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Single phase silver aluminum titanate (Ag/ Al /2)Ti03, later called AAT, nanoceramic powder (particle size
2 to 7.5 nm) was synthesized by a low-cost, green and reproducible tartaric acid gel process. X-ray, FI-IR, energy disper-
sive X-ray and high resolution transmission electron microscopy analyses were performed to ascertain the formation of AAT
nanoceramics. X-ray diffraction data analysis indicated the formation of monoclinic structure having the space group P2/m(10).
UV-Vis study revealed the surface plasmon resonance at 296 nm. Dielectric study revealed that AAT nanoceramics could be a
suitable candidate for capacitor applications and meets the specifications for “Z7R” of Class I dielectrics of Electronic Industries
Association. Complex impedance analyses suggested the dielectric relaxation to be of non-Debye type. To find a correlation
between the response of the real system and idealized model circuit composed of discrete electrical components, the model
fittings were performed using the impedance data. Electric modulus studies supported the hopping type of conduction in AAT.
The correlated barrier hopping model was employed to successfully explain the mechanism of charge transport in AAT. The ac
conductivity data were used to evaluate the density of states at Fermi level and minimum hopping length of the compound.
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their valence states. It was observed that sodium
bismuth titanate, (NagsBigs5)TiO3, which shows
strong ferroelectric properties, is considered
to be an excellent candidate as a key material
for lead-free piezoelectric applications [8-10].
Recent reports on the identical silver-based
compounds, such as (Ag;/,Bi;;)TiOs [11, 12],
(Agi)aFe; p)TiOs [13], (Ag Al ),)TiO; [14],
NaNbO3—Bi0.5A0.5TiO3 (A = Li, Na, K,
Ag) [15], Bigs(Naj_, K Ag,)osTiO3 [16],
Bi0,5Na0_5TiO3—BaTiO3—Bi0_5Ag0_5TiO3 [17],
Big 5sNag s TiO3-Big 5K 5TiO3-Big.5Ago.sTiO3

[18, 19] also showed excellent electrical proper-

1. Introduction

In recent years, a number for lead-free perov-
skite ABO3-type materials have been investigated
for their possible technological applications [1-7].
The different principles of chemistry, which
can be combined (viz. ionic radii, valence state,
tolerance factor, etc.) to obtain numerous com-
plex perovskite oxides with the mixed-cation
formula, such as (A’A”...)BOs;, A(B'B”...)O3
or (A’A”...)(B'B”...)O3 have a variety of inter-
esting properties, designed for many electronic
and/or microelectronic devices. Also, it has

been observed that modifications either at A-
or B-site plays an important role in tailoring
various properties of complex perovskites as
the materials’ properties depend mainly on the
size difference of pseudo-cation (A’A”...)*"
and/or (B'B”...)** as well as on the difference in
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ties. Further, it has been observed that ceramic
powders synthesized using conventional solid-state
method lead to the formation of large grains,
which are difficult to disperse and affect the
sintering properties. In recent years, alternative
methods for the powder synthesis, such as sol-gel,
hydrothermal, biosynthesis, molten salt and differ-
ent soft-chemical methods have been developed by
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many workers [13, 14, 20-29]. In further search of
new lead-free alternative, one such material in this
series is perovskite (Agj/2Al;2)TiO3. The mate-
rial is mechanically tough and lead-free. Extensive
literature survey indicated that no attempt, to the
authors’ knowledge, has been made so far by any
group to study (Ag;;Al;/;)TiO3 nanoceramics
(abbreviated as AAT-nc).

