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Abstract

The present paper reports the structural, electronic and electrical conduction mechanisms of Ca,_, Y,05:xGd** (x=0, 0.03
and 0.05 mol%) metal oxides synthesised by solid state reaction method. The computational crystal structure analysis con-
firms the formation of cubic structure along with space group Ia-3. The structural analysis confirms the shifting of the most
intense peak towards the higher Bragg angle side. The morphological analysis shows the formation of clusters of grain of
irregular shape and size. The frequency-dependent dielectric studies show that orientational and space charge polarisation
are the dominant mechanisms in prepared compounds. The complex impedance spectroscopy shows that the conduction
mechanism in Ca,_ Y,05:Gd>" metal oxide is due to grain and grain boundary effect. The electrical modulus spectroscopy
reveals the hopping of charge carriers between Ca>* site and O~ site, respectively. The electrical conductivity in prepared

metal oxide is due to small polaron hopping mechanism.
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Introduction

Metal oxides are the crystalline solids which can be modified
into different structural geometries with metallic, semicon-
ducting or insulating behaviour [1]. The general formula of
metal oxide is (MO) where M can be substituted by metal
cations like Ca®*, Y>*, La’* etc. and O is an oxide anion [2].
The alkali and alkaline earth metal reacts with oxygen atom
to form different oxidation states [3]. On the basis of differ-
ent oxidation states and bond nature, metal oxide compounds
are categorised as (1) oxides (0%), (2) peroxides (022_)
and (3) superoxides (0O*7) [4]. Peroxide compounds contain
oxygen—oxygen covalent single bonds whereas super oxides
contain oxygen—oxygen covalent bonds [5]. Metal oxides
show unique physical and chemical properties due to their
morphology and high densified grains [6]. It can be used as
in various technological industries such as in the fabrication
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of sensors, fuel cells, circuits, catalysts and coatings against
corrosion [7].

Metal oxides have drawn the attention of researchers in
the field of dielectric, optical and electronic studies for a
wide range of applications such as sensors, capacitors, data
storage devices, and optical and display devices. Som et al.
reported about the lanthanum co-doped Y,0;, which shows
the formation of cubic structure [8]. Qian et al. reported
about the Eu** doped Yb,0, and confirms the formation of
cubic phase [9]. Srinivasen et al. reported that the dielec-
tric properties in NiO/CuO/ZnO combined semiconductor
metal oxide are due to Maxwell-Wagner polarisation [10].
Ambalagi et al. reported about the structural and dielec-
tric properties of NiO synthesised by solution combustion
method. The reported XRD analysis reveals the formation
of cubic structure. In the dielectric studies, the dielectric
constant and loss decreases with increase in frequency,
whereas the value of AC conductivity increases with the
increase in frequency and weight percentage [11]. Saxena
et al. reported about the structural and dielectric properties
of Cr doped Mg, sZn,, 5_,CO,0, metal oxide synthesised by
solid state reaction. The study reports the formation of cubic
structure with space group Fm3m. The dielectric constant
and loss decrease with the increase in frequency and become
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constant at higher frequencies, which shows that interfacial
polarisation is the dominant mechanism [12]. Lakhane
et al. reported about dielectric properties of zeolite-based
metal oxide nanocomposites, which shows that the AC con-
ductivity remains constant in low-frequency region which
increases linearly in the high-frequency region [13]. Tack
et al. reported about the structural and electronic properties
of transition metal oxide attached to a single-walled car-
bon nanotube. Structural analysis reveals the formation of a
cubic structure and electronic structure that show a band gap
value of 1.33 eV [14]. Skorodumova et al. reported about
the electronic properties of alkaline-earth metal oxides. The
reported result reveals that the metal oxide has a cubic struc-
ture with a band gap value of 4.4 eV [15]

Some of the metal oxides such as TiO,, ZrO, and HFO,
show high value of dielectric constant and electrical permit-
tivity [16]. Dielectric constant is the relative permittivity
which is defined as the measure of electronic polarisabil-
ity of a material which varies with temperature, frequency,
humidity etc. [17]. Metal oxides are the narrow band gap
materials with a large leakage current [18]. By the addition
of rare earth dopants, the thermal stability and leakage cur-
rent of metal oxides have been improved [19]. However, due
to addition of rare earth dopants, the dielectric constant of
some metal oxides decreases due to low dielectric constant
value of rare earth dopants [20].

