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In this work, the samples of MgFe2O4 (MFO)x–BaTiO3 (BTO) (100-x) (x = 10, 20, 30, 40, 50) are synthesized 
by a sol–gel process. According to the X-ray diffraction data, all composites have the tetragonal phase 
for BTO, and the spinel phase for MFO. In accordance with FESEM, the ferrite particles become more 
agglomerated, and have an irregular shape as the MgFe2O4 concentration increases. The hysteresis loops 
(M–H) measured at room temperature indicates an increase in the saturation magnetization with an 
increase in the MFO content. The band gap dependency on the MFO content is also studied using the UV–
visible spectra, which show that the band gap energies are in the range of 2.17–2.70 eV. With an increase 
in MFO, the dielectric constant decreases, and the dielectric tangent loss increases. Also according to the 
Nyquist plots, as the MFO phase increases in the composites, the diameter of the semicircle also increase 
indicating the higher resistivity.

Introduction
Multiferroic materials, which combine ferroelectric and fer-
romagnetic characteristics, have attracted a lot of attention in 
the recent years due to their scientific and industrial potentials. 
They may be employed in a variety of applications including 
magnetic memory systems, microelectronics, signal process-
ing devices, high-density information storage [1], electrically 
controlled spintronics [2, 3], nanoelectronics [4], multiple-state 
magneto-electric memories [5, 6], and magnetic and electric 
switching [7]; they could also work as magnetic field sensors 
[1]. An electric field can be used to magnetically polarize some 
of the multiferroic materials, and a magnetic field can be used 
to electrically polarize them [8]. Multiferroic composites appear 
to be a superior alternative to single-phase materials because of 
their strong magnetoelectric coupling. By combining magne-
tostrictive and piezoelectric materials, multiferroic composites 
are produced, applying the interactions between the two phases. 
When a magnetic-and electric fields are present, the distortion 
between one of the magnetostrictive and one piezoelectric phase 
causes the composite materials to exhibit the magnetoelectric 
effect. This deformation induces stress or strain, which causes a 
multiferroic interaction between them [9]. The sol–gel, hydro-
thermal, solid-state reaction, and hybrid techniques are all used 
to create different multiferroic composite combinations [10–14].

The ferroelectric barium titanate, BaTiO3, belongs to the 
perovskite structure, and its Curie temperature is at 120 °C, at 
which point its crystalline structure changes from tetragonal to 
cubic. The Ba2+ ion is at the center of the cube. At 26 μC/cm2, the 
ferroelectric BaTiO3 will show spontaneous electrical polariza-
tion, which may be modified by applying a sufficiently strong 
electric field in a direction that would induce the change [1]. The 
BaTiO3 powder can be made via solid-state reactions, mecha-
nochemical synthesis, sol–gel, and other processes [15–19]. Its 
environmental appeal stems from the fact that BaTiO3 is lead-
free [20]. Because of its outstanding dielectric, ferroelectric, 
and piezoelectric characteristics, BaTiO3 offers a wide range of 
applications including transducers, thermistors, self-regulating 
heating systems, and microphones [1, 21]. Because MgFe2O4 has 
a high saturation magnetization value, a high Curie temperature, 
and a high electrical resistivity, it has piqued the curiosity of 
many researchers compared to other ferrites. MgFe2O4 is a soft 
magnetic material with an inverse spinel structure. It also is an 
n-type semi-conductor material that may be employed as an 
adsorption device, as well as in sensors and magnetic technolo-
gies [22]. Another intriguing feature of MgFe2O4 is its unusual 
chemical characteristics and thermal stability, as well as the 
magnetic properties’ reliance on the particle size. Superpara-
magnetic nanoparticles made of MgFe2O4 are also possible [22]. 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-023-01093-8&domain=pdf
http://orcid.org/0000-0002-4496-1757
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Chemical methods were mainly used to synthesize MgFe2O4 
compounds, while physical methods were difficult to implement 
[23]. Polymeric precursor method [24], co-precipitation [23], 
sol–gel auto-combustion method [25], high energy milling [26], 
supercritical hydrothermal reaction [27], mechano-chemistry 
[28], combustion [29], and microwave hydrothermal method 
[30] are some of the reported synthesis methods for nanosized 
MgFe2O4 particles.