The study on electrical conductivity in such ma-
terials is very important as the associated phys-
ical properties are dependent on the nature and
magnitude of conductivity. Residual conductivity
in the bulk of the grains of such materials has been
found to be around 10~7 S:‘m~! in the operating
temperature region. The high insulating property
is caused mainly due to the fact that grain bound-
aries in the dielectric material act as high resistive
barriers for the cross transport of charge carriers.
In case of nanoceramics, due to its high surface-
to-volume ratio, grain boundaries can be expected
to exert greater influence over electrical/dielectric
properties than in conventional microcrystalline ce-
ramics. Therefore, proper understanding of the ef-
fect of grain boundaries for evaluating overall be-
havior of the ceramic samples is important. Com-
plex impedance spectroscopy has been recognized
as a non-destructive powerful technique to study
the microstructure and the electrical properties of
solids. Thus, the dynamics of ionic movement and
contributions of various microstructure elements,
such as grain, grain boundary and interface polar-
ization to total electric response in polycrystalline
solids can be identified by this technique. It also
enables us to evaluate the nature of dielectric relax-
ation and the relaxation frequency of the material.

Accordingly, the present work reports the syn-
thesis (using tartaric acid gel method) and struc-
tural (X-ray and its Rietveld analysis), high resolu-
tion transmission electron microscopy, UV-Vis and
Fourier transformed infrared spectroscopy studies
of AAT-nc. The tartrate method is a kind of sol-gel
method using tartaric acid as a complexing agent.
The complexation of metal cations by free car-
boxyl groups allows reactants mixing at molecular
level and consequently leads to uniform, fine pow-
ders with high purity at relatively low temperatures.

Moreover, this soft-chemical synthetic process is
totally green, easily controlled and convenient in
comparison with other methods. Furthermore, the
dielectric, impedance and ac conductivity studies
of AAT-nc, which is mechanically tough and en-
sures environment-friendly applications, have been
carried out. For better understanding the correla-
tion between the response of the real system and
idealized model circuit composed of discrete elec-
trical components, circuit model fittings, using the
impedance data, have been carried. The correlated
barrier hopping model has been applied to the ac
conductivity data to ascertain the conduction mech-
anism of charge transport in the system. Also, the
ac conductivity data have been used to estimate the
density of states at Fermi level and minimum hop-
ping length. Furthermore, an effort has been made
to explain the mechanism for the soft-chemical
synthesis of AAT-nc using simple principles of or-
ganic chemistry.

2. Experimental

2.1. Synthesis of (Ag; Al /;)TiO3 nano-
particles

Fine AAT-nc powder was prepared by the
tartaric acid gel method using reagent grade
(99.9 % + pure) chemicals: AgNO3 (Merck, Ger-
many), AI(NO3)3.9H,0 (Across, USA), titanium
(IV) n-Butoxide (Across, USA) and tartaric acid
as starting materials. A weighed amount of tartaric
acid was first dissolved into deionized water. Aque-
ous ammonia was dripped slowly to adjust the pH
value of the solution between 7 and 8. After stir-
ring at 70 °C for 1 h, a yellowish liquid was ob-
tained. Then, AgNO3, Al(NO3)3-9H,0, titanium
(IV) n-Butoxide were weighed stoichiometrically
in accordance with the formula (Ag, /Al ) TiO3
and were added into the solution, followed by stir-
ring at 70 °C for 1 h to prepare a transparent pre-
cursor solution. The precursor solution was dehy-
drated at 100 °C to form a sol. Subsequent heating
at a higher temperature of 160 °C yielded a gel.
The gel initially started swelling and produced a
foamy precursor. The gel was pulverized and then
heated at 300 °C for 2 h in air to get a carbonaceous
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mass. Finally, the carbonaceous mass was calcined
at 700 °C for 5 h. The schematic for the soft chem-
ical synthesis of AAT-nc powder using tartaric acid
gel method is detailed in Fig. 1. Completion of the
reaction and formation of the desired compound
was checked by X-ray diffraction technique.

Aluminum nitrate | Silver nitrate J Titanium (IV) n-Butoxide

Tartaric Acid + De-ionized Water + Aq. Ammonia
(pH —>7-8)

Heat (300°C)

Fluffy virgin / Precursor powder «— Ground

Calcination (700°C / Sh)

Cold pressing (650 MPa)

Sintering (750°C / 4h)

Fig. 1. Procedure for the soft-chemical synthesis of
(Ag;2Al, 2)TiO3 nanoceramics using tartaric
acid gel method.

