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The phenomenon of relaxation in dielectric materials is described as one of the powerful tools to deter-
mine the behavior and properties of ion transport. The kinetics of ionic species and dipole in solid-state
electrolyte are dependent on frequency, temperature, and dielectric relaxation. Liy.+xTi>_xAlx(PO4)3 con-
ducting solid state electrolyte with x = 0.3 was synthesized via conventional solid state technique using
the raw materials Li,COs, TiO,, Al;03, and NH4H,PO4 as starting materials. TGA/DTG and X-ray diffraction
measurements were carried out to study the thermal behavior and phases of the composition. It was
observed from the TGA/DTA curves that there is no mass loss above 500 °C. The XRD peaks were observed
to start appearing at 500 °C which corresponds to small peaks in TGA. It was also pointed out that at
increasing sintering temperatures from 700 °C to 1000 °C the number of phases drastically decreased
which is attributed to the complete chemical reaction. Temperature and frequency dependence of dielec-
tric relaxation and electric modulus of the compounds were investigated at temperatures 30-230 °C and
at frequencies of 40 kHz-1 MHz. The findings showed that the dielectric relaxation peaks shift to higher
temperature as frequency increases and the change in ac conductivity with frequency is in agreement
with Jonscher’s power law.
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Introduction

Superionic conductors are material compounds that exhibit
higher values of ionic conductivity within a solid state [1]. The
major challenge in the study of super ionic conducting material
is the electrical characterization of the material and how to reduce
the conductivity temperature to ambient conditions so that they
can be suitable for applications in devices such as lithium ion bat-
teries [2-4]. NASICON is known as sodium super ionic conductor
which is a family of NZP (Sodium Zirconium Phosphate). The crys-
tal structure of the parent composition NaZr,(PO4); was first deter-
mined by Hungman and Kriega [5,6]. The network structure of the
NASICON AyM,(X04)3 consists of a network with corner-sharing
MOg octahedral and XO, tetrahedral. In such framework, each
octahedron is surrounded with six tetrahedral and each tetrahe-
dron is connected to four octahedral [7]. The NASICON-type mate-
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rial has an exceptional property due to its ability to provide
accommodation to atoms of various sizes in its lattice sites. All
the various atoms in the lattice can be substituted (Na, Zr and P)
with the exception of oxygen, which may result in a material with
different chemical and physical properties that may be used in
diverse applications [8,9].

Most works based on NASICON have been carried out in the
titanium system LiTi»(PO,); (LTP) where the small size of Ti*"
cations make the size of the sites in the channels more appropriate
for lithium cations [10]. However, it was observed that, there is
also the problem of poor sinterability and controversial phase tran-
sition in the preparation of LTP [11]. But significant improvement
in bulk and grain boundary conductivity was reported by Forsyth
[12] due to partial substitution of Ti with Al content into the basic
LTP lattice. A significant improvement has been reported by the
same substitution by Aono [11]. The best optimum lithium ionic
conductivity has been reported in nominal stoichiometry composi-
tion of Lij.xTir_xAl(PO4); with x=0.3 [13]. Another important
observation is that sintering of the pellets becomes more easy on
substitution which reduces porosity to 4% [12]. It was also reported
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that varying sintering temperatures have an impact in increasing
the number of impurity phases in the material and this has a great
effect on the bulk conductivity of the material [14]. Four phases
could be associated with the preparation of NASICON polycrys-
talline materials namely berlinite polymorphs AIPO,, tridymite Al
(POy), rutiles TiO, and TiP,0; [15]. Based on literature reports it
has been suggested that low sintering temperature (900-1000 °C)
could be better for sintering LATP material to avoid loss of lithium
in the sample when sintered at high temperature [16].

Dielectric relaxation study is very important and valuable
phenomena for understanding the transport behavior of ions in
solid state ionic conductors. Literature survey shows that dielectric
properties of ionic LATP conductors have not been widely studied
despite their importance which may be attributed to complexity
of data representation. There is a considerable amount of research
work on synthesis and electric characterization of LATP by various
researchers, but only a few exist on the dielectric properties of
LATP. Most of the electrical characterization on the material has
been on impedance spectroscopy within the range of
1 Hz-10 MHz and just very few reported on the dielectric relax-
ation behavior [17].

