
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics (2019) 30:2953–2965 
https://doi.org/10.1007/s10854-018-00573-6

Enhancement of electrical and magnetic properties in acceptor-doped 
BaTiO3 ferroelectric ceramics

K. Madhan1 · C. Jagadeeshwaran1 · R. Murugaraj1 

Received: 15 September 2018 / Accepted: 14 December 2018 / Published online: 2 January 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
BaTi1−xMnxO3 (x = 0.00, 0.25, 0.50, 0.75 mol%) (BTMO) ceramics were synthesized through sol–gel combustion method. 
The structural studies suggested that Mn-doped BaTiO3 (BTO) ceramics exhibit a tetragonal structure with P4mm space 
group via Rietveld refinement analysis. Also, the phonon mode at 308 cm−1 through Raman spectral analysis confirms the 
local structure of tetragonal symmetries. The redshift observed in UV-absorption spectra indicates a decrease of optical band 
gap from 3.13 to 2.71 eV with increasing Mn2+ doping. The observed decrease in the intensity of PL emission spectra was 
due to an increase of Mn2+ concentration. This indicates that a decrease in oxygen vacancies and a reduction in the number 
of electrons attributed to the Burstein–Moss shift. The carrier hopping process between Mn2+ and Mn3+ is responsible for 
dielectric as well as magnetization behavior. The ferroelectric double hysteresis loops are related to a ferroelectric and anti-
ferroelectric order and it increases with the increase of Mn ion concentration in BTO. Through P–E measurements, the value 
of remnant electric polarization and coercive field found to be increased with Mn concentration in BTO samples. For BTO 
sample, two EPR signals with g = 1.969 and g = 2.000 singlets can be assigned with ionized Ba and Ti-vacancy defects. In 
addition, the EPR signal for BTMO shows a good correlation with Ti vacancies as compensating for lattice defects. Further, 
the Mn doping induced a weak ferromagnetic to ferromagnetic state due to free carrier concentrations.

1  Introduction

In perovskite (ABO3) type oxides, BTO ceramics is one 
of the most interesting ferroelectric materials due to its 
intricate physical properties. It is widely investigated by 
researcher due to the usage of BTO in multilayer ceramic 
capacitors (MLCC), ferroelectric random access memories 
(Fe-RAM) and its extensive applications in piezoelectric 
actuators, pyroelectric detectors, electro-optical systems, 
electrochemical systems, and positive temperature coeffi-
cient devices [1–5]. The crystalline phase of BTO at room 
temperature is tetragonal and it transforms to the cubic struc-
ture above Curie temperature of Tc ~ 130 °C. It also exists in 
the orthorhombic phase at 0 °C and rhombohedral phases at 
below − 90 °C and at above 1460 °C it exists in hexagonal 
phase [1]. In order to enhance the ferroelectric properties 
of BTO, many researchers have been extensively studied 
through the effects of doping with various oxides, such 

as Bismuth, Lanthanum, and Yttrium, to tailor the defect 
structure [6, 7]. In particular, it has been found that the 
doping of manganese (Mn) ions is effective to improve the 
microstructural, optical and electrical properties of BaTiO3. 
Although, the Mn doping in BTO depress the grain size and 
enhances the electrical resistivity as like the donor-doped 
positive temperature coefficient of resistance (PTCR) near 
the Curie temperature of BTO [6]. On the other hand, the 
doping of Mn ion at Ti ion site as an acceptor-type dop-
ing will produce oxygen vacancies at O2− sites to maintain 
charge neutrality [8]. In the literature, several methods were 
employed to prepare BTO and Mn-doped BTO such as solid 
state reaction, hydrothermal synthesis, and thin film technol-
ogy [9–14]. In particular, the sol–gel technique can be con-
sidered as a most influential technique for the preparation of 
the BTO and Mn-doped BTO samples. Because, this method 
is low-temperature processing, good chemical homogeneity, 
non-vacuum requirement, the smaller crystallite size of the 
synthesized compounds, and in addition to less equipment 
and potentially less expensive [15]. Still, the doping of Mn 
ion has been hardly reported to exhibit good photolumines-
cence properties of perovskite compounds [11]. Maneeshya 
et al. has suggested that the broad photoluminescence band 
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is usually observed at low temperature and this behavior is 
associated with the presence of lattice imperfections, vacan-
cies or defects in the doped BTO lattices [15]. In addition, 
the electron paramagnetic resonance (EPR) technique is 
also used as a powerful tool for identifying the site occupa-
tion of Mn ion at the Ti site (through defects formations). 
Da-Yong Lu et al. has observed two EPR signals for Mn-
doped BTO samples with g = 1.974 and 2.004 and clarified 
with Ba vacancy and Ti vacancy defects [16]. However, the 
Mn-doped BTO ferroelectric system exhibits an abnormal 
double ferroelectric hysteresis (P–E) loop in ferroelectric 
(FE) state due to aging and also, a good number of studies 
have been reported in the literature on FE aging behavior 
[6–8]. The observed double hysteresis phenomena are asso-
ciated with the reversible domain switching which is driven 
by the symmetry conforming properties of oxygen vacan-
cies [17]. However, there are limited reports available on 
the optical and multifunctional behavior of the Mn-doped 
BTO ceramics.