2.2. Characterization

The crystal structure was identified by powder
X-ray diffraction (XRD) analysis with CuK« ra-
diation (X’PERT-PRO, Pan Analytical). The XRD
data for Rietveld analysis were collected over the
range of 20 = 20 to 80° with a step size of
0.02° with a count time of 2 s. The FullProf
program was used for Rietveld structural refine-
ment. TEM micrographs, selected area diffraction
(SAED), lattice image and energy dispersive X-
ray (EDX) patterns of AAT-nc were obtained us-
ing a high resolution Bruker transmission elec-
tron microscope. The particle sizes were estimated
from the TEM micrograph with the help of Im-
age J software. The Fourier transformed infrared
(FT-IR) spectrum of AAT-nc was collected in the
transmission mode using a Perkin Elmer spec-
trum BX2 FT-IR spectrophotometer in the range of
400 to 4000 cm™'. The absorption spectrum of ul-
trasonically dispersed AAT-nc in absolute ethanol
was obtained by a computer interfaced UV-Vis
spectrophotometer (Hitachi AU-2700). A sintered

pellet (750 °C, 4 h) was polished and electroded
with air-drying silver paste (SPI supplier, USA)
to measure the electrical properties. Dielectric and
impedance measurements were carried out using a
computer-interfaced LCR Hi-Tester (HIOKI 3532-
50, Japan). Further, the temperature coefficient of
capacitance (Tcc) which is an important parameter
for the low-temperature dependence of capacitance
was defined as: Tcc = CTC;R(T:RT x 100; where Ct and
Crr represent the values of capacitance at the ele-
vated and at room temperature, respectively.

3. Results and discussion

The Rietveld refined XRD profile of AAT-nc
powder synthesized using tartaric acid gel method
is presented in Fig. 2. The results of Rietveld analy-
sis reveal a monoclinic crystal structure having the
space group P2/m(10). Single sharp peaks in XRD
pattern of AAT, belonging to pure pervoskite phase
are found and no other intermediate phase is found,
which indicates the formation of a single phase
compound. The XRD and refined structural param-
eters are depicted in Table 1. The adopted profile
fitting procedure was minimizing the x2-function.
It can be seen that the observed and calculated pro-
files are perfectly matched (x> = 1.298). Further,
the presence of broad peaks in XRD pattern may
be due the nanosizing effect in AAT-nc.
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Fig. 2. Rietveld refined @ XRD  pattern of
(Agi Al /2)Ti03 nanoceramics in the space
group P2/m(10). Symbols represent observed
data points and solid lines their Rietveld fit.
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Fig. 3. TEM image and particle size distribution (inset)
of (AgypAly /2)TiO3 nanoceramics.

The particle sizes and morphologies of AAT-
nc powder fired at 700 °C were examined by HR-
TEM. As shown in Fig. 3, all AAT particles, which
are almost spherical in shape are very small, with
the sizes ranging between 2 to 7.5 nm (inset of
Fig. 3). The average value of the particle size was
estimated to be 4.82 + 0.05 nm. The measurements
of sizes were carried along the diameter of the par-
ticles. The difference in size may possibly be due to
the agglomeration of individual nanoparticles be-
ing formed at different times.

Fig. 4 shows the EDX pattern and the insets:
(a) TEM image of one particle, (b) SAED pattern
and (c) lattice image of AAT-nc. All the peaks in
the EDX pattern are perfectly assigned to the ele-
ments present in (Ag; Al /2)TiOs. This clearly in-
dicates the successful synthesis and purity of chem-
ical composition of AAT-nc. The HR-TEM micro-
graph (inset of Fig. 4a) clearly shows individual
nanoparticles, which are spherical in shape. The
inset of Fig. 4b illustrates Scherrer rings in the
SAED pattern, which clearly indicates the forma-
tion of nanocrystalline particles of AAT. Indexing
of SAED pattern revealed the monoclinic lattice
structure, which is in agreement with XRD result.
The inset in Fig. 4c clearly reveals that the lattice
images of AAT-nc particles are monoclinic with a
d-spacing of 0.233 nm, corresponding to the (210)
plane.