In this research work, synthesis of LATP has been carried out
using conventional solid state synthesis technique at different
sintering temperatures (800-1000 °C). Structural characterization
was also carried out using XRD analysis. The present study aims
to report the electrical properties, dielectric permittivity, dielectric
relaxation and electric modulus of sintered Lij.xTiy_ xAlx(PO4)3
(LATP) compounds with x=0.3 at the temperature range
30-230°C and in the frequency range 40 Hz-1 MHz.

Materials and method

Materials of AR grade were used as basic starting raw materials,
Li,CO5 (99% Alfa Aesar), TiO, (99.9% Alfa Aesar), NH4;H,PO4 (98%
Alfa Aesar), Al,03 (96% Strem) in stoichiometric amount. The stoi-
chiometry mixture is mixed in methanol and ball-mixed for 24 h
and then dried in an oven for 24 h. The virgin powder was ther-
mally characterized using TGA measurements to identify their
thermal stability. The readings were carried out from room tem-
perature to 1000 °C at the heating rate of 10 °C/min in air using
TGA/SDTA851e machine from Metler Toledo Brnd. The powder
was then calcined (pre-sintered) at increasing temperatures in
the range 500, 600, and 700 °C in an alumina crucible for about
2 h in air at a heating rate of 2 °C/min in order to release volatile
products such as carbon dioxide, ammonia and water content from
the heated mixture. The overall chemical reaction is as follows.

(1+x)/2Li,COs + (2 — X)TiO; + X/2Al,05 + 3NH;H,PO,
= Liy 1AL Tiy_(PO4); + (1 +X)/2C0, + 3NH; + 9/2H,0

Suitable amount of Polyvinyl Alcohol (PVA) about 1-2% solution
was added to the obtained powder as binder. The powder with PVA
were mixed evenly and ground uniformly for about 1 h. The mixed
powders were pressed into pellets of 12.5 mm diameter 2.5 mm
thickness using uniaxial hydraulic press at a pressure of 7 tons.
The sintering of the pellets was carried out at temperatures 800,
900 and 1000 °C for 2 h. The synthesis route adopted in this
research is as described by Aono [11], but in this case the calcina-
tion and sintering temperatures were chosen to be lower than the
longer period of ball mixing duration of about 24 h.

X-ray diffraction (XRD) measurements were performed on the
calcined powders and the sintered pellets to confirm the formation
of the correct crystalline structure and the phase transformations
of the samples. The measurement was carried out using (Philips
X'pert diffractometer model 7602 EA Almelo) Cu Ko radiation
source with A =1.5418 A the diffraction patterns were recorded

at room temperature in 20 scanning range from 20° to 70°. The
analysis and interpretation of the XRD patterns was carried out
for all the samples sintered at different sintering temperatures
using the database of the Inorganic Crystal Structure Database
(ICSD) by employing High Score X-part plus software version
3.0e. Crystallite size of the samples sintered can be calculated

using Scherrer equation D = % where D is the crystallite size, k

is the shape factor and X is the X-ray wavelength, p is the FWHM
in radian and 6 is Bragg angle. The X-ray density pxq of the samples
sintered at different temperatures were calculated using the fol-
lowing equation p,.4 :‘;'—I{‘,’i, where pyq is the X-ray density; n is
the number of atoms per cell at each vertices which is equal to 6
atoms at each vertices for hexagonal crystal system. M is the
molecular weight of the sample; which molecular weight of the
sample is 383.28 g/mol. N, is the Avogadro’s number; and V is
the unit cell volume, which is obtained from the lattice parameters.
For dielectric measurements, both surfaces of the cylindrical pel-
lets were coated with silver paste to serve as electrodes. Acquisi-
tion of data was carried out using Agilent 4294A precision
impedance analyzer with an LT furnace in the frequency range
40 Hz-1 MHz at temperatures 30-230 °C. The dielectric constant
of the sample was obtained using the relation & =C/(t/A) and
dielectric loss using the formula &” = (G/®) (t/A) where C and G
are measured capacitance and conductance respectively. The ac
conductivity and electric modulus calculations were carried out
using the dielectric parameters where G,. = ®g,g/. The Jonscher's
power law is used to explain the frequency dependence of ac
conductivity.