In order to create a system with tailored dielectric, magnetic, 
magneto-electric, and ferroelectric characteristics, Abraham 
et al. have studied the encapsulation of non-ferroelectric mag-
nesium ferrite (MgFe2O4) nanoparticles in a ferroelectric shell 
of BaTiO3 [31]. The core–shell interface significantly impacts 
defect types, attributes, processes, magneto-electric coupling, 
and the system’s electric and magnetic characteristics. The 
composites have dielectric losses less than 0.10 at 1 MHz (lower 
than that of the parent materials, MFO, and BTO), which are 
attributed to the hybrid core–shell structure, and therefore, are 
ideal for energy storage applications. The magnetic and dielec-
tric characteristics of the composite samples xBaTiO3–(1−x) 
MgFe2O4 (x = 0.35, 0.5, 0.65) were studied as a function of the 
annealing temperature 950–1150 °C. Saturation magnetization 
increased upon the increase in annealing temperature up to 
1050 °C, and then decreased. It was found that 0.65 BaTiO3–0.35 
MgFe2O4 composite with an annealing temperature of 1150 °C 
had a higher dielectric constant. The grain size-dependent polar-
ization is responsible for improving dielectric characteristics in 
relation to the annealing temperature [9]. As reported for the 
(BaTiO3)(1−x)(MgFe2O4)x samples with x = 0.1, 0.2, 0.3, and 0.5, 
by increasing ferrite concentration, the ceramics relative permit-
tivities decrease, while their dissipation factors rise [32]. Addi-
tionally, greater permittivities are produced by increasing the 
sintering temperature up to 1200 °C. In another report on (1−x) 
BaTiO3–xMgFe2O4 composite (x = 0.00, 0.02, 0.04, 0.06, and 
0.08), the coercivity of the multiferroic composite for x = 0.04 
to 0.08 is very small, which is in the range of ~ 47–53 G [1]. The 
composite (x)MgFe2O4–(1−x)BaTiO3 (x = 0.4, 0.5, and 0.6) was 
also investigated, and the results showed that the composite with 
x = 0.6 had the highest magnetoelectric coefficient with a value 
of 50.2 mV/cm Oe at 10 kOe bias magnetic field with a 50 Hz 
ac magnetic field [8], although the composite of BaTiO3 with 
other ferrites such as BaTiO3-CoFe2O4 [33], BaTiO3–ZnFe2O4 
[34], BaTiO3–NiFe2O4 [35], and BaTiO3–MnFe2O4 [36] have 
been investigated.

The goal of this work was to synthesize the MgFe2O4 
(MFO)x–BaTiO3 (BTO)(100−x) (x = 10, 20, 30, 40, 50) composites 
and perform their characterization. Up to now, there are only 
a few reports on this system especially on optical investigation. 
Various weight percentages of MFO and BTO nano-powders 
were used to create MFO-BTO nanocomposites using a modi-
fied sol–gel method for BTO and a self-combustion method for 

MFO. Investigations were conducted on the prepared compos-
ite to determine its structural, optical, dielectric, magnetic, and 
electrical conduction characteristics. To the best of our knowl-
edge, there was no comprehensive report for this composite’s 
dielectric properties such as the imaginary part of the dielectric 
constant, electric modulus, and Nyquist plots.

Characterization
Using a Field Emission Scanning Electron Microscope (FESEM: 
Sigma 300-HV, Zeiss, Germany), the surface morphology of all 
nanocomposites was studied. The XRD patterns of the pro-
duced materials were captured using a D8-Advance Bruker 
AXS diffractometer using Cu Kα1 radiation with a wavelength 
of 0.15406 nm. The detection of optical absorption was car-
ried out using a Shimadzu UV–visible (UV1800, Shimadzu, 
Japan) spectrophotometer (in the scanning wavelength range 
of 190–1100 nm). To ascertain the samples dielectric properties, 
a LCR-meter (HIOKI IM3536, Japan) was employed. A vibrating 
sample magnetometer (VSM) with a maximum magnetic field 
of 0.8 T was used to record magnetic hysteresis (M-H) loops for 
samples (Taiwan’s Weistron VSM1100). Figure 1 shows a sche-
matic representation of the preparation method for the BTO, 
MFO, and BTO-MFO nanocomposites.