FT-IR analysis was used to characterize the syn-
thesized AAT-nc powder derived via tartaric acid

10
keV

Fig. 4. EDX spectrum of (Ag;,Al; /Z)Ti03 nanoce-
ramics. Insets: (a) TEM image, (b) SAED pat-
tern and (c) lattice image.

gel method and calcined at 700 °C (Fig. 5). The
FT-IR spectrum exhibits a prominent fundamen-
tal absorption band at 539 cm~!, which is due to
Ti—O vibration. Multiple peaks (A-O absorption
bands) in the frequency region of 900 to 1640 cm ™!
are due to the presence of Ag—O and Al-O vi-
brations. Further, a broad and strong peak can
easily be seen around 3392 cm™!, which is due
to free water molecules (H,O bands) and strong
stretching (antisymmetric and symmetric) modes
of the OH group. No other band appeared in the
FT-IR spectrum clearly revealing the formation
of (Ag;pAl /z)TiO3 after calcination at 700 °C
for 5 h.

Fig. 5. FT-IR spectrum of (Ag;»Al;/;)TiO3 nanoce-
ramics.

Fig. 6 shows the possible mechanism involved
in the soft chemical synthesis of (Ag;/2Al; ) TiO3
nanoceramic powder using tartaric acid gel



Green synthesis and characterization of Agy j,Al} ;;TiO3 nanoceramics 63

Table 1. The crystal data and refinement factors of (Ag; Al; 2)TiO3 nanoceramics obtained from X-ray powder

diffraction data.

Crystallographic data Description of parameters:
Formula (Agy Al 2)TiO3 R, (profile factor) = 100[Z|yi—Yic|/Z]yi|], where
Crystal system Monoclinic yi is the observed intensity and yjc is the calculated
Space group (No.) P2/m (10) intensity at the i step.
a(A) 4.9099
b (A) 7.5088 Rup (weighted profile factor) =
c(A) 4.9063 100[Zwi|yi—yie|/Ewi(y)?1/2, where w; = 1/02
B () 91.100 and o7 is variance of the observation.
V (A%) 180.8460
Data collection Rexp (expected weighted profile factor) =
Temperature (°C) 24.0 100[(n—p)/Zw;(y;)*1'/2, where n and p are the
Wavelength [CuKo] (A) 1.5406 number of profile points and refined parameters,
Monochromator Graphite respectively.
Measuring range (°) 20<20<80
Step (°26) 0.02 Rg (Bragg factor) = 100[Z|Iops-Teatc|/Z|Tops|],
Integration time (s) 30 where I is the observed integrated intensity and
Rietveld data Learc is the calculated integrated intensity.
Program FULLPROF

Function for background level

Function for peak shape Pseudo-Voigt

R, 38.0
Rup 31.1
Rexp 27.3

Rp 0.131
Rr 2.11
x> 1.298
d 0.7088
Qb 1.8984
S 1.1392

Polynomial 5-order

RE (crystallographic RF factor) =
100[XZ|Fobs—Fealc|[/Z|Fobs|],  where F is the
structure factor, F = /(I/L), where L is Lorentz
polarization factor.

X = Zwilyi—Yic)*.
d (Durbin-Watson statistics) = Z{[w;(yi—V¥ic) —
Wi (Vi1 —Yie—1) I* VE[wi(yi—yic) 1.