Solid state reaction or ceramic route is a self-diffusion
technique that provides cost-effective, environmentally
friendly conditions for the mixing of solids at high tem-
peratures ranging from 1000 to 1500 °C [21, 22]. The factors
that affect the solid-state reaction technique is reaction time,
melting point of solids, reaction rate, free energy, surface
area of solids etc. [23].

This paper reports the electrical conduction and die-
lectric behaviour of gadolinium doped calcium yttrium

Fig.1 Flow chart of synthesis
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oxide synthesised by solid-state reaction method. The
structural and morphological analyses were done to con-
firm the phase and crystal structure of prepared compound.
Frequency-dependent dielectric studies show the domi-
nant polarisation effect in the compound. The complex
impedance spectroscopy and electrical modulus spectros-
copy confirm the transport of charge carrier and relaxa-
tion behaviour of compounds. Frequency-dependent AC
conductivity shows the nature of the material suitable for
fabrication of microelectronic devices.

Methods
Synthesis of Ca,_,Y,0,:xGd>* ceramic.

The samples were synthesised by using solid state reac-
tion method. All the starting materials, i.e. CaO (99.99%),
Y,05(99.99%), Gd,05 (99.99%) with particle size of CaO
(500 nm), Y,0; (<100 nm) and Gd,05 (5.9 +0.13 nm),
were manufactured by Sigma Aldrich. All the start-
ing materials were taken in stoichiometric ratios. First,
0.27 mol of CaO and 0.27 mol of Y,0; were mixed with
Gd,O; with molar concentration of Gd,O5 varying from
0 to 0.05 mol%. The materials were then ground in agate
mortar and pestle for 1 h by using acetone as a solvent. The
powdered samples were then kept in a programming fur-
nace at 1200 °C for calcination. The calcined powder was
again ground for 45 min and kept in furnace at 1100 °C
for sintering. The synthesised powder was then converted
into pellets and silver paste was brushed on both sides of
the pellets acting as cathode and anode. The pellets were
then dried in an oven at 100 °C for 1 h. Figure 1 shows the
flowchart of synthesis route.
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Computational details

All the DFT calculations were measured using Becke’s
three Lee—Yang—Parr (B3LYP) hybrid GGA function [16].
Here, Def2-SVP was used as basis set along with auxiliary
basis set RIICOSX. The cubic crystal structure for Ca,Y,05
is—17,136.2488 eV and wave cut-off energy is 421.32 eV.
The electronic state configuration of atoms used in the cal-
culation was Y 4p®4d'5s?, Ca 3d'%4p®5s?, O 2s*2p*. The final
exchange energy E(X) was found to be —37,660.122 eV and
correlation energy E(C) was found to be —819.378 eV with
a total of E(X+ C) of —38,479.501 eV.

Fig.2 Computational crystal structure for Ca,Y,05 metal oxide

Table 1 Structural properties of Ca,Y,05 metal oxide

Results and discussion
Theoretical model.

Figure 2 shows the computational crystal structure of
Ca,Y,05 metal oxide. First-principle calculations based
on DFT reveal the hexagonal crystal system with space
group Ia-3, which is confirmed by previous reported
results. The yttrium ions are placed at the corners of
the unit cell and form a channel with calcium ions and
oxygen ions. The blue balls represent yttrium element
(Y), green ball is for calcium (Ca) and red ball signifies
oxygen atom (O). The atomic, bond and angle proper-
ties of Ca,Y,05 ceramic calculated by DFT are shown
in Table 1.

Electronic band structure and density
of states

Using the theoretical model, the electronic band struc-
ture for Ca,Y,05 ceramic was computed by using B3LYP
function with grid points 2 X 2 X 2 and special k-points [,
A, K, H, M and L are given in Fig. 3. The energy gap of
Ca,Y,05 is found to be 5 eV, confirming that it is an insu-
lating material [24].