On the other hand, the present work on Mn2+ doped BTO 
at very low concentration using sol–gel combustion method 
has not been performed to the best of our knowledge. Hence 
an effort has been made to enhance the optical, electrical 
and magnetic properties. Interestingly, we have observed the 
simultaneous enhancement of weakferromagnetic (WFM) 
to ferromagnetic (FM) phase transition and high dielectric 
constant due to Mn2+ doping. Further, the carrier hopping 
process between Mn2+ and Mn3+ is also responsible for 
observed dielectric as well as magnetization nature.

2 � Experimental details

Mn-doped BTO system BaTi1−xMnxO3 (x = 0.0, 0.25, 
0.50, 0.75 mol%) were synthesized by sol–gel combus-
tion method. High purity analytical grade Barium nitrate 
(Ba(NO3)2), Titanium isopropoxide (C12H28O4Ti), Manga-
nese acetate (Mn(CH3COO)2), citric acid (C6H8O7), poly-
ethylene glycol (PEG-400), ammonia(NH4OH), acetic acid 
(CH3COOH) and ethanol (C2H6O) were employed as raw 
materials. Firstly, the specific amount of titanium isopro-
poxide was dissolved in 1:1 ratio of acetic acid and ethanol 
solution. Then the required amount of distilled water was 
added slowly with constant stirring to get a homogeneous 
solution. The PEG in 1:2 molar ratio with respect to the 
metal cations was added to the solution. After that citric acid 
in 2:1 molar ratio with respect to the sum of metal cations 
was added to the solution as a fuel as well as a chelator. 
The PH value of ~ 9 was maintained by adding the required 
liquid ammonia solution. Finally, the manganese acetate and 
barium nitrate solution were added under constant stirring at 
80 °C for 4 h to form a wet gel. Thereafter, the dried gel was 
formed through the combustion process. The dried samples 

were grounded in an agate mortar and pestle till fine powder 
of BaTi1−xMnxO3 was obtained. Then the calcination of Mn-
doped BTO samples was carried out at 900 °C for 3 h using 
the programmer controlled high-temperature furnace at a 
heating and cooling rate 5 °C min−1.

2.1 � Characterization

The X-ray diffraction (XRD) pattern was measured using 
Bruker-D2 phaser diffractometer with Cu-Kα (λ = 1.5418 Å) 
radiation with 0.02° scan step size from (2θ) 10°–80° at 
room temperature to confirm the phase purity of the syn-
thesized samples. To determine the crystal structure, the 
Rietveld refinement method used for profile fitting of the 
XRD patterns, and by GSAS and EXPUGI packages [18]. 
Raman spectra of the prepared samples were measured 
using a micro-Raman spectrometer (LABRAM-HR) with 
488 nm excitation using Ar+ laser source and spot size of 
2 µm using a 50 × objective lens. High-Resolution Scanning 
Electron Microscope (HRSEM) images of the prepared sam-
ples were recorded using Quanta 200 FEG scanning electron 
microscope with highly versatile with low vacuum (LV). 
Their solution is 1.2 nm gold particle separation on a carbon 
substrate was used to characterize the surface morphology 
of the sintered powder samples and grain size distributions 
were calculated using image software. The room temperature 
UV–Vis spectrometer (Shimadzu UV 2450 PC Spectropho-
tometer) and the energy band gap was estimated using tauc 
plot. The photoluminescence (Varian Cary Eclipse) meas-
urements were carried out by fluorescence spectrometer with 
an excitation source of 435 nm. In this work, PL and Raman 
spectra peaks were fitted with Gaussian function indepen-
dently and individual peaks were obtained through the de-
convolution process using the Fityk software [19]. The EPR 
spectra were measured at room temperature using a JEOL 
model JES FA200 spectrometer with the measurement at X 
band frequency (8.75–9.65 GHz). The frequency dependent 
dielectric measurements were carried out on the sintered 
pellets by employing PSM1735NumetriQ, impedance meter. 
The room temperature polarization versus applied electric 
field (P–E) hysteresis behavior of BTMO samples was meas-
ured using a P–E loop tracer (Radiant Technologies) at dif-
ferent voltages a constant frequency of 20 Hz.

3 � Results and discussion

3.1 � Phase analysis

XRD pattern of pure and Mn-doped BTO samples synthesized 
by sol–gel combustion method and sintered at 900 °C was 
shown in Fig. 1. The XRD pattern confirms the tetragonal per-
ovskite structure with a space group P4mm of all the samples 
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and no other impurity phases were observed. The sharp dif-
fraction peaks confirm the formation of high purity and well 
crystalline BTMO samples. The structures of all the prepared 
samples were initially fitted with XRDA software using stand-
ard pattern of JCPDS card No. 79-2263. The average crystal-
lite size was calculated using the Scherrer formula,