Results and discussion
X‑ray diffraction (XRD)

Figure 2(a) depicts the X-ray diffraction patterns of the pre-
pared MFO, BTO, and (MFO)x–(BTO) (100−x) (x = 10, 20, 30, 
40, 50) samples. In order to validate the phase, the BTO and 
MFO XRD patterns were compared with JCPD 00-005-0626 
and 01-073-1720, respectively. The perovskite BaTiO3 (space 
group P4/mmm) and spinel MgFe2O4 (space group Fd-3 m) are 
the two primary phases that make up the XRD patterns of the 
composites, along with a few more minor impurity phases. The 
composite systems display both parent phases, as seen. In the 
XRD pattern for MFO-BTO composite, the planes (100), (110), 
(111), (200), (210), (211), and (202) are those that match the 
tetragonal structure of BaTiO3, whereas the planes (220), (311), 
(400), (422), (511), and (440) correspond to the of MgFe2O4 
phase [31]. In addition to these phases, a few small peaks cor-
responding to the Ba4Ti2O27 (JCPDS 00-044-0013) secondary 
phase is found in BaTiO3. The presence of a minor impurity 
phase has been reported by other authors [37–39]. Additionally, 
Table 1 includes the phase fractions for each sample, which were 
determined. The results demonstrated that, with the exception 
of the 10MFO-90BTO sample, the phase fractions were almost 
identical to the weight percentages. As the small crystallite size 
and strain are two main sources of the peak broadening, so the 
Williamson-Hall (W–H) plot method was used to separate these 
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two effects. The Williamson-Hall (W–H) equation (Eq. 1) was 
used to determine the strain and average nano-crystallite size 
of the obtained samples [40].

where ε is the lattice strain, λ is the X-ray wavelength, β is the 
full-width at half-maximum, and θ is the Bragg angle of the 
diffraction peaks. Figure 3(a–e) displays the plot of the βcosθ 
versus 4sinθ for the (MFO)x–(BTO) (100−x) (x = 10, 20, 30, 40, 
50) nanocomposites. It is important to note that it is an approxi-
mation and may not always provide accurate results.The (100), 
(110), (200), (210), (211), (111) reflections for the BTO phase 
and (220), (311), (400), (440), (511) reflections for the MFO 
phase were chosen to the W–H plots depending on peak inten-
sity in the corresponding pattern. Due to the low weight per-
centage of MFO in the 10MFO-90BTO sample, the MFO phase 
was not observed in the XRD pattern.

The lattice constants (a = b and c) of the tetragonal structure 
and the lattice constants (a = b = c) of the cubic structure were 
obtained using the following equations [41]:

(1)β cos θ =
k�

D
+ 4ε sin θ

(2)1

d
2

=
h
2
+ k

2

a2
+

l
2

c2

(3)
1

d
2

=
h
2
+ k

2
+ l

2

a2

where h, k, and l indicate the Miller’s indices of the reflecting 
planes, and d is the distance between the hkl planes. Figure 2(b) 
displays the crystallite size values for both phases in compos-
ites. The average crystallite size and lattice properties of the 
two phases are summarized in Table 1. Zolkepli et al. reported 
the variation of the lattice parameters a and c with the weight 
fraction [1], and mentioned that although there was not much 
change in the lattice parameters, the tetragonality of BaTiO3 
decreased when MgFe2O4 was added consistent with our result. 
As Fig. 2(b) shows, by increasing the amount of MFO in the 
nanocomposites, the crystallite size of the magnesium ferrite 
phase grows, and the crystallite size of BTO phase decreases. It 
seems that increasing the MFO amount in the nanocomposites 
causes stress on the BTO crystallites during the sintering process 
[42]. These two phases can produce the magnetostriction and 
piezoelectric effects required for multiferroic coupling in the 
presence of a magnetic field.

FE‑SEM analysis

Figure 4 shows the particle size distribution curves and FESEM 
images of the produced samples. Increasing MgFe2O4 content 
appears to result in a small reduction in grain sizes. On the other 
hand, as the MgFe2O4 percentage increases, the ferrite parti-
cles tend to become more agglomerated and irregularly shaped. 
Agglomeration of the particles can be attributed to the magneto-
static interactions between them [9, 32].

Figure 1:   Schematic flow chart of (a) sol–gel synthesis of BTO, (b) self-combustion reaction synthesis of MFO, and (c) BTO-MFO nanocomposites and 
tablet.
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The obtained average particle size for all samples is around 
150 nm, as seen in the size distribution histograms (Fig. 4), 
while the average particle size for the x = 20 sample is two times 
larger (using the Digimizer software). When the particle size is 
compared with the size of the average crystallite size in Table 1, it 
is clear that each particle is made up of many crystallites. As the 
MgFe2O4 concentration increases, the ferrite particles become 
more agglomerated, and have an uneven form.

To provide a better understanding of the obtained results, the 
differences between the crystallite size calculated from the XRD 
data and the particle size measured by SEM is necessary. The parti-
cle is created by joining a number of crystallites with specific lattice 
spacing “d”. Crystallite size is the smallest unit and is measured as 
the size of coherently diffracting domains of material. So a particle 
is made of one or in most cases more crystallites [43].

