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1 Introduction

In the past few decades, advances in materials sci-

ABSTRACT

Rare earth manganite YMnOj; and YMng oCr gsFep 0405 wherein transition metal
ions are co-substituted at Mn-sites, were synthesized via sol-gel auto combus-
tion route. The present work aims to study the effect of Cr’* and Fe’' co-
substitution at Mn-site of YMnO3, on their structural and electrical properties.
The structural and morphological studies were performed using X-ray diffrac-
tion (XRD), Raman spectroscopy, and field emission scanning electron micro-
scopy (FESEM). The XRD pattern confirmed the existence of monophasic
hexagonal structure for YMnO; while the onset of few orthorhombic peaks was
observed for YMng oCrg osFep 0403. The A; Raman scattering line at ~ 676 cm ™!
was observed to be much stronger than the other Raman modes. Uniform and
dense morphological structure were observed in the FESEM micrographs.
Enhanced dielectric properties were observed in the substituted sample. The
frequency dependence of AC conductivity was investigated using Jonscher’s
law. Non-overlapping small polaron tunnelling model was predicted for the
conduction model in YMnOj; and correlated barrier hopping in YMngoCrg g6
Fe 0403 to elucidate the conduction mechanism of the system. The activation
energy for intrinsic charge carriers was calculated using Arrhenius equation.
The impact of grains and grain boundaries on the electrical behaviour of the
samples was validated by fitting the Nyquist plot.

ceramics to metals, semiconductors, alloys, polymers,
composites, biomaterials etc. and study of their
structural, mechanical, electrical, and magnetic

ence have led to various developments in different
fields such as nanotechnology, electronic materials,
biomedical technology, energy storage etc. [1].
Materials science embodies different materials from

properties to enhance their functionalities in different
fields. Various nanocomposite materials have also
been developed for wide application in photocat-
alytic and antibacterial activities, electrolytes of solid-
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state batteries, optoelectronics, food packaging
materials etc. [2-6]. Another class of nanomaterials
are the multiferroics, which possess at least two or
more ferroic order such as ferroelectricity, (anti-)
ferromagnetism and ferroelasticity. These materials
have drawn considerable interest from the research
community around the world. They are potential
materials for applications in transducers, sensors,
actuators, memory devices, spintronics and other
fields [7-13]. Rare-earth manganite (RMnOj3) forms
one of the promising candidates for multiferroic
materials due to their cross-coupling between the
magnetic and electric order in a single phase [14].
Generally, they are crystallized into two structural
phases, depending on the ionic size of the rare-earth
elements as well as the doping element. Smaller ionic
radii of the rare-earth (R = Ho-Lu, Y, and Sc) favours
hexagonal structure while relatively larger ionic radii
(R = La-Dy) favours the orthorhombic phase [15].
Among the rare-earth manganites, YMnO; has
emerged as one of the interesting lead-free multifer-
roic materials due to the absence of volatile elements
and for its ferroelectric property at room temperature
(Tc ~ 900 K) [14, 16]. In YMnOjs structure, each
Mn>* jon forms MnOs trigonal bipyramids with three
in-plane (ab plane) and two apical oxygen (along
¢ direction) ions separated by layers of Y>* ions along
the c axis. The ferroelectricity in YMnOj arises due to
buckling of MnOs polyhedra accompanied by dis-
placement of Y*>" layers while the origin of mag-
netism is  attributed to anti-ferromagnetic
superexchange interaction of Mn spins in the ab plane
of YMnO; structure [17].

In most of the multiferroics, high leakage current,
poor dielectric features and low polarisations are
major drawbacks for device applications. Hence, the
need to study their electrical properties and transport
mechanism [18, 19]. One of the favourable ways to
improve the magnetic or electrical properties of the
parent compound is by substitution at Y-site or Mn-
site. The substituting element also play a crucial role
in tuning the properties of the parent compound.
Various research works have been done on improv-
ing the properties of YMnOj3; by substituting various
elements such as Cr, Ti, Zr, Os, Ni, Fe, Co, Mg etc. at
Mn-site or Y-site [20-28]. However, detailed literature
review reveals that there is limited report on the
detailed study of co-substituted YMnQO;.