(1)D =
0.9λ

β cos θ

where D is the average crystallite size, λ is the wavelength 
of Cu Kα line, β is the full width at half maximum (FWHM) 
and θ is the Bragg’s diffraction angle. In addition, the XRD 
patterns were indexed with powder X software. The phase 
formation of BTMO samples is also dependent on the calci-
nations as well as the sintering temperature. The ionic radii 
of Mn ions are near to that of Ti4+ ion (0.605 Å) and smaller 
than that of the Ba ion (1.35 Å). Therefore, it is reason-
able to imply that the Mn ion (0.46 Å) into doping of Ti 
sites of BTO lattice [9]. The average crystallite size of the 
samples increases as the content of Mn increases in the Ba-
Ti-O lattice (34 nm to 49 nm). This may be due to the Mn 
ions involves in growth mechanism and hence increases the 
crystallite size of Mn-doped of BTO samples. The XRD data 
were further analyzed by Rietveld refinement using Gen-
eral Structural Analysis System (GSAS) program [18]. The 
obtained refinement parameters such as residual factor (Rwp, 
RP, and χ2), lattice parameters and unit cell volume were 
listed in Table 1. From Table 1, there is an increase in lattice 
constant and cell volume as the content of Mn increasing 
BTMO samples. The expansion in cell volume was observed 
in Mn-doped samples confirms that the transition metal ion 
(Mn) is being successfully incorporated into the host crystal 
lattice. As the content of Mn ion increases, there were slight 
increases in the lattice constant “a” and “c”, cell volume. It 
was observed that lattice strain, X-ray diffraction density 
will be gradual decreases and tetragonality (c/a) is slight 
increases [9]. This variation in lattice constant with Mn dop-
ing indicates the lattice distortion in BTMO samples.

3.2 � Raman spectra analysis

Raman spectroscopy is a sensitive tool to detect subtle 
variation in the structure of small crystalline region below 
2–3 nm within a much shorter duration (< 1 ns). It is well 
known that XRD measurements and their analysis can clar-
ify the average and static symmetries, whereas the Raman 

Fig. 1   XRD Rietveld refinement of a BaTi1−xMnxO3 (x = 0.00, 0.25, 
0.50, 0.75 mol%) samples

Table 1   XRD Rietveld 
refinement factors and 
tetragonal composition of 
BaTi1−xMnxO3 (x = 0.00, 0.25, 
0.50, 0.75 mol%) samples

Sample BaTiO3 BaMn0.0025Ti0.9975O3 BaMn0.005Ti0.995O3 BaMn0.0075Ti0.9925O3

Crystallite size (nm) 34 43 46 49
Lattice strain (10−3) 3.52 2.76 2.60 2.48
X-ray density (gm/cm3) 7.804 5.917 5.662 5.604
Lattice parameters
 a (Å) 4.0036 3.9982 4.0035 4.0055
 c (Å) 4.0199 4.0169 4.0222 4.0247
 c/a 1.0040 1.0046 1.0046 1.0047
 Cell volume (Å3) 64.435 64.214 64.471 64.576

R-factor (%)
 Rp 4.01 4.61 5.01 3.70
 Rwp 5.20 6.12 6.68 4.98
 χ2 1.48 1.98 2.37 1.33
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scattering spectra can clarify the local and dynamic sym-
metries in the crystalline system. For that reason, Raman 
spectra were recorded on the pure and Mn-doped BTO sam-
ples and the observed results were shown in Fig. 2. In order 
to confirm the phase structure, in addition to XRD analysis, 
the Raman spectra were employed to emphasize the evi-
dence of phase transitions. The tetragonal BTO contains 15 
vibrational modes, including 12 optical modes, which can 
be represented as Гopt=3A1 + B1 + 4E, where A1 (longitudi-
nal-optical) and E (transverse-optical). From these analysis, 
two asymmetric, broad and intense bands associated with A1 
(TO2), A1 (TO3) optical modes, a weak band [A1 (LO3) + E 
(LO3)] and [A1 + E (TO + LO)] soft mode split from F1u 
mode in cubic BTO, which contributed to a ferroelectricity 
in tetragonal BTO [20].

For the present BTMO samples, the peak intensity, full-
width half maxima, and Raman bands were calculated from 
the measured Raman spectra and reported in Table 2. From 
Fig. 2. it is observed that the peak near to 248 cm−1 could 

be associated with [A1(TO)] mode, sharp bands at approxi-
mately 306 cm−1 could be assigned to [B1, E(TO + LO)] 
modes, peak near 512 cm−1 was related to [A1, E(TO)] 
modes and at 717 cm−1 could be ascribed to [A1, E(LO)] 
modes. The Raman band peaks at 248 cm−1 and 512 cm−1 is 
attributed to broken translation symmetry due to the bounda-
ries, defects or by possible short-range polar order regions 
existing in the tetragonal phase [21].

