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Abstract

In this study, SrFeOs-LaFeQOj; ceramic composite was prepared from mixture of SrFeQs and LaFeO; powders
(synthesized by solid state reaction method) by pressing and sintering at 1400 °C for 6 h. The composite
exhibits single orthorhombic structure with coexistence of SrFeQOsand LaFeQOj; phases. Chemical composition
and complex dielectric properties were investigated. The obtained permittivity of the SrFeOs-LaFeQ;
composite is 2 to 3 times higher than that of the pure SrFeOs or LaFeO; perovskite samples. The observed
dielectric behaviour can be explained by the localized dipolar effect and dielectric relaxation processes,
arising from the presence of mixed-valence state of Fe (i.e., Fe’'/Fe’'/Fe’" pairs) and oxygen vacancies with
activation energies of 0.38 and 0.73 eV, respectively. Resistances of grain boundaries and grains were

revealed by impedance spectroscopy.
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I. Introduction

Perovskite oxides (ABOs) have gained significant
attention due to their versatile electronic and dielectric
properties, which make them suitable for a wide range
of applications, from solid-state devices to sensors.
One of the more appealing features of these materials
lies in the fact that they can be easily modified by
doping with other elements, which allows for the
tuning of their properties for specific applications.

In the family of ABOs;, SrFeO; (SFO) and LaFeOs
(LFO) stand out as important ferrites due to their
thermal stability, dielectric, ferroelectric and
ferromagnetic properties. It has been reported that
SFO exhibits ferromagnetic behaviour at room
temperature, while LFO is an antiferromagnetic
material with the Néel temperature around 750 K.
Many research achievements on SFO and LFO have
been reported in various state-of-the-art fields such as
solid oxide fuel cells, photocatalysis, chemical sensors,
magnetic material advancements and the innovation of
electrode materials [1-7]. Huang et al. [8] have
reported that the creation of oxygen vacancies in La,.
Sr.FeO; nanoparticles is crucial for the charge
compensation during the substitution of high-valence
cation ions with low-valence ones, which in turn
affects the dielectric properties. Similarly, Cao et al.
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[9] discovered that La,«NaFeO; crystals exhibit a
dielectric constant as high as 10° at low frequencies.
Additionally, it has been proved by Omari et al. [10]
that the solid solution of 0.97(PbTi0;)-0.03(LaFeOs)
showed an optical bandgap of 2.032 eV, indicating it
as a potential material for solar cell technologies. Up
to now, cation ions with different valence states, such
as monovalent (Na [9], K [11], Ag [12]), divalent (Pb
[3], Sr [14], Zn [14]), trivalent elements (Co [15], Cr
[16], Al [17]) and tetravalent elements (Ti [18]) have
been reported as dopants entering into LaFeO; crystal
lattice, and their effects on magnetic or electrical and
optical properties have been investigated.

The composites formed by combining SFO and
LFO can potentially yield unique properties that are
not present in either of the individual components.
This article aims to explore the dielectric properties of
0.5SrFe0;-0.5LaFeO; (SFO-LFO) composites,
providing insights into how these properties can be
tailored for specific applications. Our results show that
the SFO-LFO composites exhibit excellent dielectric
properties which can be explained by the dipolar
effect, originating from the mixed-valence state of
Fe?'/Fe*'/Fe*" pairs and oxygen vacancies.

II. Experimental

The SFO and LFO powders were prepared by
using the solid-state reaction method. Firstly, the SFO



powder was synthesized by employing high-purity
chemical reagents SrCO; (=99.9%, Macklin Chemical
Co. Ltd, Shanghai, China) and Fe,O; (299.9%,
Macklin Chemical Co. Ltd, Shanghai, China). The raw
chemical materials were meticulously weighed
according to the stoichiometric ratio and thoroughly
mixed. The mixed precursors were finely ground and
subjected to a solid-state calcination process at 1250
°C in a muffle furnace for 8 h to obtain the SFO
powders. Secondly, the LFO powder was synthesized
by using the stoichiometric La,O; and Fe,O; raw
materials and the same process for producing the SFO
powder was carried out. Finally, the SFO and LFO
powders were mixed with equal mole ratio to obtain
the SFO-LFO precursor. After being ground in an
agate pestle and mortar for a period of 1 h, the
composite powders were pressed 14 MPa) into
cylindrical pellets of uniform thickness using a pellet
press. The pellets were sintered at 1400 °C for 6 h to
form ceramic samples.