Optical study

The reflectance spectra within the wavelength range of 
400–1100 nm were used to investigate the optical characteristics of 

the tablets created from the manufactured powders. The recorded 
spectra are shown in Fig. 5(a). The Tauc relation was used to cal-
culate the direct optical band gap energies [44]:

where F(R) is the Kubelka–Munk function, and R is the 
reflectance.

The linear portion of the (F(R)hν)2 against hν curves was 
extrapolated to obtain the bandgap values, as shown in Fig. 5(b) 
[45].

It is worth mentioning that when the crystal is defect free, 
inter-band transition in (F(R)hν)2 versus hν curve is sharp. But 
when defects are present in the crystal, the transition starts 
gradually due to the band-tail. So when the (F(R)hν)2 versus hν 
curves for samples are plotted together, the curves near to the 
band gap values of samples may cross each other.

(4)(F(R)hν)2 = A(hν − Eg )

(5)F(R) =
(1− R)

2

2R

Figure 2:   (a) XRD patterns for BTO, MFO, and (MFO)x−(BTO) (100−x) (x = 10, 20, 30, 40, 50) nanocomposites. (b) Crystallite size of barium titanate and 
magnesium ferrite in the (MFO)x−(BTO) (100−x) (x = 10, 20, 30, 40, 50) nanocomposites.

TABLE 1:   Lattice constants and 
crystallite sizes (D), strain, and 
phase fraction.

Sample Phase Phase fraction Lattice constants (nm)
Crystallite size 

(nm) Strain

10MFO-90BTO BTO 97.14 a = 3.987, c = 4.05 31.51 0.006

MFO 2.85 8.6 26.66 0.008

20MFO-80BTO BTO 82.96 a = 4.003, c = 4.054 29.5 0.005

MFO 17.03 a = 8.395 27.18 0.003

30MFO-70BTO BTO 76.04 a = 4.010, c = 3.970 20.09 0.004

MFO 23.95 a = 8.384 28.29 0.003

40MFO-60BTO BTO 66.65 a = 4.019, c = 3.979 15.75 0.003

MFO 33.34 a = 8.369 28.88 0.003

50MFO-50BTO BTO 49.79 a = 4.007, c = 3.981 14.75 0.003

MFO 50.2 a = 8.365 33.01 0.004
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Figure 3:   Williamson–Hall plot of βcosθ against 4 sinθ for the (MFO)x−(BTO) (100−x) (a) x = 10, (b) x = 20, (c) x = 30, (d) x = 40, (e) x = 50 nanocomposites.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
38

  
 I

ss
ue

 1
5 

 A
ug

us
t 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

Article

© The Author(s), under exclusive licence to The Materials Research Society 2023 3712

The band gaps for the (MFO)x–(BTO)(100 − x) (x = 10, 20, 
30, 40, 50) composites were obtained from Fig. 5(b), and plot-
ted in Fig. 5(c). The Fig. 5(c) shows that as the concentration 

of the MFO increases, the band gap decreases. This could be 
due to the smaller bandgap value of MFO compared to the 
barium titanate. Actually, reported values of the band gap 

Figure 4:   FESEM images of (MFO)x-
(BTO) (100−x) (a) x = 10, (b) x = 20, (c) 
x = 30, (d) x = 40, (e) x = 50 nano-
composites. Histograms for the 
particle size distributions (right).
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for MFO is around 2.18 eV [46] and the band gap value of 
the BTO is greater than 3 eV [47]. The composites bandgaps 
are approximately 2.5–2.9 eV, consistent with the Vegard’s 
law [48].

The composite fundamental band gap should be between 
these two values depending on the two phases ration according 
to Vegard’s law [48]. The other ranges observed in Fig. 5(b) may 
be produced from indirect transition or transition associated to 
the defects. So the fitted range indicated in Fig. 5 was chosen to 
obtain the band gap value.

The composite band gap energy, therefore, reduces as 
the ferrite phase is enhanced. This shows that it may be 
possible to change the band gap for a range of energies by 
just modifying the molar ratio of phases. A band gap value 
of 2.6 eV has been reported for the BTO-MFO core–shell 
structure [49].