A high-intensity peak observed near 306 cm−1 for all the 
samples, which is more dominant and high sharpness, asso-
ciated with the indication of the tetragonal phase. It can be 
concluded that the tetragonal phase might be determined by 
observing the relative intensity of the bands at and around 
306 cm−1. Further, the peak positioned at 109 cm−1 in the 
spectra correspond to the same symmetry of TiO2. The 
observed anti-resonance effect at 181 cm−1 suggests that the 
coexistence of coupling of TO modes associated with the 
tetragonal phase. However, the weak band at 639 cm−1 is not 
belonging to the tetragonal phase and it is associated with 

Fig. 2   Raman spectra of a 
BaTi1−xMnxO3 (x = 0.00, 0.25, 
0.50, 0.75 mol%) samples

Table 2   Raman modes and full width half maxima of BaTi1−xMnxO3 (x = 0.00, 0.25, 0.50, 0.75 mol%)samples

Raman modes Wavenumber (cm−1) FWHM (cm−1)

x = 0.0% x = 0.25% x = 0.50% x = 0.75% x = 0.0% x = 0.25% x = 0.5% x = 0.75%

[A1(TO)] 248 255 273 253 182.48 121.96 79.25 151.80
[B1, E(TO + LO)] 306 307 307 308 9.00 8.2441 7.75 6.96
[A1, E(TO)] 512 529 516 515 38.39 65.989 32.73 37.89
[A1, E(LO)] 717 717 717 718 29.60 31.368 28.21 28.53
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high-temperature perovskite phases of the BaO–TiO2 sys-
tem [21–23]. Especially, the small feature band at 882 cm−1 
may be attributed to the internal lattice defects or vacancies 
in BTO ceramicmaterials [22], while it does not observe 
in Mn-doped BTO ceramics. Therefore, this mode can be 
attributed to an internal deformation of the BO6 octahedron 
caused by the charge difference of BTO samples [18].

3.3 � Microstructure analysis

The SEM micrographs with a histogram of particle size 
distributions of all prepared BTO and BTMO samples 
were depicted in Fig. 3. It can be seen that all the samples 
composed of random and spherical-type nanoparticles 

with relatively dense microstructure. The calculated 
average particle size and distribution was determined 
by Image J program [24]. It was observed that all the 
grains are agglomerated and smaller grains coalesce to 
the larger grains of increasing Mn doping concentration 
up to 0.75 mol%. Thus, the dopant concentration (Mn) 
influences the size of particles. The estimated grain 
size for pristine samples was around 41 nm as the Mn 
concentration increases, the grain size was increased to 
63 nm are shown in Table 5. These results are inconsistent 
with crystallite size calculated from XRD data analysis. 
Hence, from the SEM micrograph, it could be concluded 
that grains observed by SEM consist of fine crystallites. 
Additionally, an insignificant difference in the form of 

Fig. 3   HRSEM image and par-
ticle size distribution histogram 
of BaTi1−xMnxO3 (x = 0.00, 
0.25, 0.50, 0.75 mol%) samples
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agglomeration, size, and microstructure of the crystals 
was found among the pure and Mn-doped BTO samples 
[3, 25].

3.4 � UV‑absorption properties

UV-spectroscopy is commonly used to evaluate the optical 
absorption property of the semiconducting materials. Fig-
ure 4a shows the UV-spectra of the BTMO samples syn-
thesized by a sol–gel combustion process. All the spectra 
exhibit the optical absorption edge located near 362 nm. The 
optical band gap energy was calculated by tauc plot and are 
shown in Fig. 4b. The absorption coefficient α and optical 
band gap Eg are related by this formula,

where h is Planck’s constant, ν is frequency of incident radi-
ation, n = ½ for the direct band and n = 2 for indirect band-
gap semiconductor materials. The magnitude of the energy 
band gap is obtained through the interception of the straight 
line fitted to the low energy side of the curve. Literature 
review shows that the BTO is the direct band semiconduc-
tor materials [22]. The energy band gap values of pristine 
and Mn doping concentration at 0.25 mol%, 0.50 mol% and 
0.75 mol% samples are 3.13 eV, 2.93 eV, 2.83 eV, 2.71 eV 
respectively. This indicates that the band gap Eg decreases 
gradually with the increase of Mn doping concentration 
in BTMO system [26]. Also, the observed decrease in the 
direct band gap value with doping concentrations increases 
indicate the red shift in the absorption edge as observed 
[27]. The enhancement in the redshift with the increase of 
Mn doping concentration is associated with an increase in 
crystallite size and a decrease of the energy band gap. The 
band-gap between the valence band and conduction band 
are decreased due to a higher possibility of electrons jump 
from the valence band to conduction band. As a result, we 
absorbed an increase in conductance which was observed in 
Mn-doped BTO materials [28].

(2)αhν = (hν − Eg)n

3.5 � Luminescent properties

Photoluminescence (PL) spectroscopy is used to examine 
the efficiency of trapping, separating, and transferring charge 
carriers mostly in semiconductors. In ABO3 structure, par-
ticularly the oxygen vacancies are the most dominant defect 
centers along with contributes to the creation of oxygen 
vacancy associated with defects and free charge carriers 
[15].