The bulk densities of the samples were measured
by the Archimedes method. The crystal structure of
the prepared samples was investigated using X-ray
diffraction (XRD) with Cu Ko radiation (4 = 1.5418
A) over a 26 range of 20°-80°, employing an X'Pert3
Powder diffractometer (PANalytical, The
Netherlands). Structural analysis of the XRD data was
performed using the General Structure Analysis
System (GSAS) and VESTA (JP-Mineral.org, Ibaraki,
Japan) software. Surface micromorphology was
observed by scanning electron microscopy (SEM)

using a JEOL-JSM-7610F operated at 2 kV
acceleration voltages. X-ray photoelectron
spectroscopy (XPS) was wused to analyse the

composition and valence state of the specimens
utilizing a monochromatic Al Ka X-ray source from
the ESCALAB 250Xi, a device manufactured by
Thermo Electron Corporation in the USA. The
dielectric properties were investigated using a HIOKI
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3532-50 LCR HiTester and an HP4194A analyser,
which allowed for measurements across a frequency
range of 100 Hz to 1 MHz. The measurements were
conducted on the samples with silver electrodes
uniformly applied to both sides of the pellets.

II1. Results and discussion

The Rietveld refinement was performed by using
the GSAS program to analyse the XRD patterns of the
sintered samples and corresponding results are shown
in Fig. 1. As shown in Figs. la and 1b, all the
diffraction patterns demonstrate excellent crystalline
quality and the presence of iron-based perovskite
phases. The diffraction peaks in Fig. la can be
confirmed and indexed with the standard reference
pattern of LFO in orthorhombic structure (PDF#37-
1493), while that in Fig. 1b can be confirmed with the
pattern of SFO (PDF#40-0906). No impurities or
alternative phases can be detected. The determined
lattice parameters are: a = 5.566 A, b =7.854 A and ¢
=5.553 A for the LFO, and a = 10.97 A, b=7.702 A
and ¢ = 5.471 A for the SFO samples. Figure 1c shows
results of the Rietveld refinement analysis of the SFO-
LFO composite. As it is known, the ionic radius of Sr**
is 118 pm, and that of La*" ions is 102 pm. The results
revealed the coexistence of two phases of SFO (Pnna)
and LFO (Pbnm) for the composites, indicating that
the crystalline structures of SFO and LFO coexist for
the SFO-LFO composite. The obtained mass fraction
of SFO is about 44.1%, while that of LFO is about
55.9% (Fig. lc). The calculated molar ratio of SFO
and LFO is approximately 1:1, which corresponds well
with the molar ratio in the prepared 0.5SFO-0.5LFO
composite.

Densification of the prepared ceramics was
analysed by density measurement which were 83, 85
and 94 %TD for the SFO, LFO and SFO-LFO
samples, respectively.
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Figure 1. XRD Rietveld refinement results of: a) LFO, b) SFO and ¢) SFO-LFO sintered samples (the inserted pie chart

shows the mass fraction of LFO and SFO)
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Figure 2. SEM images of: a) SFO, b) LFO and SFO-LFO sintered samples

SEM images of the prepare samples are presented
in Fig. 2. The morphology of the SFO (Fig. 2a) and
LFO ceramics (Fig. 2b) shows the existence of grains
(3-5 pm) and intergranular porosity. The pores are
interconnected with one another, forming a porous
microstructure. A dense structure for the SFO-LFO
composite is shown in Fig. 2c. The equimolar blending
of SFO and LFO appears to be effective in mitigating
porosity. By using Archimedes’ method, it was
quantitatively determined that the porosity was
reduced by approximately 10%. Similar results were
reported for CaTiOs-FeTiO; and CaTiO;-BiFeOs
composites [19,20]. These characteristics may have a
direct impact on the dielectric properties of the
prepared SFO-LFO composite.