Results and discussion
TGA-DTG analysis

Thermal analysis was carried out on the LATP sample; Fig. 1
shows the curves of thermogravimetry analysis (TGA) and differen-
tial thermogravimetry (DTG). The figure illustrated the variation of
mass loss with temperature. From the TGA curve we observed
three regions of mass loss and one region for the sample stability.
The onset mass loss occurred in region I, which is associated with
the loss of water (moisture) at 172 °C. The second mass loss was
observed in region Il from 172 to 341 °C which is due to the
decomposition of ammonium phosphate (NH4H,PO4) and the one
in region IIl is associated with the decomposition of lithium
carbonate (Li,CO3). The mass loss in region II and III is due to the
loss of NH5 and CO, respectively. In region IV the sample attained

Mass Loss (%)
=
1
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Fig. 1. TGA/DTG profile of LATP mixture powder.
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stability at 500 °C beyond which there was no more mass loss as
indicated on both TGA and DTG curves. The peaks of DTG curve
confirmed all the decomposition processes on the TGA curve. This
is similarly reported by Key [18] in which the sample was obtained
via solution-based method for the first time. In the report he
observed that XRD peaks appear for the first time above 500 °C
which correspond to small peak in TGA. Similarly in this study
we observed small XRD peaks at 500 °C as shown in Fig. 2.

X-ray diffraction analysis

Fig. 2 indicates the typical XRD patterns of the samples sintered
at different sintering temperatures 500-1000 °C. The Rietveld anal-
ysis shows that all samples have a rhombohedra crystal structure
with R3c space group with ICSD card no 98-006-9677. Additional
peaks were observed in samples sintered at 500 °C and 600 °C
which include Anatase (TiO,) (ICSD card No. 98-005-1543), Rutile
(TiO,) (ICSD card No.98-008-1804), Titanium Phosphate (TiP,0-)
(ICSD card No. 98-005-0110) and Aluminum phosphate (AI(PO4))
(ICSD card No. 98-002-6280). These are impurity phases which
occur due to lower temperature of crystallization.
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Fig. 2. XRD spectra of the LATP sintered at different sintering temperatures (500 °C,
600 °C, 700 °C, 800 °C, 900 °C, 1000 °C).

As sintering temperature increases from 700 °C to 1000 °C the
number of phases decrease and disappear due to successful com-
plete chemical reaction where only aluminum phosphate (AIPO,4)
is present which is usually unavoidable in a high temperature heat
treatment [19]. Another observation is that as the sintering tem-
perature increases the XRD peaks corresponding to LTP phase at
20 =24.67° with hkl 113 at 700 °C starts to shift to the right of
20 up to 1000 °C. The results confirmed that the XRD peaks shift
towards lower or high values of 20 when doped causing changes
in the lattice parameters [20]. It can be seen from Tables 1 and 2
that the unit cell parameters and volume of unit cell decrease com-
pared with the values of LTP reported in the literature [21]. The
changes (decrease) in the unit cell parameters is associated with
the substitution of Ti* cations (0.605A) with smaller Al" size
(0.535 A) [22]. Changes in d-spacing have also been observed
which contribute in peaks shifting towards high values of 20 as
tabulated in Table 2.

The relationship between sintering temperature and crystal size
is given in Fig. 3. It is also observed from Table 2 that the crystallite
size increases as sintering temperature increases. This is due to the
increase of atomic kinetic mobility which leads to the grain growth
and causes better crystallization. Experimental and theoretical
densities are presented in Table 1.

Electrical conductivity analysis

ac conductivity

The parallel conductance and capacitance measurements were
obtained and converted to appropriate values to calculate the ac
conductivity o(m). The total conductivity o(w) is the sum of dc
and ac conductivities which is related and analyzed by Jonscher’s
universal power law equation [23].

G(w) = Ogc + A®" (M

where G4 is the dc conductivity, the frequency independent con-
ductivity. The ac conductivity o,J{(®) obeys the Almond-West uni-
versal power law which is described as

Cac(®) = A" 2)

where A is ac coefficient which is temperature dependent quantity,
both A and o4 are regarded as thermally activated quantities [24]
and n is the frequency exponent of the mobile ions and with the
range, 0 <n < 1. The quantity c,J{(®) is frequency dependent con-

Table 1
Unit cell parameters and unit cell volumes were obtained from XRD data by Reitveld refinement assuming hexagonal symmetry [19] a(A) = 8.512 and c(A) = 20.858 and V(A3)
=1308.78.
Sintering temp. Molecular mass Unit cell parameters Experimental density Theoretical density
o 3 3
0 (g/mol) a(A) o(A) (g/em?) (g/em?)
V(A?)
800 383.28 8.5089 20.8477 1307.181 2.40 2.80
900 383.28 8.5081 20.8357 1306.183 244 2.92
1000 383.28 8.5110 20.8430 1307.532 2.81 2.92
Table 2
Crystal size calculated using the Scherrer calculator after Reitveld refinement analysis.
Sintering temp. 2Theta FWHM (B) d-spacing Crystal Size
(0 (deg) (deg) (um)
500 24.6207 0.2970 3.6129 2.74
600 24.6705 0.2531 3.6057 3.22
700 24.6655 0.1894 3.6065 4.30
800 24.9941 0.1258 3.5598 6.47
900 24.9953 0.1188 3.5596 6.86
1000 25.0491 0.1000 3.5521 8.14
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Fig. 3. Variation of crystal size with sintering temperatures.