The present work, therefore, aims to investigate
pristine YMnO; and the effect of co-substitution of
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transition metal ions Cr’* and Fe’* at the Mn-site on
the properties of the system. Various synthesis tech-
niques are available for fabrication of nanoparticles
viz. co-precipitation, hydrothermal, sol-gel, sono-
chemical method etc. [29-32]. Among these synthesis
techniques, sol-gel combustion has several advan-
tages such as homogeneous mixing of the precursors,
ease in process, more uniform morphology and
micro-structures etc. The present samples are syn-
thesized using sol-gel auto-combustion method.

As the mixed oxidation states and ionic radii of the
doping element play a major role in tuning the elec-
trical properties of the parent YMnQOj;, we expect an
interesting change in the electrical properties of the
substituted sample. Detailed study has been done on
the structural and electrical properties of the materi-
als in different frequency and temperature ranges
showing improved electrical properties. The con-
duction mechanisms are discussed with the support
of appropriate theoretical models, providing a deeper
understanding on designing such compounds for
practical applications. No such work has been
reported before on the co-substituted system under
investigation.

2 Experimental details
2.1 Synthesis

The polycrystalline YMnO3; and YMng oCrp gsFep.0403
are prepared by sol-gel auto-combustion technique.
Stoichiometric amount of yttrium nitrate [Y(NOj3)-
6H,0], manganese acetate [Mn(C,H30,),-9H,0],
chromium nitrate [Cr(NOj3)3-9H,0], and iron nitrate
[Fe(NO3)3;-9H,0O] are used as precursors for the
preparation of the samples. The appropriate amounts
of precursors are dissolved in deionised water (DI
water) with constant stirring at 100 °C. Citric acid
(CA) and ethylene glycol (EG) are added into the
solution such that the molar ratio of metal ions: CA:
EG is equal to 1:1:2. The resulting solution is mag-
netically stirred for 2 h to get a homogeneous and
stable solution. The temperature of the solution is
raised to 150 °C to initiate gel formation, after which
it is set to 300 °C leading to auto combustion of the
gel. Black powdery ash is formed on completion of
the combustion process, which is further calcined at
900 °C for 2 h for complete phase formation. The
calcined samples are mixed with 3 wt% polyvinyl
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alcohol (PVA) and pressed into circular pellets using
hydraulic press by applying 100 kg/cm?® of pressure.
Finally, the pellets are sintered at 1100 °C for 5h
using conventional furnace, with a heating rate of
5 °C/min in O, atmosphere.

2.2 Characterization techniques

The crystalline structure and phase formation of the
samples are studied using X-ray diffraction tech-
nique. Bruker X-ray diffractometer with CuK,
(A = 0.154 nm) radiation source is used to record the
XRD data in the range of 20° < 20 < 70° with step
size of 0.02°. Structural parameters and crystallite
size are determined from the XRD data. The Raman
spectra of the samples are measured at room tem-
perature in unpolarised geometry, using a Lab Ram
HR evolution with excitation laser source of 532 nm.
The surface morphology and microstructural inves-
tigation of the samples are studied by employing
JOEL, JSM-100F field emission scanning electron
microscope (FE SEM). The electrical properties of the
samples are studied from dielectric, AC conductivity
and impedance analysis using Agilent HP 4284A
LCR Meter in the frequency range of 100 Hz to
1 MHz. The measurements are carried out at differ-
ent temperatures in the range from room temperature
to 200 °C with step size of 5 °C. The samples for
electrical measurement are silver coated on both
sides to act as electrodes for electrical conduction.

3 Results and discussion
3.1 Structural analysis

The X-ray powder diffraction pattern of the samples
are depicted in Fig. 1. It is observed from the fig-
ure that pure YMnOj crystallize in single hexagonal
phase with P6scm space group without any impurity
phase as confirmed with ICDD card number 00-025-
1079 and the peaks are indexed to the corresponding
(hkl) planes.