Figure 3 displays XPS spectra for the fabricated
SFO-LFO composite. The survey XPS spectrum (Fig.
3a) suggests the presence of La, Sr, Fe, O and C. The
binding energy of C 1s at 284.8 eV was used to

calibrate the data. The Sr 3d high-resolution XPS
spectrum (Fig. 3b) shows characteristic peaks located
at 133.6 and 135.4 eV, respectively, suggesting that
the Sr ions are in Sr** states. The scan of the La 2p
spectra (Fig. 3¢) exhibit peaks for La 2ps», and La 2ps»
at 883.7 and 850.7 eV, respectively, with characteristic
satellite peaks in accordance with the standard La**
[21]. The Fe 2p spectrum (Fig. 3d) displays a doublet
assigned to 2ps» and 2pip, respectively. The 2ps, peak
is resolved into three peaks at 709.7, 710.7 and 713
eV, attributed to Fe*', Fe** and Fe**, respectively. This
is in agreement with the reports by Mullet ef al. [22],
indicating a mixed-valence state of iron in the samples.
The O 1s XPS spectra (Fig. 3e) is deconvoluted into
three Gaussian peaks at 529.8, 530.7 and 531.8 eV,
which can be ascribed to lattice oxygen, oxygen
vacancies and surface-adsorbed oxygen, respectively.
These findings are in line with the results reported by
Wang et al. [23] on BaFeOs s ceramics.
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Figure 3. Typical XPS spectra of SFO-LFO composite: a) survey investigation, b) Sr 3d, ¢) La 3d, d) Fe 3d and e) O 1s
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Figure 4. Frequency dependence of ¢’ and tand for: a) SFO, b) LFO and c¢) SFO-LFO ceramics at different temperatures, and
d) comparison of ¢’ values for SFO, LFO and SFO-LFO samples at 380 K
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Figure 5. Variation of tand with frequency at different
temperatures for SFO-LFO composite (solid curves are the
least-squares fitting data by the Gaussian function and inset

shows the typical result at 7= 380 K)

The frequency dependence of the real part of the
dielectric constant (¢') and tangent loss (tand) are
illustrated in Fig. 4. As shown in Figs. 4a and 4b, the
dielectric constant at lower frequencies is large due to
the dipolar polarization in the SFO and LFO ceramics.
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As frequency increases, the dielectric constant is
reduced because electron movement may not
synchronize with the fluctuations of the external
electric field [24,25]. As for the SFO-LFO composites
(Fig. 4c), the obtained values of ¢' not only exceed
those of SFO and LFO, but exhibit good frequency
stability. This enhancement may originate from the
dipolar effect arising from the Fe*/Fe’*/Fe*” ion pairs,
as shown in the XPS analysis (Fig. 3d), within the
perovskite framework of iron. The hopping of
electrons between these ions induces dipolar
polarization which aligns the dipoles in response to a
varying electric field, resulting in the increased
dielectric properties. Comparison of &’ values of the
SFO, LFO and SFO-LFO samples at 380 K is shown
in Fig. 4d. At low frequencies, the &’ value of the SFO-
LFO composite is about twice as high as that of the
SFO or LFO ceramics. The enhancement is more
pronounced in the high-frequency region. Similar
results have been reported in other transition metal
oxides [26].

The variation of tand in Fig. 4 shows peaks at
different frequencies, indicating the presence of a
relaxation process. Typical analysis of the tand data
for the SFO-LFO composite is shown in Fig. 5. After
fitting the data, the wvariations of tand can be
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decomposed into two peaks, corresponding to the
relaxations at high- and low-frequencies. Typical
result for 7= 380 K is shown in the inset of Fig. 5. As
the temperature increases, the respective peak
positions shift to higher frequencies. For a relaxation
related to thermally activated process, the activation
energy E, be calculated using the Arrhenius law:

a

k, T

S =1 exp )

where f, stands for a pre-exponential factor, kg is the
Boltzmann parameter and 7 represents the peak
temperature.
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Figure 6. The Arrhenius plots for: a) the low-frequency
relaxation peak and b) the high-frequency relaxation peak
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Figure 7. Complex impedance plots for the prepared SFO-
LFO composite at different temperatures (solid lines are the
best-fitting results)