Figure 4 shows the graph of total density of states
(DOS) versus energy for Ca,Y,05 ceramic respectively.
DOS refers to the available number of states occupied
by the system at each energy level. The maximum peaks
of the ceramic move towards higher energy level with a
greater number of sates for occupation. Figure 5 shows the
projected density of states versus energy plot of Ca,Y,05
ceramic. The blue line represents the states of Ca atom,
green line represents the occupation of oxygen atom and
purple line shows the states of Y atom.

Element Valence X Y Z Bond order Bond length A) Bond type Bond angle (°)
electron A A A)

Y1 2 —2.54251 8.37417 1.82983 Sr1-04 2.56850 010-Y1-017 71.8170
Cal 2 4.90049 2.82873 0.0878 Sr1-05 2.56843 04-Sr1-05 75.2984
O1 2 3.50840 3.98891 1.82983 015-Y3 2.63408 02-Si1-03 110.6845
02 1 0.80360 4.10773 1.82983 015-Si3 1.61921 03-Sil-Y2 79.3417
03 1 2.12562 2.16759 0.53211 014-Si2 1.6192 03-Si1-022 106.5385
Y2 3 —1.08099 2.09808 1.82983 Si1-02 1.64194 O1-Sil-Y2 166.2324
Ca2 2 —0.00049 5.65832 3.66843 Y1-017 2.51654 Si1-01-Y3 124.311
04 2 6.60030 3.45423 1.82983 010-Sr2 2.53533 09-Y3-016 71.8170
05 2 1.39160 4.49814 5.48948 09-Sr2 2.53569 013-Y4-023 71.8173
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Fig.3 Energy band structure for Ca,Y,05 metal oxide
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Fig.4 Total density of states for Ca,Y,05 metal oxide

Mulliken population analysis

Mulliken population analysis estimates the asymmetric
distribution of electronic charges along with bonding and
antibonding of molecular orbitals for particular pair of
atoms [25]. It is based on linear combination of molecular
orbital and atomic orbital method [26]. Incorporation of
defect ion changes the electronic properties of the atoms
near it, so the Mulliken population of atoms and bonds
adjacent to defect ion were investigated. High population
value indicates the formation of covalent bond whereas
low population indicates ionic bond [27].
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Fig.5 Projected density of states for Ca,Y,05 metal oxide

The total spin and charge population of Ca,Y,05 ceramic
is shown in Table 2. It is found that in Ca,Y,0s, the s and
p orbital of Y1 and Cal act as the main electron donor and
loses (0.25¢) and (0.111e) and d orbital of Y1 gains (0.81e).

Structural analysis.

The XRD patterns were recorded by CuK , X-ray diffrac-
tometer in the theta range of 20—-80° with a scan rate of 2°/
min and step size of 0.01. The XRD pattern shown in Fig. 6
confirms the formation of single-phase cubic structure [28].
The Ca,Y,05 phase was confirmed by open quantum mate-
rial database (OQMD) with Id—357,867. The XRD pattern
shows the diffraction peaks (211), (222), (111), (400), (411),
(200), (332), (134), (440), (311), (622), (220), (800), and
(662). No extra peaks were observed by doping of Gd**
ions in the host lattice which shows a good mixing of dopant
ions in the host lattice. A slight shift in peak (222) towards
higher 26 side takes place due to the incorporation of smaller
ionic radius Gd** ions (0.93 A) to the larger ionic radius
Ca* ions (0.99 A) [29]. This causes a distortion in the cubic
structure, due to which the contraction in lattice parameters
takes place. The crystallite size was calculated by using the
Debye—Scherer formula:
D =0.94/pcosb
where P is full width half maximum and A is X-ray
wavelength.
The lattice parameters were calculated by



Journal of the Australian Ceramic Society (2022) 58:683-697

687

Table 2 Mulliken population of charge and spin for Ca,Y,05 metal oxide

Compound Element Population Total spin Total charge
S P d f
Ca,Y,0; Y1 3.83(0.21) 6.25 (0.04) 0.74 (- 0.18) 0.03 (0.0002) 10.85 0.0702
Cal 2.45 (0.08) 6.48 (—0.03) 0.59 (0.002) 0 9.52 0.052
01 3.83 (—0.0002) 4.89 (-0.04) 0.003 (0.000014) 0 8.723 —0.0402
22 x = 0.05 mol% a = A/2sin0\/* + kK> + I
x =0.03 mol%
x =0 mol% . . .
440 The calculated crystallite size and lattice parameters are
400 622 .
g lse g 1 < k © ee 6w shown in Table 3.
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Fig.6 X-ray diffraction patterns of Ca,_,Y,05:Gd*" (x=0, 0.03 and
0.05 mol%) metal oxides