Magnetic measurements

Figure  6(a) depicts the hysteresis loops for the MFO and 
(MFO)x–(BTO) (100−x) (x = 10, 20, 30, 40, 50) nanoparticles at 
room temperature. It proves the presence of an ordered mag-
netic structure in the mixed spinel-perovskite system. Due to 
the ferrite phase of MgFe2O4, the composite samples displayed 
the features of soft magnetic materials and suitability for device 
applications [8]. Table 2 displays the magnetic parameters that 
were derived from the hysteresis loops. It is evident that as the 
MFO concentration increases, so do the Ms and Mr values for 
the composite [Fig. 6(b)]. The increase in these parameters upon 
an increase in the MFO phase, may be explained by two fac-
tors. One is crystallite size enhancement in the magnetic phase 
[see Fig. 2(b)] and the second one is increasing MFO amount, 
which leads to continuous exchange interaction among mag-
netic domains in the ferrimagnetic phase, thus raising the net 

Figure 5:   (a) Reflectance versus wavelength spectra. (b) Variation of (F(R)hν)2 versus hν. (c) Variation of the bandgap (Eg) in (MFO)x−(BTO) (100−x) (x = 10, 
20, 30, 40, 50) nanocomposites.
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magnetic moment as the BaTiO3 is a non-magnetic material [1]. 
The multiferroic composite has a low coercivity, which ranges 
from 72 to 79 Oe for x = 10 to 50.

The Ms and Mr values of the nanocomposite BTO-MFO are 
smaller than the corresponding values for MFO, which may be 
explained by the presence of the non-magnetic BTO phase in 
the overall volume of the composite [8]. Figure 6(a) shows that 
at a field greater than 2000 Oe, the magnetization starts to satu-
rate. The increase in magnetization for the samples with higher 
value of MFO indicates that the magnetic characteristics are 
influenced by the quantity of the magnetic material [1].

Synthesis of (BTO)(x)−(MFO)(1−x) bulk composites with 
x = 0.35, 0.5, and 0.65 was reported by Tadi et al., and the result 
showed that the 0.35BTO + 0.65MFO composite had the high-
est saturation magnetization value (about 19 emu/g) compared 
to the x = 0.65 (about 9 emu/g) [9]. This reduction is attributed 
to the discontinuous exchange contact between the magnetic 
domains. Thus the net magnetization value tended to decrease 
as the ferromagnetic phase (MFO phase) was reduced. Accord-
ing to the Köferstein et al. report, the (BaTiO3)1−x–(MgFe2O4)x 
composite powders with x = 0.1, 0.2, 0.3, and 0.5 treated at 
1000 °C and higher demonstrated ferrimagnetic behavior with 
maximum coercivity value of 63 Oe at 300 K [32]. Zolkepli et al. 
reported that the coercivity of the multiferroic composite (1−x) 
BaTiO3–xMgFe2O4 (x = 0.04 to 0.08) was in the range of 47–53 
G, which was extremely low [1]. Table 2 lists the obtained val-
ues of the squareness ratio SQR, which is defined as Mr/Ms and 
computed from our measured hysteresis data. When the SQR is 
equal to or greater than 0.5, the nanoparticles are thought to be 
in a single magnetic domain (SMD). However, the nanoparticles 
are believed to be in multi-magnetic domains if SQR is less than 
0.5 (MMD) [50, 51]. Our results for SQR are consistent with the 
work of Zolkepli et al. [1] and SQR is less than 0.5. Tan et al. have 

concluded that the composite with the greatest ferrite concentra-
tion, 0.6MgFe2O4–0.4BaTiO3, has saturated Ms and remnant Mr 
magnetization values of 6.27 and 1.63 emu/g, respectively, which 
are much smaller than our result (Table 2) [8].

Calculating important magnetic parameters like the mag-
neton number (nB) may be done using the saturation magneti-
zation value. The following equation was used to compute the 
magneton number for all samples [52]:

where M denotes the molecular weight, NA is the Avogadro 
number, and μB indicates the Bohr magneton. The nB values for 
the prepared samples are shown in Table 2, demonstrating that 
the magneton number (nB) rises as the MFO content does. The 
increase in the exchange contacts between Mg and Ba cations, 
which ultimately results in an increase in the net magnetization 
and magnetic moment per formula unit, is responsible for this 
rise in the magneton number [53].

(6)nB =
MMs

NAµB

Figure 6:   (a) Hysteresis loops for the (MFO) x−(BTO) (100−x) (x = 10, 20, 30, 40, 50) nanocomposites. (b) Variations of Mr and Ms values with MFO content (x) 
in the composite.

TABLE 2:   Magnetic parameters for the nanocomposites (MFO)x-(BTO) 

(100-x) (x = 10, 20, 30, 40, 50) and MFO.