For the YMnyoCrposFeppsO; sample, few
orthorhombic peaks are observed (denoted by * mark
on the XRD pattern) which signifies the onset of
orthorhombic phase when YMnOj; is substituted at
Mn-site by Cr’* and Fe*". The stability of the phase of a
perovskite compound based on the ABO; formula is
determined by Goldschmidt’s tolerance factor () given
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Fig. 1 X-ray diffraction patterns of YMnO; and
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by, t = \};{;;’fr)o) where, 74, rg and ro represents the ionic
radii of A-cation, B-cation and oxygen respectively
[33]. The co-substitution at the Mn-site by ions of dif-
ferent size ie, Fe’* (rgs =067 A) and Cr*t
(repr = 0.61 A) replacing Mn>*-ions (ry;,»+ = 0.64 A)
causes small change in tolerance factor which may
contribute to the orthorhombic phase. The average
crystallite size of the samples is calculated by Scherrer
equation [34],

_ Ki

~ Pcosf

(1)

where D is the crystallite size, 1 the wavelength of
X-ray source, f the full width at half maximum of the
diffraction peak, 0 the diffraction angle in radian and
K the so-called Scherrer constant. The value of K de-
pends on the crystallite shape and the size distribu-
tion, indices of the diffraction line and the actual
definition used for f [35]. It can be anywhere between
0.62 and 2.08 where in the present case K = 0.9 is
used. The calculated value of the crystallite size only
represents the estimate value and the discussion on
the accuracy of Scherrer formula can be found in the
literature [36].

The lattice parameters of the samples are calculated
from the standard formula

2 2y g2

12:4(h +hi<+k)+l_2 2)
d 3a c
where d is the interplanar spacing, a and c the lattice
parameter and £, k, I the Miller indices.

The calculated structural parameters and the
crystallite size are tabulated in Table 1. The
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crystallites are found in the nano range and the cell
volume is observed to increase slightly in the sub-
stituted sample.

The FESEM micrographs of the samples are illus-
trated in Fig. 2 along with the histogram for particle
size distribution. Uniform distribution of particles
with no micro-cracks is observed for both the sam-
ples. Significant increase in particle size with uniform
and dense growth of particles is observed in
YMng oCrg o6Fep 0405 with average size of 477 nm as
compared to 229 nm of YMnO;. The observed parti-
cle size from FESEM image is found to be very much
larger as compared to the crystallite size calculated
from the Scherrer equation (Table 1). It can be
understood that particles are formed by aggregation
of many crystallites during the sample synthesis
process. Hence, calcination and sintering process of
the nanopowders also contribute to the growth of
larger particle size.

Raman spectroscopy is a versatile tool to study the
lattice vibration of solids which can provide infor-
mation on subtle local variations in the structure of
the material. Figure 3 illustrates the room tempera-
ture Raman spectra of the samples fitted with Lor-
entzian function. Unit cell of hexagonal YMnO; with
space group P6scm consists of six formula units.
Group theory calculation predicted a total of 60
phonon modes (I'-point) for this structure viz. 10A;.

+ 5A; + 10B; + 5B, + 15E; + 15E; [37]. Among
these modes, 38 (9A; + 14E; + 15E,) are Raman
active and 2 (A; + 1E;) are infrared active while the
remaining modes 20 (54, + 10B; + 5B,) are inactive
or silent modes.

For pure YMnOs;, the experimentally observed
Raman scattering bands at 676 cm™' is of A; sym-
metry, 401 cm ™' belongs to E; symmetry while those
at 221 cm™ " and 130 cm™! are of E, symmetry. These
results are in good agreement with standard reported
values of Iliev et al. [38] and confirms the formation
of hexagonal YMnO;. In the case of YMnoCry -
Fe( 0403 the hexagonal Raman modes are observed at

Table 1 Structural data for YMnOs and YMng ¢Cr osFe€0.0403
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676, 397, 209, and 131 cm ™. Along with these bands,
orthorhombic Raman modes are also observed at 470
and 638 cm™' which belong to By, Jahn-Teller sym-
metry in-phase oxygen stretching mode [39]. An
interesting observation in the Raman spectra of both
the samples is the occurrence of the most intense A;
mode at 676 cm™'. This signature mode is of sub-
stantial importance for the phonon line assignments.
It can be mentioned here that a phonon mode is
Raman active when its atomic displacements modu-
late the macroscopic polarizability. The stronger the
phonon-mode-induced polarizability, the higher the
intensity of the corresponding Raman line [38, 40].
This A; mode is related to apical oxygen atoms
stretching along c-axis. The observed E, mode
at ~ 221 cm™' is associated with deformation in
vibration of oxygen and Mn atoms while the band at
130 cm ™! is related to the motion of Y*>" atoms. It is
observed that the E, mode at ~ 221 cm™' and E;
mode ~ 401 cm ™' of pure YMnOj are red shifted in
YMng oCrg osFeg.0405. This is attributed to the increase
in cell volume, which imply elongation of average
bond length. Eventually, the force constant decrease
thereby decreasing the corresponding vibrational
frequency or wavenumber, which manifests as red
shift in the Raman modes [41]. The red shift in peak
position is also known to be attributed to local heat-
ing effects, lattice strain, microstructures, structural
defects, loss of stoichiometry etc. [42].