ductivity which is used to analyze and understand the dynamics of
ions in NASICON-type materials [25]

The variation of ac conductivity ,/(®) with frequency f, in log-
log scale at different temperatures is shown in Fig. 4. The experi-
mental &,. conductivity well fit Jonscher’s power law. In all the
plots two regions are visible and it is observed that at low temper-
ature from room temperature 30-130°C, the conductivity
increases gradually. They are frequency-independent in the low
frequency regions (from 40 Hz to 10 kHz in the plateau region)
and this is considered as dc conductivity at low frequencies which
is related with the transport of Li* ions [26]. The conductivity then
increases rapidly at high frequency region from 10 kHz to 1 MHz
which is considered to be frequency dependent and is less temper-
ature dependent from the power law G(®)a®". Similar behavior
was obtained by Govindaraj [24] on the ac conductivity analysis
of NasTi(PO3)4. At high temperatures (180 °C and 230 °C) the data
analysis of the conductivity shows rapid increase in conductivity
at low frequency region (40 Hz-1kHz) and gradually increases
and disperses at high frequency region (1 kHz-1 MHz). Fig. 4 exhi-
bits a typical ionic conductivity behavior of ionic materials. At high
frequency region the conductivity exhibits frequency dependence
and dc plateau at low frequency region. The increasing tendency
of ac conductivity as frequency increases may be predicted to be
due to the disorder of cations in their sites and also due to the pres-
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Fig. 4. Variation of ac conductivity with a function of frequency at various
temperatures.
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Fig. 5. Plot of log G, vs logw at various temperatures.

ence of space charge. The value of ac conductivity obtained at 30 °C
is 5.58 x 107> (mQ)~!. The highest ac conductivity obtained at
230°C is 5.24 x 107 (mQ)~!. Low temperature ac conduction is
associated with the bipolar hopping mechanism, whereas, high
temperature conduction is attributed to thermally activated
polaron hopping [27]. The lower value of ac conductivity is
ascribed to the presence of AIPO4 impurity in the compound which
significantly decreases the conductivity of the material [28].

The values of correlation exponent n has been determined from
the slopes of log G,.(®) vs log ® as shown in Fig. 5. Eq. (2) was used
to calculate the values of n at different temperatures. It is observed
from the results of Fig. 6 that n decreases with an increase in tem-
peratures, the values obtained vary from 0.30 at 30 °C (at room
temperature) to 0.02 at high temperature of 230 °C. Moreover,
the result indicates that the mobility of the ions at high tempera-
ture is frequency independent conductivity and also n is
temperature-dependent and obeys power law since the values of
n are within the range 0 <n < 1. Similarly the values obtained by
some authors are also within the range where the study of Na.x-
Tiy_xAlx(PO4)s [29] reported n~ 0.6 for the compositions. The
study of NasTi(PO4)s glass [30] reported similar values within the
range.

Fig. 7 shows the plots of Inc,. as a function of reciprocal tem-
perature (1000/T) of the sample (LATP) at selected frequencies sin-
tered at 1000 °C. It can be seen that the temperature dependence of

0.35
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Fig. 6. Plot of correlation exponent n vs temperature (K) of LATP.
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Fig. 7. Variation of ¢,(w) as a function of 1000/T at different frequencies of LATP.

the ac conductivity has two regions, region I and region II. This is
attributed to different conduction mechanisms. The conductivity
increases as temperature increases. The LATP solid ionic conductor
has carrier ions Li* that are thermally excited due to temperature
increase. Temperature increase causes more charge ions carriers
to overcome the minimum energy and electrical conductivity is
observed in the system. Two conduction mechanisms have been
observed one at low temperature and another at high temperature.
The temperature dependent conductivity is represented by the fol-
lowing relation (Arrhenius equation):