Qp = expected d.
S (goodness of fit) = (Ryp/Rexp)-

method. It is known that tartaric acid (H,Tart) is
energetically labile molecule. It undergoes interest-
ing pattern of optical isomerism. Recently, mean
value of heat of combustion for tartaric acid was
calculated to be 1124.5 kJ/mol [30]. In addition, the
value of heat of dissociation was calculated to be
27.17 klJ/mol for the temperature above 50 °C [31].
It clearly indicates that this energy is probably suf-
ficient to accomplish a nano-transformation. Fur-
ther, this process involves complexation of metal
ions (Ag™2, AI*3 and Ti™ in this case) by poly-
functional carboxylic acids, such as tartaric acid
having one hydroxyl group. Upon heating the mix-
ture, the solvent (water) evaporates resulting in in-
creased viscosity. After complete removal of wa-
ter, the mixture turns into a gel form and its con-
stituents are mixed at atomic level. This gel upon

heating at higher temperature (700 °C, 5 h) pro-
duces the nanoceramics: (Ag; ,Al; /) TiO3, which
might be due to the combustion of organics present
in the gel, along with the evolution of gases dur-
ing calcination. Therefore, the effect of such soft-
chemical ambiance could have made the reaction
to occur more easily.

UV-Vis absorption spectroscopy is a useful
technique to monitor the optical properties of the
quantum-sized particles. The wavelength at the
maximum exciton absorption depends upon the
size of the nanoparticles, which results in quan-
tum confinements of the photogenerated electron-
hole carriers. Fig. 7 shows the UV-Vis spectrum
of AAT-nc. Broad absorption peaks (surface plas-
mon resonance) are observed at 296 nm. Also, the
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AgNO; (aq) + AI(NO;); (aqg) + titanium (IV) n-Butoxide (ag)  (Precursors)

2H* »
Tartaric acid — R-COO
2H Stabilization of carboxylate | AG
(Dissociation energy) §
Tartarate R—COOH + H,0
(Heat of Combustion)

(Ag12Al;2)TiO;

Fig. 6. Mechanism of soft chemical synthesis of
(Agy/2Al;2)TiO3 nanoceramics using tartaric
acid gel method.

plasmon bands are broadened with an absorption
tail in the longer wavelengths, which may be due
to the size distribution of the particles. This sup-
ports the distribution of particle sizes observed in
TEM micrograph (Fig. 3).
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8 Ao = 296 NM
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Fig. 7. UV-Vis spectrum of (Ag; Al /Z)Ti03 nanoce-
ramics.

The frequency dependence of the real (¢’) and
imaginary (¢”) parts of dielectric constant at dif-
ferent temperatures are plotted in Fig. 8. It is ob-
served that both ¢’ and ¢” follow inverse depen-
dence on frequency. Dispersion with relatively high
value of ¢’ can be seen in the ¢’-f graph in the lower
frequency region and ¢’ drops at high frequencies.
A relatively high value of ¢’ at low frequencies is
characteristic of a dielectric material. At very low
frequencies, dipoles follow the field and we have
¢/ &~ gg (value of dielectric constant at quasi static
fields). As the frequency increases, dipoles begin to
lag behind the field and ¢’ decreases slightly. When
frequency reaches the characteristic frequency, the

dielectric constant drops (relaxation process) and at
very high frequencies, dipoles can no longer follow
the field and ¢/ ~ ¢...

Re( &)

Frequency ( kHz)
*

Im( )

L
0.1 1 10 100 1000

Frequency (kHz)

Fig. 8. Frequency dependence of (a) real and (b)
imaginary parts of the dielectric constant of
(AgpAl;»)TiO3 nanoceramics at different
temperatures.