3.2 Dielectric property

The variation of room temperature dielectric constant
(¢") as a function of frequency in the range 100 Hz to
1 MHz is depicted in Fig. 4a. Usual dispersive
behaviour of dielectric constant is observed in both
the samples where the value is much higher at lower
frequencies, decreases with increasing frequency of
the applied alternating field and becomes almost
constant at higher frequencies. This can be explained
considering the four types of polarization

Composition Lattice parameters (A) Cell volume (A™3) Crystallite size (nm) X-ray density, d (g cm™)
a c 14

YMnO; 6.145 11.361 371.564 43 5.154

YMnoAgcr0A06F60‘04O3 6.148 11.391 372.851 53 5.132
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Fig. 2 FESEM micrographs
and histograms of particle size
with corresponding derivatives
of the cumulative distribution
of a YMnOs3, and

b YMny oCro.06F€0.0403
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Fig. 3 Raman spectra for a YMnO3 and b YMnq oCr gsFe0.0403

phenomena viz. (1) interfacial (space-charge polar-
ization), (2) orientational or dipolar polarization, (3)
ionic polarization and (4) electronic polarization.
Ionic and electronic polarization becomes significant
only at very high frequency (~ 10" Hz) and hence
are not relevant in the frequency range of the present
study. At lower frequencies, space-charge polariza-
tion and dipolar polarization contribute to the
dielectric constant. The polarization in manganites is
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via the electron hopping between Mn>* and Mn**
ions. The low frequency dispersive behaviour of
dielectric constant can be well understood from
Maxwell-Wagner polarization phenomena in accor-
dance with Koop’s phenomenological theory [43—45].
According to this theory, the polycrystalline materi-
als are assumed to be composed of well-defined
conducting grains surrounded by poorly conducting
grain boundaries. The grain boundaries, thus, act as
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Fig. 4 Frequency dependence of a dielectric constant and b dielectric loss at room temperature

potential barrier and block the mobile charge carriers,
thereby inhibiting charge hopping. Thus, mobile
charge carriers get accumulated at the boundaries
due to restriction of charge hopping on application of
an alternating electric field. This led to localised
accumulation of charges at the boundaries leading to
space charge polarization and producing a very large
capacitance, and hence, a large dielectric constant. As
the frequency is increased, the charge carriers reverse
their orientation more frequently before reaching the
grain boundary and, as a consequence polarization
decreases. At higher frequencies, the charge transfer
could not follow the frequency of the applied field
and hence the dielectric constant drops to nearly
constant values.

It is also observed that the dielectric constant sig-
nificantly increases with substitution of Cr*" and
Fe’* at Mn-site. This suggest that substitution of Cr**
and Fe’* may induce increased transformation of
Mn’* to Mn** ions increasing charge hopping and
hence the dielectric constant. The increase in grain
size as well as uniformity of grain size may also lead
to increased dielectric constant. Other factors such as
lattice distortion, oxygen vacancy and creation of
defect site due to doping might also influence the
dielectric constant of the material [46].

Figure 4b shows the room temperature frequency
variation of dielectric loss of the samples. The
dielectric loss (tan ¢) is observed to be very small and
decrease continuously with increasing frequency and
becomes almost constant at higher frequencies sig-
nifying the usual dispersive behaviour. The decrease
in tan 6 with frequency can be understood in

@ Springer

accordance with Koop’s phenomenological theory as
discussed above.

The temperature dependence of dielectric constant
(¢') at some selected frequencies are shown in Fig. 5a,
b. It can be noticed that ¢” increases with temperature
for both the samples. This indicates the presence of
thermally activated charge carriers whose mobility
towards the grain boundaries increase with temper-
ature, thereby increasing space-charge polarization
and hence the dielectric constant. It is also observed
that as a function of frequency the temperature
dependence of ¢ is strong at lower frequency but as
the frequency increases, ¢ becomes almost tempera-
ture independent which may be due to the domi-
nance of dipolar polarization over the space charge
polarization at higher frequencies [47].