Sample

Ms Mr Hc

Mr/Ms nB(emu/g) (emu/g) (Oe)

MFO 18.089 6.527 175.568 0.36 0.64

10MFO-90BTO 0.9725 0.218 78.248 0.224 0.04

20MFO-80BTO 2.96 0.668 72.726 0.225 0.12

30MFO-70BTO 6.432 1.468 79.078 0.228 0.25

40MFO-60BTO 10.558 2.346 75.104 0.222 0.41

50MFO-50BTO 13.15 3.027 79.841 0.23 0.5
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Dielectric study

The produced powders were utilized to create the tablets, which 
were then used to analyze the samples dielectric characteris-
tics. Ag was coated on the tablet’s top and bottom in order to cre-
ate capacitors. The sample capacitance was measured throughout 
a frequency range, and the relative dielectric constant was then 
calculated using Eq. 7 [54].

where A is the cross-section area, d is the tablet thickness, C is 
the capacitance, εr is the relative dielectric constant, and ε0 is 
the free space permittivity (8.85*10–12 F/m). Figure 7(a) shows 
variation of the dielectric constant with frequency in semi-log-
arithmic scale for prepared samples at room temperature. The 
inset curve displays the dielectric constant versus frequency for 
the x = 10 sample that has a higher value of the ɛr. The dielec-
tric constant appeared to drop as the ferroelectric phase was 
shrunk (from x = 10 to 50), proving that the dielectric char-
acteristic is dependent on the concentration of BaTiO3 in the 
samples. Due to the fact that ferrites are often electrically leaky 
by nature, increasing ferroelectric concentration correlates to a 
higher dielectric constant and reduced loss [8]. The number of 
dipoles contributing to the polarization of the dielectric mate-
rial reduces as the ferromagnetic phase increases. It has been 
reported that dielectric characteristics are correlated with the 
chemical composition, synthesis methods, grain-level conduc-
tion processes, annealing temperatures, and grain size [55]. The 
movement of electrons between various cations weakens the 
polarization process described by Maxwell–Wagner polariza-
tion, which is why the dielectric constant decreases as frequency 
increases [9, 56, 57]. The measured dielectric constant for sam-
ples is consistent with the previously published values [58, 59].

Tadi et al. [60] stated that 0.5BaTiO3–0.5MgFe2O4 treated at 
1050 °C had a dielectric constant of about 46. Reduction of the 
dielectric constant also reported that when the ferroelectric phase 
was reduced (from x = 0.65 to 0.35), demonstrating the reliance of 
the dielectric characteristic on the amount of BaTiO3 present in 
the samples [9]. The work by Köferstein et al. showed the values 
for the dielectric constants for (BaTiO3)(1−x)–(MgFe2O4)(x) (x = 0.1, 
0.2, 0.3, and 0.5) composites were nearly equal [32], and did not 
vary all that much between 0.5 MHz and 13 MHz. This behavior 
is consistent with our data for the x = 40, 50 samples.

The frequency dependence of the complex dielectric permit-
tivity is written as [61]:

where ε′ is the real part of dielectric constant and the imaginary 
part denoted as ε′′. The imaginary part representing the amount 
of energy loss while an electric field is applied and was calculated 

(7)εr =
Cd

ε0A

(8)ε∗ = ε′ − iε′′

from the dielectric loss tangent (tan δ) and ε′ by the following 
relation [62]:

ε′ and ε′′ decrease almost linearly with increased frequency [61]. 
Dielectric loss is the main cause of electromagnetic energy dis-
sipation. It is well documented that polarization relaxation and 
conduction loss are the two main contributions to dielectric loss 
[63]. Figure 7(b) shows the normal behavior of a dielectric mate-
rial, a decrease in the imaginary part ε" with increased frequency 
due to the presence of distinct polarization processes [62].

In Fig. 7(c), the dielectric loss, tanδ, versus frequency is 
shown. The Tanδ values for these composites, like ɛr, decrease as 
frequency increases. Also it was found that the dielectric tangent 
loss increased as the MgFe2O4 concentration increased. To meet 
the requirements for microwave applications, dielectric losses must 
be sufficiently low. The produced composites have a dielectric loss 
between 0.1 and 0.2 at 1 MHz frequency [Fig. 7(c)], make them 
nearly ideal for energy storage applications. It has been stated that 
presence of pores in the samples may effect on the energy dis-
sipation mechanism and the dielectric loss [64]. When a sample 
contains more pores, the dielectric loss increases due to increased 
interfacial areas between the composite materials. So in addition to 
the phase concentration of two species in composite, the porosity 
[64], imperfections in the crystal lattice and grain boundaries [65] 
of the sample may affect on the dielectric properties and causes 
overlapping of some curves with each other at some frequency 
range. A low dielectric loss tangent and a high dielectric constant 
are two examples of the material’s good dielectric properties. The 
shape, size, and dielectric constants of the materials that make up 
the composites affect the application capabilities [31].