Table 3 Calculated lattice parameters and crystallite size of

Ca,_,Y,05:Gd*" (x=0, 0.03 and 0.05 mol%) metal oxides

Compound a
Ca,_ Y,05:xGd™ with  (A)
different molar concentra-

tions (mol%)

c Crystallite size

b
A& A (m)

x=0 mol% 2.9361 2.9361 2.9361 69.2
x=0.03 mol% 2.9264 2.9264 2.9264 64.9
x=0.05 mol% 29261 2.9261 2.9261 63.5

Fig. 7 Scanning electron
microscopy images of
magnifications (a) X 20,000,

(b) x 10,000 of Ca,_,Y,05:Gd**
(x=0, 0.03 and 0.05 mol%)
metal oxides

EHT =2000kV
WD= 90mm

Signal A = SE1
Mag= 2000KX

Date :1 Feb 2021
Time :12:46:46

Morphological analysis.

The morphology of Ca,_,Y,05:xGd*>* (x=0.03 mol%) sam-
ple was studied using SEM images which were recorded
by ZEISS SEM analyser. The SEM images shown in Fig. 7
show the clusters of grain of irregular shape and size may
be due to synthesis of metal oxide at high temperature [30].
Due to high sintering temperature, the grains get agglomer-
ated and stick to one another and form clusters.

Dielectric studies.

When a dielectric material is placed in an electric field, the
atoms or molecules rotate in the direction of the field and
energy transfer takes place from the electric field into the
material. The dielectric permittivity of the material is cal-
culated by using the equation [31]

e =gy —jé

6]

where is g, permittivity of free space,e' is dielectric constant,
€” is dielectric loss and j = \/-lp . Dielectric constant is the
measure of energy stored in the dielectric material whereas

EHT = 20,00 kv
WD = 8.0mm

Signal A = SE1
Mag= 10.00KX

Date :1 Feb 2021
Time :1244:24

ZEISS|

(@

(b)
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Fig.9 Plots of dielectric loss versus frequency of Ca,_,Y,05:Gd**
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the amount of energy dissipated from the dielectric material
is denoted by dielectric loss [32]. The loss tangent (tané)
is the ratio of dielectric constant to dielectric loss and it is
given by the expression tan d=e'/e"[33].

The impedance (Z), capacitance (C), dielectric loss (D)
and phase angle (PH) value has been taken in the frequency
range 100 to 100,000 Hz. The relative permittivity or dielec-
tric constant has been calculated by using the relation [34]

e = L4
A @)

where d is the diameter of pellet, A is the area of pellet and
£, 1s permittivity of free space.

Figure 8 shows the variation of dielectric constant with
frequency. The increase in dielectric constant with Gd>*
doping is due to space charge polarisation and rotational/
orientational polarisation. In Ca,_,Y,05:xGd** compounds,

the oxygen vacancies act as donors and exists in the interface
of nanoparticles [35]. The positive oxygen vacancies acting
as hole and the negative oxygen ions pair to form dipoles
and give large value of dipole moment [36]. The dipoles
tend to rotate in the direction of applied field leading to the
occurrence of orientational polarisation at the interface of
nanoparticles [37]. A large number of defects such as poros-
ity, vacancies and bonds are present in the compound [38].
The defects produce a change in the distribution of positive
and negative ions within the interface [39]. The positive and
negative charge carriers move towards the positive and nega-
tive poles of electric field giving rise to dipole moment and
space charge polarisation [40].