The PL emission spectra of pure and Mn-doped BTO 
with an excitation wavelength of 430 nm were shown in 
Fig. 5. The recombination of electrons and holes in the 
delocalized states is responsible for the emission in the 
visible region. These delocalized states are due to the 
intrinsic structural defects related to the symmetry of the 
Mn-doped BTO system. In all the samples Mn ions act 
as an acceptor type dopant and expected to doped at Ti 
ion site. The incorporation of the Mn ion into the Ti ion 
lattice leads to the formation of doubly charged oxygen 
vacancies to compensate the charge imbalance. Moreover, 
the surface effect of OH-defect and non-symmetric Ti 
ion site are intrinsic type defect in BTMO samples [11]. 
The visible PL emission indicates that the more ordered 
and disordered structure of perovskite (ABO3) materials 
through the green, yellow, orange and red emission [29]. 
In order to understand the nature of PL emission of the 
pure and Mn-doped BTO ceramic materials, each spec-
trum was subjected to Gaussian fitting independently and 
individual peaks were obtained through the de-convolu-
tion process and observed results are shown in Table 3 
[30, 31]. From Fig.  5, it is clear that there are three 
strong emission peaks at around 533 nm (green), 595 nm 
(orange) and 717 nm (red) were observed. Accordingly, 
the weak emission peaks were also found at 576, 619, 
644, 667, 687, 737 nm. The visible green emission band 
observed at 533 nm is due to the presence of host lattice 
defects, oxygen vacancies or lattice defects. In particu-
lar, the visible region green emission is self-activated 
phosphor luminescence type which the can be realized 

Fig. 4   (a) UV-spectra of a 
BaTi1−xMnxO3 (x = 0.00, 0.25, 
0.50, 0.75 mol%) samples; 
(b) energy band gap of aTauc’s 
plot BaTi1−xMnxO3 (x = 0.00, 
0.25, 0.50, 0.75 mol%) samples
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in perovskite systems [32]. The weak yellow emission 
at 576 nm is attributed to the trapping in the vicinity of 
crystal defects and impurities. The two emission peaks 
centered at 596 nm (orange band) and 717 nm (red band) 
in the visible region for BTMO ceramics hardly reported 
earlier. It may be attributed to the synthesis condition as 
Mn substituted in BTO., We can observe that the intensity 
of PL emission decreases with increasing Mn concentra-
tion, which indicates that decrease in oxygen vacancies 
and reduction in the number of electrons may be attrib-
uted to the Burstein–Moss shift [27].

3.6 � Dielectric constant and dielectric loss

The dielectric constant and loss of BaTi1−xMnxO3 (x = 0, 
0.25, 0.50, 0.75 mol%) ceramics for different concentra-
tions have been measured as a function of frequency in the 
range of 1 Hz to 1 MHz at room temperature, are exposed 
in Fig. 6a, b respectively. It is observed that the increase in 
frequency, the value of the dielectric constant decreases to 
100 kHz, thereafter it becomes almost constant for all the 
samples. The value of dielectric constant has been found to 
5.53 × 103, 8.93 × 103, 1.13 × 104 and 2.61 × 104 for x = 0, 

Table 3   PL modes and full 
width half maxima of a 
BaTi1−xMnxO3 (x = 0.00, 0.25, 
0.50, 0.75 mol%) samples

PL peaks (nm) FWHM (nm)

x = 0.0% x = 0.25% x = 0.50% x = 0.75% x = 0.0% x = 0.25% x = 0.50% x = 0.75%

533.31 533.83 533.52 533.71 7.66 12.13 9.79 10.30
595.51 595.71 595.39 595.99 6.20 5.98 6.86 5.78
717.22 717.31 717.57 717.63 6.26 6.21 6.08 5.94

Fig. 5   PL emission spectra of 
(BaTi1−xMnxO3) (x = 0.25, 0.50, 
0.75 mol%) samples for excita-
tion of 435 nm
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0.25, 0.50, 0.75 mol% at room temperature. The enhance-
ment of dielectric constant in Mn-doped samples is associ-
ated with the electronic structure of Mn3+ and A-B bond. 
The hopping of Mn2+ to Mn3+ results in orientational polari-
zation that may be visualized as an exchange of electrons 
between these ions. The introduction of Mn may results in 
the distortion of TiO6 octahedron, leading to the creation 
of oxygen vacancies and may also weaken the A-B sub lat-
tice interaction, allowing less resistance to polarization and 
thus enhance the dielectric constant. During the exchange 
mechanism, the electron has passed through a grains and 
grain boundary of the dielectric medium. Owing to the high 
resistance of the grain boundary, the electrons accumulate at 
the grain boundary and produce space charge polarization. 
It is well known that the grain boundaries are more effective 
at low frequency and grain are effective at high frequency 
[22]. Hence, due to grain boundary affect the dielectric con-
stant decreases rapidly in the low-frequency region, At high 
frequency, the grain comes into action and also the hopping 
of electrons cannot follow the high-frequency ac field. Fig-
ure 6 also depicts that dielectric constant increase with the 
increase of Mn doping, which also affected by factors such 
as grain size, density, and porosity of the samples.

The dielectric loss factor tan δ (ε′/ε″) measures the energy 
loss within the samples. The dielectric loss arises when the 
polarization lags behind the applied ac field and is also 
caused by an imperfection in the crystal lattice. It is found 
that the value of tan δ has very high in the low-frequency 
region. A hump is seen around lower frequency and is sup-
pressed at a high frequency that may be due to the possibility 
of space charge relaxation. The orientational polarization 
is the dominant mechanism above 100 Hz and increases 
below 100 Hz is due to the electrode polarization of both 
dielectric constant and loss. The BMTO exhibit space charge 

polarization due to their structural in-homogeneities, which 
are confirmed by EPR and PL spectra. The ceramic materials 
contain a number of surface defects, such as oxygen and Ba/
Ti vacancies and porosity at the grain boundaries due to their 
large surface-to-volume ratio in perovskite BMTO [12, 32].