The temperature variation of dielectric loss at
selected frequencies are shown in Fig. 5c, d. The tan §
value is found to increase with increase in tempera-
ture for all the samples and the variation exhibits
similar nature as that of the variation of dielectric
constant with temperature. The observed behaviour
may be attributed to the accumulation of charge
carriers at the grain boundaries, due to increased
mobility of the ions at higher temperature, as
explained above [48]. Another factor of higher
dielectric loss at high temperature may be due to
conduction loss, according to which the movement of
ions over large distance led to loss of electric energy
as some of their energy are transferred to the lattice
as heat energy. As the temperature increases, the
conduction loss become more pronounced due to
increase of the mobility of ions, thus increasing the
dielectric loss at high temperature [49].
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3.3 AC conductivity

The AC conductivity of the samples are investigated
to have a deeper understanding on the conduction
mechanism of the materials. AC conductivity (cac) is
calculated from the empirical relation

Oac = WEE tan o (3)

where ¢, is the absolute permittivity (8.854 x 10~ "2
C> N ' m™?), o the angular frequency, ¢’ the dielec-
tric constant and tand the dielectric loss. The plot of
oac versus frequency at selected temperatures is
shown in Fig. 6. It is observed that in low frequency
region, the AC conductivity is small due to polar-
ization effect (charge accumulation at grain bound-
aries) and at high frequency region, it increases due
to hopping of charge carriers.

The AC conductivity curves are fitted by using
Jonscher’s Universal power law [50] which is related

to the dynamics of ionic hopping transport between
localised sites and is given by

o(f) = ouc + A" (4)

where 4. is the dc conductivity, A a frequency
dependent parameter and n(T) a constant which
gives the degree of interaction between the mobile
ions and lattices. For n < 1, translational hopping of
charge carriers is indicated but for n > 1, the motion
is a localised one [51]. It is well known that the
appropriate conduction mechanism can be assigned
to the material from the trend of variation of fre-
quency exponent n w.r.t. temperature. Several
investigations suggested that if n is independent of
temperature the electrical transport mechanism in the
system is given by the quantum mechanical tun-
nelling model (QMT). If n increases with temperature
the non-overlapping small polaron tunnelling (NSPT)
can be expected for the conductivity mechanism.
Whereas, correlated barrier hopping (CBH) model is

@ Springer
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the dominant conduction process when n decreases
with temperature [52-54]. Figure 7 shows that the
value of n for YMnOj; increases with temperature up
to 400 K, implying the NSPT conduction model for
that temperature range, and then slightly decreases
with temperature above 400 K, indicating the possi-
bility of another mechanism. For YMng ¢Cry osFe.04-
O;, the decreasing trend of n with temperature
suggests that the CBH model is the most appropriate
conduction model.

According to the NSPT model the frequency
exponent 7 is given by [52-54]

R P S— (5)

Wh
where Wy is the barrier height or polaron energy, o
relaxation time which is in the order of vibrational
period (107" s) and o is the angular frequency.

For large value of ZZ—%, the frequency exponent

becomes

) e

€ 0.5
v
=— YMnO;,
0.41 /' —¥—YMn 4Cro 06F €0 0403
0.3 "
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Fig. 7 Variation of frequency exponent ‘n’ with temperature
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n=1- (6)

W,
(54)
Using this equation, the energy of polarons has
been estimated to be around 0.09 eV for YMnOs.
In CBH model of conduction, the exponent n can be
represented by
6kgT

n=l-wr ks TIn(w7o) @

where Wi, is the maximum barrier jump height i.e.,
the energy required for the electron to hop from one
site to another. At high value of the reduced energy
ZX—;, the equation is simplified as

_ 6kgT

n=1 W (8)

The barrier height for the hopping of charge is
deduced from the above equation (Eq.8) to be
around 0.56 eV for YMng oCrg osFen 04Os.

Figure 8 shows the variation of AC conductivity
(oac) with inverse temperature 10°/T (K™') at dif-
ferent frequencies for YMnO; and YMngoCrg 6.
Fep 0403. The curves are seen to consist of two regions
with different slopes- region I (low temperature
region) and region II (high temperature region). In
region I there is strong frequency dispersion of AC
conductivity for both the samples, where conductiv-
ity increases with increase in frequency. This may be
attributed to hopping of charge carriers to random
sites having variable barrier heights and separation
[55]. While, in region II the AC conductivity curve
tend to converge at high temperature, which indi-
cates that at high temperature thermal activation of
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Fig. 8 Variation of AC conductivity (gac) with inverse temperature (10°/T) at selected frequencies for a YMnO; and

b YMny oCrg o6Feg.0403

charge carriers is dominant over the frequency
dependence [56].