Figure 9 shows the variation of dielectric loss with applied
frequency. Dielectric loss follows the same nature as dielectric
constant and decreases with the increase in frequency. The
chemical bond formed between the molecules or atoms are

25000000
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Fig. 10 Plots of real part of impedance versus frequency of Ca,_,Y,05:Gd>* metal oxides (a) x=0 mol%, (b) x=0.03 mol%, (¢) x=0.05 mol%
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constantly changing and it changes the electronic polarisabil-
ity of compounds [41]. The energy loss can take place due to
defects, vacancies, breaking of bonds etc. [42].

Complex impedance studies.

Complex impedance studies over a wide range of frequency
and temperature gives an idea of charge transport phenom-
ena in the grain and grain boundary [43]. The impedance
data were successfully fitted by circuit R,(CyR,,) where R,
is the resistance of grain, C, is the capacitance of grain and
Ry, is the resistance of grain boundary.

Figure 10 shows the variation of real part of impedance
(Z") with frequency. It can be seen that at lower frequency
the resistance of grain and grain boundary decreases and

merges in the high-frequency region due to release of space
charge polarisation with increase in frequency and temper-
ature [44]. In the low-frequency region, the charges gath-
ered in the high-density side which leads to the increase in
value of Z' [45]. As the Gd** ion concentration increases,
the barrier height decreases and the charge carriers transfer
from high density to low density side; as a result, Z' value
decreases [46].

Figure 11 shows the variation of imaginary part of
impedance (Z") with frequency. With the increase in fre-
quency, the value of Z" decreases [47]. It shows the single
relaxation behaviour of compound. The relaxation time is
calculated by using the relation 2xf,, 7 = 1 [48]. As the
temperature rises, the dipoles rotate themselves in the
direction of applied field and as a result relaxation time
decreases [49].
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2.50E+008 . T=80°C ——T=80°C
—aT=120C 2.50E:+008 ——T=120°C
——T=160"C 0
2.00E+008 —+—T=200°C —~—T=160C
2.00E+008 | —+—T=200"C
= 1.50E+008 | =
3 £ 1.50E+008 1
L
= C
N i N
1.00E+008 1.00E+008 -
5.00E+007 5.00E+007 |
0.00E+000 ; : ' 0.00E+000 ; Sy '
1000 10000 100000 1000 10000 100000
Frequency (Hz) Frequency (Hz)
(a) (b)
2.50E+008
x = 0.05 mol% —« T =40°C
——T=80C
2.00E+008 -] ——T=120C
——T=160°C
—— T =200C
1.50E+008 -
£
<
S
&, 1.00E+008 -
5.00E+007 -]
0.00E+000 ; : '
1000 10000 100000

Frequency (Hz)
()

Fig. 11 Plots of imaginary part of impedance versus frequency of Ca,_  Y,05:Gd>* metal oxides (a) x=0 mol%, (b) x=0.03 mol%, (c)
x=0.05 mol%
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Figure 12 shows the Nyquist plots of Ca,_, Y,05:xGd** com-
pounds. It shows the effect of R, and Ry, on the compound [50].
The value of complex impedance on the lower frequency region is
due to the effect of R, whereas in the higher frequency region, itis
due to Rgb [51]. With the increase in temperature, the resistance of
grain and grain boundary decreases which shows the Debye nature
of compounds [52]. The resistance of grain and grain boundary
decreases with increase in Gd** ion concentration which shows
an increase in the value of electrical conductivity [53].

Electrical modulus spectroscopy.
The electrical modulus spectroscopy reveals the hopping

mechanism of charge carriers between the cationic and ani-
onic sites [54]. The main advantage of modulus spectroscopy

is that the electrode effect is suppressed in this spectroscopy
[55]. The inhomogeneous nature of compound can be eas-
ily depicted by using electrical modulus spectroscopy [56].
The real and imaginary part of modulus can be calculated
by using the equation [57]

M =wCyZ'

M = wCyZ

Figure 13 shows the variation of real part of modulus
(M'") with frequency. In the low-frequency region, the value
of M' is almost constant due to short range motion of charge
carriers [58]. With the increase in frequency, the value of M’
increases due to long-range hopping of charge carriers [59].
The short-range motion of charge carriers is due to lack of
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Fig. 12 Nyquist plots of Caz_,(Yzos:Gd3+ metal oxides (a) x=0 mol%, (b) x=0.03 mol%, (¢) x=0.05 mol%
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Fig. 13 Plots of real part of modulus versus frequency of Caz_,(YZOS:Gd3+ metal oxides (a) x=0 mol%, (b) x=0.03 mol%, (¢) x=0.05 mol%

restoring force required for the motion of charge carriers in
the presence of electric field [60].