Ac conductivity measurement is an important tool for stud-
ying the ionic transport properties of materials. It was obtained 
using the following relation[66]:

where f is the frequency of the applied field, ε" is the imaginary 
part of the dielectric constant, ω = 2πf is the angular frequency 
and ε0 is the permittivity of free space.

Figure 7(d) depicts the frequency dependence of conductiv-
ity in the 102–107 Hz frequency range for the (MFO)x-(BTO) 

(100-x) samples. The conductivity remains constant and low up 
to around 105 Hz, and then increases sharply for all samples. 
The frequency threshold for this increase depends on the MFO 
concentration. Furthermore, as the amount of ferrite in the com-
posite increases, the conductivity goes down. At high frequen-
cies, a potent conduction mechanism between the ions Ti4+/
Ti3+ and Fe3+/Fe2+ may be produced [67]. Abraham et al. [31] 
show that the conductivity rises with frequency, and that tiny 
polaron hopping is responsible for the conduction phenomena 
in these composites.

(9)ε′′ = ε′ tan δ

(10)σ = ω ε0 ε
′′
= 2π f ε0ε

′′
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The dielectric modulus is related to the complex permittivity 
and is given by [68]:

The variation of the M′′ as a function of frequency for 
(MFO)x–(BTO)(100−x) samples shown in Fig. 8(a). refers to the 
presence of an asymmetric peak that confirms a non-Debye type 
relaxation[69]. The figure shows that the peak position moves 
to higher frequencies with increased MFO content. In a M′′ 
versus frequency diagram, a peak appearing at a low frequency 
indicates the grain boundary influence on the relaxation time. 
So at low MFO content, grain boundaries contribute to charge 
carrier’s movement and as the MFO content increases, grains 
play more roles in charge movement.

It has been proposed that the conduction is through the 
long-range hopping between neighboring sites at low frequency 
while at high frequency, the charge carriers undergo localized 
motion through short-range hopping in spatial confinement in 

(11)M
∗
= M

′
+ iM′′

=
ε′

ε′ 2 + ε′′ 2
+ i

ε′′

ε′ 2 + ε′′ 2

their potential wells at the grains [62]. Therefore, the shift in peak 
position observed in Fig. 8(a) shows a transition from long-range 
hopping to short-range hopping. According to the relaxation 
time formula, τ =

1

2π fmax
 [68], a lower amount of relaxation time 

observed in x = 50 sample as compared with the other samples 
indicates lower mobility of charge carriers in this sample which is 
consistent with our conductivity result [Fig. 7(d)] [70].

A well-known and useful tool for fully understanding the 
electrical properties of materials is the complex impedance 
spectrum. The complex impedance Z* is given by the following 
relation[68]:

The Zʹʹ vs. Zʹ plots (known as the Nyquist plots or Cole–Cole 
plots) for the samples are shown in Fig. 8(b).

All Zʹʹ vs. Zʹ plots normally exhibit two semicircular arcs. 
The first semicircular arc is due to grain while the second one is 

(12)

Z
∗
= Z

′
+ i Z′′

=
ε′′

ωc
(

ε′ 2 + ε′′ 2
) − i

ε′

ωc
(

ε′ 2 + ε′′ 2
)

Figure 7:   Dielectric constant (a) and the imaginary part of the dielectric constant (b) versus frequency for (MFO)x−(BTO) (100−x) (x = 10, 20, 30, 40, 50) 
composites. (c) Variation of dielectric loss with applied frequency for (MFO)x−(BTO) (100−x) BTO (x = 10, 20, 30, 40, 50) composites. (d) Conductivity versus 
frequency for (MFO)x−(BTO) (100−x) (x = 10, 20, 30, 40, 50) composites.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
38

  
 I

ss
ue

 1
5 

 A
ug

us
t 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

Article

© The Author(s), under exclusive licence to The Materials Research Society 2023 3717

due to grain boundaries contribution on the conductivity. The 
radius of both semicircles is proportional to the resistivity of 
the samples: the smaller the radius, the lower the resistivity. Fig-
ure 8(b) shows the Nyquist diagrams of all the samples, in which 
the second larger semicircle appears, due to the grain boundary 
contribution to the impedance. As the MFO phase increases in 
composites, the diameter of this semicircle increases. Increasing 
the diameter indicates higher resistivity.