The activation energy is calculated by using the
Arrhenius equation [57]
oAaC = Goeik_};a 9)
where E, is the activation energy for the intrinsic
conduction of charge carriers, k the Boltzmann con-
stant and T the temperature, and tabulated in Table 2
for the two temperature regions at different fre-
quencies. A decrease is observed with increasing
frequency.

In perovskite compounds charge carriers (electron)
and oxygen vacancies generated during high tem-
perature calcination and sintering process play a
major role on the conduction behaviour. Rao et al.
also reported that the valence change from Mn’* to
Mn** during heat treatment in YMnOj3 is compen-
sated by holes (oxygen vacancies) and thus yielding
p-type conductivity [58]. The created oxygen vacan-
cies may be singly or doubly ionised according to the
Kroeger-Vink notation [59],

Vo=V, +é; Vie=VIte

where V! and V! are singly and doubly ionized
oxygen vacancies, respectively. These holes are
bound to Mn®>* as Mn*" + V <= Mn*" and thus the
charge transfer takes place between these neigh-
bouring Mn-ions.

The obtained activation energy values for YMnO;
in both the regions and for YMngoCrgocFep0sO5 in
region I indicate that the conduction is due to short
range hopping motion of oxygen vacancies [60]. The
larger activation energy values (0.50-0.84 eV) at dif-
ferent frequencies in Region II for YMngoCry gs-
Fep 0403 suggests that the conduction mechanism
may be due to the presence of long-range motion of
electrons from doubly ionized oxygen vacancies and
the presence of charged defects [61, 62].

3.4 Impedance analysis

Impedance spectroscopy provides insights to the
electrical conductivity behaviour and contribution of
grain and grain boundaries on the electrical property
of the material. The complex impedance Z* is com-
posed of real and imaginary parts as given below

Table 2 Activation energy

obtained from Arrhenius Frequency (kHz)

E, (eV): YMnO;

Ea (CV)Z YMn0_9Cr0_06Fe0_04O3

fitting of temperature variation

Region 1 Region II Region | Region II
of AC conductivity versus
temperature 10%/T (K™') of 1 0.38 0.25 0.29 0.84
YMnOs; and 5 0.32 0.20 0.24 0.73
YMny 9Crg o6Fe0.0403 10 0.28 0.17 0.22 0.67
100 0.21 0.11 0.14 0.56
500 0.20 0.06 0.09 0.50
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and c—f Variation of imaginary part of impedance, Z” with frequency at some selected temperatures for YMnOj; and YMng oCrg gsFe.0403

Z* — Zl _jzl/
Z' =|Z|cos0,Z" = |Z|sin 0and = 2=f

where Z’, Z”, and o are the real and imaginary part
of the impedance, and angular frequency,
respectively.

Figure 9a, b shows the frequency dependence of
the real part of impedance (Z’) at different

@ Springer

temperatures of the studied samples. It is observed
that Z” value decrease with increasing frequency and
at very high frequencies (around 10 KHz) the Z’
values merge for all temperatures. The decrease with
frequency can be related to space charge polarization.
It is also observed that as a function of temperature,
Z’ decreases with increase in temperature i.e., Z” is
inversely proportional to temperature suggesting a
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Fig. 11 An equivalent circuit fit of the Cole—Cole plot for a YMnOj; and b YMng oCrg gFe0.0403 at 473 K

negative temperature coefficient of resistance (NTCR) The variation of Z” vs frequency at different tem-
[56]. This indicates that AC conductivity increases peratures are shown in Fig. 9c—. It is observed from
with temperature due to enhancement of thermally the plot that Z” decreases with frequency and merged
activated charge conduction which is analogous to at higher frequencies (above 10 KHz) for the different

semiconductor nature. Further, the value of Z’ is less temperatures. The characteristic peaks of the relax-

in the co-substituted sample. ation behaviour are observed clearly at higher

@ Springer
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Table 3 The grain and grain boundary contribution evaluated

after fitting of impedance data for YMnO; and
YMng oCry gsFep.0403 at 473 K

Sample YMnOs YMng oCrg gsFeg.0403
R (Q) 5.13 x 10° 1.12 x 10°

R, (Q) 8.84 x 10° 4.78 x 10*

CPE, 435 x 1077 17.5 x 1077

C, (F) 235 x 1071 97.1 x 11078

Ry (Q) 1.01 x 10° 5.52 x 10*

CPEgy, 143 x 107" 80.7 x 107"

