108  6x106  8x10°
ZQ

Figure 13. Nyquist plot, —Z" vs. Z/, for the composites’ 25GIG, 50GIG, and 75GIG samples at room
temperature. The inset of the graphic shows the equivalent circuit model (ECM) used to fit the data.
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4. Conclusions

In the present work, we studied the dielectric and structural properties of barium
titanate—gadolinium ferrite composite samples. The composites were found to be a mix-
ture of three crystal phases, BaTiO3, GdFeOj3, and BaFe;O1;. The weight percentage of
the GdFeO3 perovskite structure was found to increase with the addition of GIG to the
composites, by up to 55 wt% for the 75GIG sample. According to the diffractogram of the
BTO sample, the synthesized powder crystallized in the tetragonal phase, although it can
be concluded that the single-step sintering procedure used is not effective in achieving
BTO particles with a high tetragonality, possibility due to the low annealing temperature
and/or the annealing time and atmosphere used. As for the GIG powder, the XRD analysis
showed that the main phase is Gd3Fe5O1; (81 wt%).

The dielectric relaxations of the samples were modeled according to the Havriliak—
Negami function. For the GIG and BTO samples, the electric modulus exhibited a single
relaxation, which was assigned to a localized relaxation process within the bulk. The 25GIG
and 50GIG samples showed three relaxation processes, whereas for the 75GIG sample, only
two dielectric relaxations could be observed.

The conductivity of the samples, the dielectric constant, and the loss tangent were also
studied. The sample with the highest dielectric constant was the 25GIG composite, with an
¢’ close to 240 and loss tangent values below 0.1. In comparison to the remaining samples,
this composition showed the most appealing features for energy storage applications.

This work also reports a new fitting procedure for studying the dielectric relaxations
of materials using the Havriliak-Negami function. The use of a multi-variable numerical
algorithm that simultaneously fits complex M* and ¢* values was found to effectively
provide the general solution to both immittance functions. Moreover, the conductivity
values obtained from the Havriliak-Negami function in this approach showed a very good
agreement with those obtained from the conventional method, namely, impedance fitting
with equivalent circuits.
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