Fig. 9 shows the variation of dielectric con-
stant (¢/) and loss tangent (tand = ¢”/¢’) with
temperature at 1 kHz. It is observed that both &’
and tand increase with an increment in temperature
in the working temperature range (up to 150 °C).
The values of ¢’ and tand at room temperature are,
respectively, found to be 153 and 0.043 at 1 kHz.
The inset of Fig. 9 clearly illustrates that the val-
ues of Tcc varies within =15 % in the working
temperature range (up to +150°C). Therefore, the
low value of Tcc (<£ 15 %), ¢ (= 153) and
low tand (~1072) were found in case of AAT-nc,
which meets the specifications for “Z7R” of Class
I dielectrics of Electronic Industries Association.
Therefore, this compound may be considered as a
potential candidate for capacitor applications.
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Fig. 9. Temperature dependence of dielectric constant

and loss tangent of (Ag;/»Al;/»)TiO3 nanoce-
ramics at 1 kHz. Inset: Variation of Tcc (%) with
temperature at 1 kHz.

Fig. 10 shows the variation of the (a) real (Z')
and (b) imaginary (Z") parts of impedance with fre-
quency at different temperatures. It is observed that
the magnitude of Z' decreases with the increase in
both frequency as well as temperature, which in-
dicates the increase in ac conductivity of the sam-
ple with increasing temperature and frequency. Be-
sides, at low frequencies the Z' values flatten with
a rise in temperature. The value of Z” simply de-
creases with frequency at lower temperatures and
at 150 °C onwards and it reaches a maximum peak
(Z ), which shifts to higher frequency side with
an increment in temperature indicating the increas-
ing loss in the sample. A typical peak-broadening,
which is slightly asymmetrical in nature, can be
observed with the rise in temperature. The broad-
ening of peaks in frequency explicit plots of Z”
suggests that there is a spread of relaxation times
i.e., the existence of a temperature dependent elec-
trical relaxation phenomenon in the material. The
relaxation times (T) were calculated from the fre-
quency, at which Z!  is observed, called relax-
ation frequency (f). At the peak, the relaxation
is defined by the condition: wy, Ty, = 1, where T,
is the relaxation time. Fig. 11 shows that the re-
laxation frequency obeys the Arrhenius relation:
Wy = weexp(—E./kpT), where w, is the pre-
exponential factor. The activation energy, E. calcu-
lated from the least squares fit to logwy,—1/T data
is 0.78 eV.

Re(Z) (Q

-Im(Z) ()

100
Frequency ( kHz)

Fig. 10. Variation of (a) real and (b) imaginary parts of
impedance of (Ag; »Al; /2)TiO3 nanoceramics
with frequency at different temperatures.

Fig. 12 shows a set of impedance data taken
over a wide frequency range (100 Hz to 1 MHz) at
different temperatures as a Nyquist diagram. The
impedance data at room temperature do not take
the shape of a semicircle in the Nyquist plot rather
present almost straight lines with a large slope, sug-
gesting the insulating behavior of AAT-nc at room
temperature. Also, it can be seen that with the in-
crease in temperature the slope of the lines de-
creases and they bent towards real (Z) axis and
from 150 °C onwards, a depressed semicircle could
be traced, indicating thereby an increase in the
conductivity of the sample. Further, it is observed
that the peak maxima of the plots decrease with
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increasing temperature and the frequency for the
maximum shifts to higher values with the increase
in temperature.

15
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Fig. 11. Temperature dependence of relaxation fre-
quency for (Ag;,Al /2)Ti03 nanoceramics.
The circles are the experimental points and the
solid line is the least squares straight line fit.
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Fig. 12. Nyquist plot for (Agl/zAll/z)TiO3 nanoceram-
ics at different temperatures.

Fig. 13 shows the complex impedance plot
along with the fitted data at different temperatures.
Complex impedance plots do not always yield per-
fect or depressed semicircular arcs and often the
arc is asymmetric and cannot be well approxi-
mated by the combinations of impedances and ca-
pacitances only. The appropriate equivalent circuit
at each temperature is illustrated in the insets of