© = 0, exp(—AE/KkT) (3)

where G, is the pre-exponential factor, AE is the activation energy
for the ion Li* transfer, k is the Boltzmann constant and T is the tem-
perature in kelvin. Activation energies E; and E;; can be calculated
using Eq. (3) from the slopes of linear portions of Fig. 7 at different
frequencies in region I and region II. At low frequency of 40 Hz the
activation energies E; and E;; in region I and region Il are 0.21 eV and
0.04 eV respectively. However, at high frequency of 1 MHz the acti-
vation energies in region I and region II are 0.32 eV and 0.008 eV
respectively. Figs. 4, 5 and 7 clearly indicate that in the low fre-
quency part, the ac conductivity is more sensitive to temperature,

100K
1e —=—30°C
1 4 o 80°C
I (a)
v, ¢ —4&—150°C
10k—E V‘v 4;‘ v 180°C
e 3 !
8
[%2]
[
[e]
(@]
Q
3
o
°
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LA Ny LI | LIk | LI
100 1k 10k 100k ™
frequency (Hz)

whereas the conductivity is temperature-independent at high
frequency.

Dielectric permittivity analysis

Dielectric constant and dielectric loss

Fig. 8(a) and (b) show the dielectric properties of the material &
and ¢” (real and imaginary parts of complex permittivity respec-
tively) in the frequency range 40 Hz-1 MHz at different tempera-
tures from 30 °C to 230 °C. Similar trends have been observed for
all the curves at different temperatures for both € and €”.

Fig. 8(a) illustrates that the dielectric constant € decreases with
increasing frequency. The decrease in the dielectric constant with
increasing frequency is observed to be rapid at lower frequency
and gradually at high frequency. This may be attributed to normal
behavior of dielectric materials and also due to the relaxation
behavior of the system [27]. The material response to dielectric
constant is mainly due to the contribution of polarization mecha-
nisms which may be electronic, ionic, dipole and space charge
polarizations. Frequency increase causes dipoles not having
enough rapid rotation. Due to this the oscillation lags behind and
the dielectric constant decreases gradually. At high frequency
dipoles ceases to follow the field and polarization is stopped and
the dielectric constant decreases to approach a constant value in
the frequency range 1 kHz-1 MHz. From the figure it can be seen
that the sample shows high value of dielectric constant at a fre-
quency lower than 1 kHz. This is because at low frequencies the
ions do have enough time to accumulate at the interface of the con-
ducting regions which cause the dielectric constant to increase, but
at high frequencies the ions do not have sufficient time to accumu-
late at the interface and there will be no polarization [31]. At high
temperatures and within the low frequencies regions of all the
plots the dielectric constant is due to the movement of ions (charge
carriers) which increases with rise in temperature. The effect of
temperature in this case is regarded as interfacial polarization
not dipolar polarization. At high temperature and within the high
frequency region, loss of dispersion increases which is attributed
to thermal vibration and no time for the material to respond to
the applied electric field. This suggests that at high frequency the
interfacial polarization is insignificant hence the dielectric con-
stant maintains constant value within the frequency range
10 kHz-1 MHz.

Fig. 8(b) shows the effect of frequency on the dielectric loss
(imaginary part of complex permittivity) at various temperatures

100k 3
; 4 <44 < (b) —— 3000
1 & ‘q e 80°C
10 4-130°C
. —v—180°C
] ‘. <« 230°C

Dielectric Loss
=)
=~
aul "

M ai | LI | LA B R ] R Ll | LN A LS S
100 1k 10k 100k ™

frequency (Hz)

Fig. 8. Frequency dependence of (a) Plot of real part of dielectric permittivity (dielectric constant) against frequency at different temperatures for LATP. (b) Plot of imaginary
part of dielectric permittivity (dielectric loss) against frequency at different temperatures.
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from 30 °C to 230 °C. Dielectric loss is the power loss or the amount
of electric power dissipated within a material under the influence
of the applied field. From the observed variation of &” with fre-
quency and temperature it can be seen that the dielectric loss
decreases with increasing frequency and increases with the raise
in temperature from 30 to 230 °C. This effect of frequency and tem-
perature on the dielectric loss of the material is ascribed to the for-
mation of interfacial polarization within the sample interface and
at the electrodes [25]. The analysis of the results also exhibits that
the dielectric loss €” follows the power law with frequency o [32]
as shown in Eq. (4).

g’ = Bo™ (4)

where m is the frequency power factor and B is a constant. A plot of
Ing” versus In® shows straight lines at the various temperatures.
The values of m were obtained from the slopes of the graph at dif-
ferent temperatures using Eq. (4). It has been observed that the val-
ues of m tend to decrease as temperature increases.