3.7 � AC conductivity analysis

Figure 7a shows a variation of ac conductivity (σac) as a 
function of frequency in the range 1Hz–1 MHz at room tem-
perature. The value of σac is calculated using the formula.

where εo is the permittivity of free space, ε’ is the rela-
tive permittivity, ω is the angular frequency and tan δ is the 
dielectric loss. It is observed that σac increasing trend with 
an increase in frequency. This is due to fact that BTO is a 
good ferroelectric material, generally, these materials are a 
good insulator with the absence of unpaired electrons. The 
doping of Mn ions on B-site with dn configuration increase 
the dielectric constant value is expected and hence leading to 
an increase in conductivity of the system with an increased 
number of charge carriers. In the present system, conductiv-
ity amplifies due to increasing of Mn concentration of charge 
carriers like oxygen vacancies which arise by intrinsic or 
extrinsic processes [12]. The oxygen vacancies may arise 
due to the Mn doping concentration to charge neutrality of 
ceramics and this fact is also supported by EPR studies. The 
charge neutrality to maintain the oxygen vacancies of the 
lower valence of a Mn2+/Mn3+ ion at B site, replacing Ti4+/
Ti3+ ceramics. At lower frequencies, the grain boundaries 
are more active and hence the hopping of Mn2+/Mn3+ ions 
is less at lower frequencies. As the frequency of applied 
field increases, the conductive grains become more active 

(3)σac = ε
o
ε�ω tan δ

Fig. 6   Room temperature (a) dielectric constant (b) dielectric loss of 
a BaTi1−xMnxO3 (x = 0.00, 0.25, 0.50, 0.75 mol%) samples

Fig. 7   Room temperature (a) ac conductivity (b) impedance of a 
BaTi1−xMnxO3 (x = 0.00, 0.25, 0.50, 0.75 mol%) samples
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thereby promoting the hopping between Mn2+/ Mn3+ ions, 
thereby increasing the hopping conduction [33]. Therefore, 
an increase in Mn ion concentration leads to an enhancement 
in conductivity.

3.8 � Impedance analysis

Impedance spectroscopy is ideal for investigating the elec-
trical response of dielectric materials as a function of fre-
quency. It is a powerful technique for unraveling the com-
plexities of materials, whose properties and application 
depends upon the close control of structure, composition and 
dopant atoms, which functions by utilizing the different fre-
quency dependences of constituent components for their sep-
aration. The imaginary parts of impedance (Z’) versus real 
part of impedance (Z″) (Nyquist plots) for BaTi1−xMnxO3 
(where x = 0, 0.25, 0.50, 0.75 mol%) has been plotted over 
wide frequency at room temperature, shown in Fig. 7b.

It has been observed that in general there exist two semi-
circles at higher frequency region is attributed to the grain 
property of the material, whereas, at the low-frequency 
region is attributed to the grain boundary properties. In the 
present investigation, flat single semicircle was observed 
for each sample between the frequencies ranges 1 Hz to 
1 MHz. The diffusion of charge transport is more dominant 
in the low-frequency region. The diameter of the semicircle 
decreases with increasing Mn dopant, referring to the pro-
nounced increase of conductivity. This lower resistance with 
increasing Mn dopant promotes the rate of electron hopping, 
which is the sole process for both conduction and polariza-
tion in the samples [25, 34].

3.9 � Ferroelectric properties

The room temperature ferroelectric hysteresis (P–E) loops 
for BaTi1−xMnxO3 (x = 0.00, 0.25, 0.50, 0.75 mol%) ceram-
ics were recorded at a constant frequency (20 Hz) and at 
different applied voltage measurements (50 kV, 60 kV and 
70 kV) are shown in Fig. 8. The pristine BTO ceramic shows 
an extensive loop for the applied voltages, it is observed 
that even for such a high electric field, the P–E loop could 
not be fully saturated [18]. However, in the case of Mn-
doped BTO samples, a double well-saturated hysteresis 
loop with a decrease in the coercive electric field (Ec) and 
remanent polarization (Pr) has been observed. It is found 
that the hysteresis loops change expressively with grain 
size. The grain size dependence of the remanent polariza-
tion (Pr) and coercive electric field (Ec). The lower Ps and 
the higher Ec values for BTO may arise frozen polarization 
induced by pinning centers as due to a large number of grain 
boundaries and charged defects due to smaller grain size 
[35]. The observed unsaturated polarization for BTO can 
be clarified by the contribution of three noteworthy effects: 

(i) the reduction of the tetragonal strain (ii) reduction of the 
local effective field owing the presence of low-permittivity 
grain boundaries (iii) pinning of the irreversible domain wall 
movement by grain boundaries and/or charged defects iso-
lated at the grain boundaries [36].