Figure 14 shows the variation of imaginary part of
modulus with applied frequency. A relaxation behaviour
is observed at higher frequency side with the increase in
temperature due to the motion of immobile ions [61]. In
the lower frequency region, the value of M" increases due
to long range motion of charge carriers [62]. With the fur-
ther increase in frequency, the motion of charge carrier
decreases, due to which a decrease in the value of M"” was
observed [63].

@ Springer

Electrical conductivity study.

The AC conductivity analysis gives information about
the electrical behaviour of the compounds [64]. Fig-
ure 15 shows the plots of AC conductivity versus fre-
quency for Ca,_ Y,05:xGd*" compounds at different
temperatures.

The electrical conduction behaviour was explained by
Jonscher using the universal power law [65]:

_ n
04 =04 + AW
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Fig. 14 Plots of imaginary part of modulus versus frequency of Ca,_,Y,05:Gd** metal oxides (a) x=0 mol%, (b) x=0.03 mol%, (c)

x=0.05 mol%

where o, is the frequency independent conductivity, A is
the temperature-dependent term, w is the frequency and the
value of n describes the hopping mechanism in the low-
and high-frequency region. The value of n (0 <n < 1) corre-
sponds to translational hopping of charge carriers; however,
(1 <n<2) shows the localised orientational hopping mecha-
nism. In the low-frequency region, the AC conductivity is
frequency independent whereas the change in slope of AC
conductivity is observed in the high-frequency region [66].
The frequency at which the change in slope takes place is
known as hopping frequency (w),) [67]. The change in slope
takes place due to the polaron hopping of charge carriers
with rise in temperature [68]. By increasing the temperature,

the w,, shift towards higher frequency region and it depends
on the dopant concentration in metal oxide [69]. Table 4
shows the value of n for different temperatures and molar
concentrations for Ca,_, Y,05:xGd*>* compounds. The pre-
pared undoped ceramic is an insulator, but it shows some
conductivity due to the presence of oxygen interstitials.

Conclusion
The Caz_xY205:Gd3+ (x=0, 0.03 and 0.05 mol%) metal

oxides were synthesised by solid-state reaction method.
Crystal structure computed theoretically shows a good

@ Springer
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Fig. 15 Plots of AC conductivity versus frequency of Caz_,(YzOS:Gd3+ metal oxides (a) x=0 mol%, (b) x=0.03 mol%, (¢) x=0.05 mol%

Table 4 Calculated integer (1) value of Ca,_ Y,05:Gd** (x=0, 0.03
and 0.05 mol%) metal oxides

Molar concentration (x) (mol%)  Temperature (°C) n
x=0 40 1.01
80 1.03
120 1.14
160 1.22
200 1.23
x=0.03 40 1.02
80 1.10
120 1.25
160 1.28
200 1.30
x=0.05 40 1.18
80 1.20
120 1.22
160 1.25
200 1.26

@ Springer

agreement with experimental crystallographic analysis. The
formation of cubic structure along with space group Ia-3 of
the metal oxides has been confirmed from both the theoreti-
cal and experimental analyses. DFT-based, first-principle
calculations of Ca,Y,05 ceramic reveal that the value of
energy gap is 5 eV. The formation of clusters of grain of
irregular shape and size was confirmed from scanning elec-
tron microscopy images. Dielectric constant and dielectric
loss decrease with the increase in frequency which confirms
that space charge and orientational polarisations are domi-
nant mechanisms in the high-frequency region. Complex
impedance spectroscopy reveals the Debye nature of the
synthesised metal oxides. Electrical modulus spectroscopy
shows the transport of charge carriers between Ca®* and
O~ ions. Electrical conductivity analysis depicts that the
conduction mechanism is through small polaron hopping.
The prepared metal oxides follow Jonscher’s power law and
can have application in microelectronic devices.
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