The Arrhenius plots for the two relaxations are
shown in Fig. 6. The presence of a strong linear
correlation between 1/T and Inf gives the activation
energies (E,) for the high- and low-frequency
relaxations as 0.38 and 0.73 eV, respectively. As
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reported by Wan et al. [27] and Dang et al. [28], 0.3—
0.4 eV in the frequency range of 5x10°-5x10* Hz is a
typical activation energy for the polaron relaxation
caused by the exchange of electrons between
multivalent transition metal ions. The obtained E, =
0.38 eV can be attributed to the activated hopping of
small polarons between Fe®, Fe’" and Fe*" ions. The
oxide vacancies have a major contribution to the
activation energy of 0.73 eV [28].
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Figure 8. Plots of grain boundaries In(R,;) and the grain

resistance In(R,) against 1/7T (solid lines are linear fits to the
data)
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To separate the dielectric responses from different
electroactive regions in the SFO-LFO composite,
complex impedance analysis was performed in the
temperature range of 180-380 K. The obtained Z' vs.
Z" spectra are presented in Fig. 7. Generally, due to
the different relaxation times, the impedance responses
from high to low frequency can be attributed to the
responses of grains, grain boundaries and electrodes,
respectively [29]. As shown in Fig. 7, semicircles with
large radii can be observed in the low-frequency
region which can be assigned to the dielectric response
from electrodes. The sequential two regions from left
to right correspond, respectively, to the dielectric
response from grain boundaries and bulk grains. The
presence of intergranular porosity, defects and oxygen
vacancies at the grain boundaries restricts the
movement of charge carriers, resulting in the grain
boundary impedance being significantly higher than
that of grains [30,31]. With the frequency increasing,
the radius of the observed semicircles increases with
decreasing  temperature, which  suggests the
dependence of the grain and grain boundary
resistances on the temperature, indicating the
semiconducting behaviour of the material. As the
operating  frequency further increases, small
semicircles can be found in the high-frequency region,
as shown in the inset of Fig. 7. The temperature effect
on the radius of these semicircles is similar to the
results of grain boundaries. The dependence of the



calculated resistance of grain boundaries (Rg) and the
grains (R,) on temperature is shown in Fig. 8. As it is
known, when the mobility of charge carriers is
temperature activated, the resistance R depends on the
temperature T according to the equation [32]:

4
T
where R, and B are material-related constants. The
linear relationship of In(Ry) ~ 1/T and In(Ry) ~ 1/T
provides an evidence of negative temperature
coefficient of resistance, which implies that the

prepared SFO-LFO composite is a stable
semiconductor material.

R =R, -exp @

IV. Conclusions

SrFeO;-LaFeOs; (SFO-LFO) ceramic composite
was prepared from mixture of SrFeO; and LaFeOs;
powders (synthesized by solid state reaction method)
by pressing and sintering at 1400 °C for 6 h. XRD
results revealed the coexistence of two phases
(orthorhombic SFO and LFO) in the SFO-LFO
composite. In addition, it was shown that densification
of the SFO-LFO composite was improved in
comparison to the pure SFO or LFO ceramics.

The value of dielectric constant ¢’ for the SFO-
LFO composite is at least twice as much as that of the
pure SFO or LFO ceramics. The relaxations at high-
and low-frequencies were considered to be originated
from the Fe*"/Fe*"/Fe*" pairs and oxide vacancies, with
activation energies of 0.38 and 0.73 eV, respectively.
Impedance spectroscopy, used to determine the
relationship between temperature and resistance of
grain and grain  boundary, indicates the
semiconducting behaviour of the fabricated material.
The obtained results suggest that the SFO-LFO
composite exhibit excellent dielectric properties due to
their unique structure and composition, which makes it
a promising candidates for applications in electronic
capacitors and optoelectronic devices.
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