Fig. 9 shows the plots of real part of dielectric permittivity with
temperature indicating the temperature dependence of dielectric
constant at different frequencies for the LATP sample. As tempera-
ture increases the dielectric constant also increases. The increment
in the dielectric constant € due to rise in temperature is observed
to be high in the frequency range 40 Hz-10 kHz. This is ascribed by
the interfacial polarization and presence of space charge. At higher
frequencies 100 kHz-1 MHz there is very low or even negligible
increase in dielectric constant with raise in temperature, hence
at these frequencies, the dielectric constant € is temperature-
independent. This is because at high frequency there is no accumu-
lation of charges at the interface therefore, there will be no inter-
facial polarization and the space charge effect is absent.

Electric modulus analysis

Electrical modulus representation is widely used to analyze the
conductivity behavior of ionic conductors. The electric modulus
theory is an important technique to predict the relaxation behavior
of ionic conductors and polymer composites. It gives an opportu-
nity to explore the conductivity and associated relaxations in
materials. In a physical manner, electric modulus is comparatively
analogous to relaxation of electric field in materials when the elec-
tric displacement maintains a constant value [32,33]. The complex
dielectric modulus M*(®) is defined as the inverse of complex
dielectric constant and evaluated as follows [32,34].

. 1 1
M =M +iM" = = ; 5
e(w) &(w)+ieg"(w) )
10° 3
1 |—=—40Hz
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Fig. 9. Temperature dependence of e’ at different frequencies.

where M’ and M” are calculated from the values of ¢ and € and
M =2t M = 5t

M’ and M” are the real and imaginary part of dielectric modulus
respectively. Frequency dependence of real and imaginary part of
the dielectric modulus of the sample at different temperatures is
shown in Figs. 10 and 11.

The plot of Fig. 10 shows that the values of M’ tend to approach
zero at low frequencies from 40 Hz to 10 kHz for all the tempera-
tures. This is attributed to non-contribution of electrode effects
in the system i.e. the electrode polarization effect is negligible
towards M’. M’ increases gradually as the frequency increases
and above 100 kHz, it tends to approach constant values. These
phenomena of M’ at high frequency may be associated with the
absence of space charge effect. It is also noticed that the M’
decreases with increase in temperature within the frequency range
as shown in Fig. 10.

Fig. 11 shows the plot of the imaginary part of dielectric modu-
lus with frequency at different temperatures. It can be seen from
the graphs that M” rise gradually to a maximum (maximum peak)
and then decreases subsequently at high frequency for all the
temperatures. It is also observed that the positions of the peak of
M” shifts from lower frequency towards higher frequency region
and the height of the peak increases gradually as the temperature
rises from 30 °C to 230 °C. This confirms the presence of dielectric

0.07 4 — . 30°C
1 |—e—80°C
0.06 A 1 30°C
1 |—+—180°C
0.05 < 230°C

0.04

0.03

10k f(Hz) 100k 1™

Fig. 10. Frequency dependence of dielectric modulus m’ (Real part) at various
temperatures.
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Fig. 11. Frequency dependence of dielectric modulus m” (imaginary part) at
various temperatures.
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relaxation that is thermally activated and the predominant hop-
ping process of the ions (charge carriers). It is indicated that in
the low frequency region. The ions move to a long range mobility,
whereas in the high frequency region, the ions (charge carriers) are
confined to potential wells and only able to move freely on a short
distance within the wells [35].

Conclusion

LATP samples were synthesized by means of conventional solid
state reaction technique. Sintering properties of the material were
studied at various temperatures from 500 to 1000 °C. X-ray Diffrac-
tion studies confirmed the rhombohedra structure with R3c space
group of the synthesized sample with ICSD card No. 98-006-9677.
AC conductivity behavior of the material was investigated; and the
material shows typical ionic conductivity behavior of an ionic
material. In the high frequency region the conductivity exhibits
frequency-dependence. The decrease in the value of correlation
exponent with the increase in temperature confirms that the
mobility of the ions at high temperature is frequency independent
conductivity and also n is temperature-dependent which obeys the
power law. The decreasing trend for both dielectric constant and
dielectric loss with increasing frequency were observed at all tem-
peratures. The presence of dielectric relaxation was confirmed by
investigating the variation of electric modulus with frequency in
which the peak values of M” shift from lower frequency towards
the high frequency region and the height of the peak increases
gradually as the temperature rises.
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