This double P–E loop was usually observed in ferroe-
lectric (FE) and antiferroelectric (AFE) nature of ceramic 
materials, which was due to the presence of defects and anti-
parallel dipoles in the samples [37]. In the present case, for 
pure and Mn-doped BTO samples show characteristic ferro-
electric hysteresis loops with maximum polarization (PMax), 
remnant polarization (Pr) and coercive fields (Ec) and the 
observed results are summarized in Table 4. It was clear 
from Table 4 with an increase in Mn doping concentration, 
a finite decrease in Pr and Ec was observed. This reduction 
in Pr values indicates that the higher profusion of the AFE 
state has reasonably decreased the volume of FE state. The 
increase of Mn concentration in the BTO lattice also leads 
to the decrease of FE order and enhances the AFE order at 
room temperature for BTMO samples [38].

In other words, both the FE and AFE order can coexist in 
the BTMO system, which confirms that the FE order tends 
to disappear and AFE order tends to appear as Mn concen-
tration increases [39]. The ionic radius of Ti (0.68 Å) is 
lower than that of Mn (0.46 Å) causes interatomic between 
the off-center TiO6 dipoles and have a leakage behavior of 
Mn-doped BTO samples. This difference in ionic radius can 
also cause doping distortion of oxygen octahedron, which 
decreases the long-range order of FE domains and the sta-
bility of FE domains. This reduction may be ascribed due 
to the transformation of FE to AFE state in Mn-doped BTO 
samples [40]. In addition to the above, the depolarizing field 
arises from the presence of low permittivity nature at the 
ferroelectric grain boundary layer which remains shown a 
strong depression of ferroelectric properties as observed 
from the slim P–E loops. In the present case, we observed 
for BTO polycrystalline materials are expected to have weak 
ferroelectric properties with very small grain size (< 50 nm) 
for x = 0.00, 0.25% Mn-doped BTO ceramics. This was due 
to a combined effect of a simple domain structure, which 
cannot readily deform under by external electric field and the 
pinning of domain wall with the suppression of large-scale 
domain switching and the presence of defects segregated at 
the grain boundary [40].

3.10 � EPR spectral analysis

The electron paramagnetic resonance (EPR) is an influen-
tial tool for identifying the several paramagnetic point and 
vacancy defects in a compound. In the present work, for 
ABO3 perovskite systems, such as ionized Ba and Ti vacan-
cies in BTO lattice were identified through EPR measure-
ments. The EPR spectra of pure and Mn-doped BTO were 
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shown in Fig. 9. At room temperature. The gyromagnetic (g) 
ratio value was calculated using,

where h is the Planck’s constant, ϑo is the microwave fre-
quency, β is the Bohr magnetron H is the applied magnetic 
field strength.

The EPR signal for BTO sample revealed two paramag-
netic singlets with variable intensity at g = 1.969 singlet to 
barium vacancies (VBa) and g = 2.000 singlets can be ten-
tatively assigned to ionized Ti-vacancy defects (VTi) [16]. 
A weak singlet signal with g = 1.969 was associated with 

(4)h�o = gβH

intrinsic point defects which may be present in undoped 
BTO. Figure 9 shows an increase in the intensity with 
increasing Mn dopant in BTO lattice with a decrement in 
the g factor. The six resonance sharp peaks are due to the 
hyperfine splitting of the Mn isotope nuclear spin of 5/2 
[41]. The EPR signals from Mn2+ depends on dopant site 
preference, the dopant content, and particle size also on 
the Ba/Ti ratio. In the literature, the formation of VBa and 
VTi signals in EPR spectra of ceramics correlates with the 
appearance of the positive temperature coefficient of resis-
tivity (PTCR) effect [41]. The spectra of Mn-doped BTO 
shows a strong EPR signal at g = 2.000 to 1.998 appeared 

Fig. 8   Room temperature P–E loops of a BaTi1−xMnxO3 (x = 0.00, 0.25, 0.50, 0.75 mol%) samples measured at 20 Hz frequency and at different 
voltages
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for different concentrations at 0.25 to 0.75 mol% and it 
explores that the B-site occupation of Mn2+ at Ti4+ site. 
Since, the Mn as an acceptor dopant, at 0.25 mol% con-
centrations of Mn in BTO lattice, shows a good correla-
tion with a defect compensation mechanism of acceptor-
doped BTO ceramics. In order to find out geometric signal 
variable intensity at g = 2.000, 2.002, 1.998 and 1.998 in 
samples with Mn addition as well resolved sextet signals 
which are caused by Mn2+ in BTO ceramics [42]. These 
signals are related to cation vacancies for different Mn2+ 
ion concentrations. This concludes that paramagnetic ion 
Mn2+ is very sensitive to the symmetry changes which 
occur at the Ti site for all the structural transition.