Fig. 13. It can be seen that a constant phase el-
ement (CPE) is connected from 150 °C onwards.
The parameters of each fitting, which were deter-
mined using a non-linear least-square fitting algo-
rithm [32], are summarized in Table 2. The admit-
tance of CPE was estimated using the relations:
Y, = Q(w)", where Q is a constant pre-factor, n
is exponent and j = y/—1 is the imaginary unit.
The introduction of CPE in the equivalent circuit
may be due to the distribution of reaction rates
and/or surface roughness. Further, all these curves
do not coincide with the origin (zero value) and,
hence, a series resistance has been introduced that
can be ascribed to the LCR circuit representation of
the sample and the value, of which increases with
the increase in temperature. The impedance data
do not fit well with single/double RC-combination,
rather they fit excellently well with R(CR)- and
R(C(R(QR)))(CR)-type of equivalent circuits, re-
spectively, for 25 °C up to 150 °C and 150 °C on-
wards (insets of Fig. 13), indicating thereby that
the electrical responses are due to the grain and
grain boundary effects. Here, symbols R, C, and
Q represent resistance, capacitance, and constant
phase element, respectively. At higher tempera-
tures (150 °C onwards) semicircles could be ob-
tained with different values of resistance for grain
and grain boundary. Hence, grain and grain bound-
ary effects could be separated at these tempera-
tures. These compounds are expected to lose traces
of oxygen during sintering at high temperature as
per the reaction [33]:

Op — 30, T +V5* +2e”

These defects affect impedance and capacitance in
the formation of barrier layers at the grain-grain
boundary interface. During cooling of the samples
after sintering reoxidation takes place. This oxi-
dation is limited to surface and grain boundaries
only due to insufficient time. This results in the
difference between resistance of grain boundary
and the grain itself, giving rise to the barrier. Fur-
ther, it is known that for Debye type relaxation,
the centre of the semicircular plots should be lo-
cated on the Z/-axis, whereas for a non-Debye type
relaxation these Argand plane plots are close to
semicircular arcs with end-points on the real axis
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Fig. 13. Complex impedance plots (measured and calculated) of (Ag; ,Al; /2)TiO3 nanoceramics at different tem-
peratures. Inset shows the appropriate equivalent electrical circuits.

and the centre lying below this axis. The com-
plex impedance in such a case can be described as:
ZH(w) = Z/+ iZ" = R/[1+(iw/w,)'~*], where «
represents the magnitude of the departure of the
electrical response from an ideal condition and this
can be determined from the location of the centre
of the semicircles. Further, it is known that when o
approaches to zero, i.e. {(1 —«) — 1}, this equa-
tion gives rise to the classical Debye’s formalism.
It can be seen from the impedance plots that the
data are not represented by full semicircle rather
they are depressed, i.e. the centres of semicircles
lie little below the abscissa (Z') axis (& > 0), which
increases with the rise in temperature, suggesting
the dielectric relaxation to be of non-Debye type in
the AAT-nc. This may happen due to the presence

of distributed elements in the material-electrode
system.

The dielectric response is expressed by a recip-
rocal quantity: M*(w) = 1/¢*(w), known as elec-
tric modulus, where the electrode polarization ar-
tifacts are suppressed. Typical features of M*(w)
include a broad, asymmetric peak in the imaginary
part and a sigmoidal step in the real part. The sim-
ilarity of these shapes to loss and storage of me-
chanical stress associated with relaxation processes
is evident and has naturally led to similar interpre-
tation. Fig. 14 shows the variation of real (M’) and
imaginary (M"”) parts of electric modulus with fre-
quency at different temperatures for AAT-nc. It is
characterized by a very low value of M’ in the low
frequency region and a sigmoidal increase in the
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Table 2. Resulting parameters of each fitting corresponding to the equivalent circuits shown in Fig. 13 for

(Ag2Al} /2)TiO3 nanoceramics.