Conclusion
This work investigated and synthesized the BaTiO3 and 
MgFe2O4 composites with the formula (MFO)x–(BTO)(100−x) 
(x = 10, 20, 30, 40, 50) using the sol–gel combustion and sol–gel 
techniques. The emergence of the tetragonal phase for BTO 
and the spinel phase for MFO in all samples was confirmed 
by the X-ray diffraction data. As the amount of BTO in the 
nanocomposites dropped, the crystallite size of BTO fell but 
the crystallite size of MFO grew. The ferrite particles became 
increasingly agglomerated, and had an irregular shape as the 
MFO concentration rises. When the MFO concentration in the 
composite increased, the bandgap also decreased, from 2.70 eV 
for x = 10 to 2.17 eV for x = 50. The M vs. H hysteresis loop 
indicated that adding MFO gave the composite soft magnetic 
characteristics. The coercive field was small (from 72.72 Oe 
to 79.84 Oe). In addition, the magnetization rose when the 
MFO concentration went up from 0.9725 emu.g−1 for x = 10 
to 13.150 emu.g−1 for x = 50. The dielectric constant (real and 
imaginary) of (MFO)x–(BTO)(100−x) composites decreased as 
ferrite content increased, while dissipation factors increased. 
The conductivity measurements revealed that it was constant 
at low to moderate frequencies, and increased sharply at high 

frequencies. The result obtained from the dielectric modulus 
showed the presence of an asymmetric peak that confirms a 
non-Debye-type relaxation. The lower amount of relaxation 
time with increase in MFO content indicates lower mobility 
of charge carriers in the sample with x = 50 as compared with 
the other samples.

Materials and methods
The modified sol–gel process was used to create barium titanate 
(BTO) nanoparticle.Barium acetate (C4H6BaO4, Merck (99%), 
2-propanol (CH3CH(OH)CH3, Merck (99%), titanium isopro-
poxide (TTIP) (Ti(OCH(CH3)2)4, Merck (97%), acetic acid 
(CH3COOH, Merck (99%), and deionized water were used as 
the raw materials. In the optimal sol formulation, the ratios of 
the acetic acid, barium acetate, titanium isopropoxide, 2-pro-
panol, and deionized water were 6:1:1:1:150, respectively. The 
following procedure was used to create the compound: barium 
acetate was first dissolved in acetic acid at temperature 65 °C, 
after which the solution was cooled to room temperature, and 
2-propanol was added to the solution. The subsequent step 
involves the addition of TTIP, which results in partial hydrolysis. 
The mixture was kept at 2–3 °C, while the deionized water was 
added to it simultaneously. Using a magnetic stirrer, the liquid 
was agitated during the whole sol preparation process. After 
developing a transparent, colorless sol, it was eventually dried 
for 10 h at 100 °C. For the purpose of creating white barium 
titanate powder, the dried gel was calcined at 1000 °C for 1 h. 
To prepare magnesium ferrite (MFO) nanoparticles, the self-
combustion reaction method was adopted. Magnesium ferrite 
(Mg(NO3)2.6H2O, Merck (99%), iron nitrate (Fe(NO3)3.9H2O, 
Merck (99%), and citric acid (C6H8O7, Merck (99%) were mixed 

Figure 8:   (a) Variation of the M′′ with frequency for (MFO)x−(BTO) (100−x) (x = 10, 20, 30, 40, 50) samples (inset shows the low frequency region for 
x = 10–30 samples). (b) Nyquist diagram (Z′′−Z′) for studied samples.
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in a 1:1 molar ratio of nitrate to citric acid to produce magne-
sium ferrite. Ammonia 25% solution (NH3, Merck) was added 
drop by drop, while swirling continuously to get the pH to 7. 
While allowing the sol to evaporate, the temperature was kept 
at 150 °C. The viscosity went up as the concentration increased, 
and a gel started to form as a result of the crosslinking of carbox-
ylate-metal complexes into a three-dimensional structure. The 
gel was instantly converted into nanocrystalline MFO powders 
after a sudden rise in temperature (T = 300 °C). The reaction 
took 20 to 30 s to complete, producing a thick, dark gray sub-
stance. The BTO-MFO composites were made by combining 
the powders in different weight percentages with the formula 
(MFO)x−(BTO) (100 − x) (x = 10, 20, 30, 40, 50). The composite 
powders were then calcined for three hours at 1000 °C. After 
applying glue, PVA (polyvinyl acetate), it was compacted into 
round discs by uniaxial pressing. The resulting tablets were 
sintered for 2h at 1100 °C. The prepared samples were labeled 
10MFO-90BTO, 20MFO-80BTO, 30MFO-70BTO, 40MFO-
60BTO, and 50MFO-50BTO. Figure 1 shows a schematic rep-
resentation of the preparation method for the BTO, MFO, and 
BTO-MFO nanocomposites.
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