3.11 � Room temperature magnetic properties

The magnetization curves for BTMO ceramics measured 
at room temperature is depicted in Fig. 10. For a pristine 
sample, magnetic hysteresis loops exhibit weak ferro-
magnetic (WFM) behavior. From Fig. 10, the dopant ion 
concentration (Mn) in Ti-site increases as x = 0.25, 0.50, 
0.75 mol% in BTO lattice, a finite change in the shape of 
the hysteresis loops were observed, which proves the con-
centration (induced free carrier) dependent on the observed 
ferromagnetism. In the present case, the free charge carriers 
are produced due to the difference in the valence of Ti3+ 
and Mn2+/Mn3+ [9, 12, 13]. Also, the magnetization value 
initially increases then decreases (2.3449 to 1.9866 × 10−4 
emu/g) with the increase of doping concentration, which 
indicating the coexistence of ferromagnetism (FM) and 
antiferromagnetic (AFM) and also system has increased 
surface area due to the decrement in particle sizes. This 
reduction in particle size upon doping is attributed to the 
difference in ionic radius between Ti and Mn. It is known 
that the ionic radii of Ti4+ and Ti3+ are 0.605 Å and 0.67 Å 
respectively, and ion radii of Mn2+ (low spin/high spin) and 
Mn4+are 0.58 Å/0.65 Å and 0.54 Å [12, 14]. The magnet-
ism for pristine is likely to be related to intrinsic defects of 
oxygen vacancies and oxygen vacancies mediated coupling 
of Ti ions. For 0.25% Mn-doped BTO samples, an enhance-
ment of ferromagnetic behavior was observed. However, the 
sample at 0.50% Mn in the BTO sample shows the competi-
tion between FM and AFM. This mixed behavior may be 
due to the combined effect of oxygen vacancies as well as 
the external magnetic field [32]. For x = 0.75%Mn doped 
BTO sample demonstrates obviously the surface ferromag-
netic behavior. The Ms, Mr, and Hc also decrease upon Mn 
substitution as reported in Table 5. Meanwhile, at a lower 
concentration, dopant atom Mn exactly replaces Ti3+. On 
increasing the dopant concentration (x = 0.50, 0.75 mol%) 
the dopant atoms may get segregated at the grain boundary. 

Table 4   Room 
temperature P–E loops of a 
BaTi1−xMnxO3 (x = 0.00, 0.25, 
0.50, 0.75 mol%) samples

Composition Field (kV/cm) PMax (µC/cm2) Pr (µC/cm2) Ec (kV/cm)

BaTiO3 50 3.234 1.573 14.572
60 3.863 1.970 17.264
70 4.391 2.283 19.620

Ba Mn0.0025Ti0.9975O3 50 8.994 1.887 5.962
60 9.909 2.291 6.608
70 10.683 2.780 7.151

Ba Mn0.0050 Ti0.995O3 50 4.278 0.865 0.575
60 4.795 1.061 1.994
70 5.370 1.245 2.173

BaMn0.0075 Ti0.9925O3 50 6.196 0.901 3.929
60 6.917 1.173 4.404
70 7.536 1.469 5.055

Fig. 9   EPR spectrum of a BaTi1−xMnxO3 (x = 0.00, 0.25, 0.50, 
0.75 mol%) samples
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The charge imbalance, the ferromagnetic oxygen vacan-
cies mediated coupling could be collapsed by paramagnetic 
Mn ions incorporated randomly into BTO lattices [14] and 
contribute to the peculiar M-H loop observed for (x = 0.50, 
0.75 mol%). The unsaturated FM loop in the M-H curve as 
shown in Fig. 10. For x = 0.50% proves the coexistence of 
FM and AFM phases. In this present case, the ferromagnetic 
interactions become more dominant. Hence, it is evident that 
Mn2+ and Mn3+ ions exist in our sample. The result is also 
evident by the superposition of those signals, from the EPR 
analysis. Among these, that exchange interactions between 
the defect induced carriers and Mn2+/Mn3+magnetic ions 
are responsible for FM, while other exchange interactions 
are antiferromagnetic.

4 � Conclusion

In summary, the multifunctional behavior of Mn-doped BTO 
ceramics was successfully synthesized by sol–gel combus-
tion method. The crystallographic tetragonal phase is con-
firmed by XRD and Raman. Further, an increase in lattice 
parameters, crystallite sizes, and unit cell volumes due to 
the substitution of smaller ionic radius of Mn2+ ion in Ti site 

ions. Raman spectra independently confirm the tetragonal 
symmetries through the presence of a band at 306 cm−1. 
The optical band gap decrease from 3.13 to 2.71 eV indi-
cates the presence of a red shift due to increasing Mn doping 
in BTO samples. PL reveals an intense emission peak at 
533 nm (green), 595 nm (orange), and 717 nm (red) in the 
visible region from 550 to 800 nm. On increasing the Mn 
ion concentration decrease in PL intensity is observed due to 
the increased structural order and the decrease in the oxygen 
vacancy defects. Dielectric constant and ac conductivity are 
improved with Mn doping. The appearance of P–E double 
hysteresis loop confirms the ferroelectric properties of the 
material. The EPR results indicate that signals at g = 1.969 
and 2.000 assigned for ionized Ba and Ti-vacancy defects. 
The M-H analysis indicates the change of WFM–FM, 
because of the exchange interactions between the defects 
induced carriers and Mn2+/Mn3+ magnetic ions. Therefore, 
enhancement in the dielectric constant value and magnetic 
phase transition associated with the migration of oxygen 
vacancies and carrier hopping process between Mn2+ and 
Mn3+ ions.
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