Cab (F) 109 x 107° 79.6 x 107%

temperature (~ 398 K) for both the samples which
indicates the presence of relaxation phenomena. It
can also be seen from the figure that the position of
the peak shifts towards higher frequencies with
increase in temperature which suggest that the
relaxation process is temperature dependent [63].

To study the contributions of electrode interfaces,
grain and grain boundary to the relaxation process of
the samples, the Cole-Cole or Nyquist plot (— Z” vs
Z’) at various selected temperature are given in
Fig. 10a—d.

The Nyquist plot show characteristic incomplete
semi-circular arc at lower temperatures for both the
samples which indicates the high insulating beha-
viour. The semi-circular arc become fuller or com-
plete with increase in temperature while the height of
the peak decreases. With further increase in temper-
ature the radius of the semi-circular arc decreases.
This indicates that the conductivity of the samples
increase with temperature indicting the semicon-
ducting behaviour of the samples [64]. It can be seen
that the centre of the semi-circular arcs tends to move
towards the lower resistance value with increase in
temperature. Moreover, the arcs are asymmetric and
the centre of the arc shifts below the real part of the
impedance axis which indicates the non- Debye type
of relaxation process in the studied compounds [65].
The Nyquist plot are fitted using ZSimpWin Software
to represent the multi-relaxation behaviour of the
compounds in terms of a series and parallel combi-
nation of resistance and capacitance i.e., RC equiva-
lent circuit. For non-Debye-type system, constant
phase element (CPE) is introduced in the circuit [66].
The fitted impedance data along with the circuit
model for the samples at 473 K are shown in Fig. 11

@ Springer
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and the obtained fitted parameters are shown in
Table 3.

The term R, denotes the series resistance, which
may be attributed to the material’s electrode effect.
The resistance, constant phase element, and capaci-
tance of the grain are represented by R, CPE,, and
Cg, respectively while Rgy,, CPEg, and Cyp, represent
the corresponding terms for grain boundary. The
goodness of fitting (1) is in the order of 10~* for both
the samples which shows that the circuit model is
fitted well with the impedance data. From the inter-
pretation of the fitted equivalent circuit, it can be
concluded that two relaxation behaviours due to
grains and grain boundaries are present in both the
samples. Grains boundaries are observed to be more
resistive than grains in both the samples. Also, the
resistance of grain and grain boundary decreases in
YMny oCro g6Fe0.0403.

4 Conclusion

Pure YMnO; and YMngoCrgosFeg04O3 have been
synthesised via sol-gel method. X-ray diffraction
confirms the formation of single hexagonal structure
for YMnO; while few peaks of orthorhombic phase
are observed for the co-substituted sample. Raman
scattering line at ~ 676 cm™~' dominates the Raman
spectra in both the samples. In the substituted sam-
ple, red shift of some of the Raman modes are
observed which has been attributed to variation in
Mn-O bond length. Significant enhancement of
dielectric constant is observed in YMng oCrg gsFeg g4
O3. Temperature dependence of the dielectric prop-
erty predicts the thermally activated charge
conduction process. The variation of the frequency
exponent n with temperature in the frequency
dependent AC conductivity study at different tem-
perature indicates that the charge transport mecha-
nism in YMnOj; and YMngoCrgoeFep0sO3 can be
taken to be governed by NSPT and CBH model,
respectively. The values of activation energies of the
intrinsic charge carriers indicate that the conduction
process in the samples are controlled by oxygen
vacancies—short range motion in YMnO; and long
range motion in co-substituted sample in the high
temperature region. The impedance analysis shows
non-Debye relaxation type in the studied samples.
The fitting of Nyquist plot reveals the contribution of
grain and grain boundary on the electrical behaviour.
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The grain boundaries are found to be more resistive
than the grains in both the sample. The obtained
results can be useful for synthesizing high dielectric
multiferroics for potential application in resonators
and switching devices.
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