Parameters 25°C 150 °C 250 °C 450 °C
R, (Q) 62.93 91.86 151.2 393.8
R> (Q) 1.380 x 102 2.142 x 10° 6.495 x 10* 3.913 x 102
R; (Q) - 3.483 x 10° 5.656 x 10* 1.684 x 107
Ry (Q) - 3.268 x 10° 6.160 x 103 2.885 x 1010
C, (F) 4511 %1071 4689x 1071 4533 x 10711 1.691 x 10710
C4 (F) - 9.270 x 10~10 7.475x 1078 2.991 x 10~*
CPE, Q (S-sec®3.cm—2) - 7.742 x 10710 1.569 x 10~° 1.746 x 10~*
Frequency power (n) - 0.66 0.7343 0.3701
x? (chi squared) 0.00226 0.00119 0.00073 3.222x 107
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value of M’ with the frequency approaching ulti-
mately to M., which may be attributed to the con-
duction phenomena due to short-range mobility of
charge carriers. The variation M” as a function of
frequency is characterized by: (i) clearly resolved
peaks in the pattern appearing at unique frequency
at different temperatures, (ii) significant asymme-
try in the peaks with their positions lying in the dis-
persion region of M’ vs. frequency pattern and (iii)
the peak positions have a tendency to shift towards
higher frequency side with the rise in temperature.
The low frequency side of the M” peak represents
the range of frequencies, in which charge carriers
can move over a long distance, i.e. charge carriers
can perform successful hopping from one site to
the neighbouring site. The high frequency side of
the M” peak represents the range of frequencies, in
which the charge carriers are spatially confined to
their potential wells and, thus, could made local-
ized motion within the well. The region, where a
peak occurs, is an indicative of the transition from
long-range to short-range mobility with increase in
frequency. Further, the appearance of the peak in
modulus spectrum provides a clear indication of
conductivity relaxation. Also, M”(w) curves get
broadened upon increasing temperature suggesting
an increase in non-Debye behavior. This particular
behavior seems to be unique to electrical relaxation
since all other relaxation processes (e.g. mechani-
cal, light scattering) typically exhibit opposite be-
havior with tendency towards Debye behavior with
increasing temperature [9].
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The ac conductivity data were obtained us-
ing a relation o*(w) = o'(w) + i0”(w) =
iweoe*(w) and the real and imaginary part of
0*(w) were obtained as: o'(w) = we,e”(w) and
0o’ (w) = wey,e’(w). Fig. 15 shows the log-log
plot of real and imaginary parts of ac electrical
conductivity (0’ and ¢”) versus frequency at dif-
ferent temperatures. The plots of o’ show disper-
sion throughout the chosen frequency range and
with the increment in temperature plots get flat-
tened (plateau value). The switchover from the
frequency-independent to the frequency-dependent
regions shows the onset of the conductivity re-
laxation, indicating the translation from long
range hopping to the short range ion-motion.
Further, the real part of electrical conductiv-
ity, due to localized states, in most of the
materials is expressed as Jonscher power law:
o'(w) = 0, + Aw®, where 0, is the frequency-
independent (electronic or dc) part of ac conduc-
tivity, s (0 < s < 1) is the index, w is an angular
frequency of applied ac field and A is a constant,
e is the electronic charge, T is the temperature, o
is the polarizability of a pair of sites, and N is the
number of sites per unit volume, among which hop-
ping takes place. Such variation is associated with
displacement of carriers, which move within the
sample by discrete hops on the length R between
randomly distributed localized sites. The term Aw?®
can often be explained on the basis of two dis-
tinct mechanisms for carrier conduction: (i) quan-
tum mechanical tunneling (QMT) through the bar-
rier separating the localized sites and (ii) correlated
barrier hopping (CBH) over the same barrier. In
these models, the exponent s is found to have two
different trends of variation with temperature and
frequency. In QMT, s is predicted to be temperature
independent and is expected to show a decreas-
ing trend with w, while for CBH, temperature de-
pendence of s should show a decreasing trend.
However, the frequency dependence of conductiv-
ity, in general, does not follow the simple power
law as given above but follows a double power
law given as: 0'(w) = 0, + Ajw® + Ayw*2, where
A and A; are the temperature dependent con-
stants and s; (characterizes the low-frequency re-
gion, corresponding to translational ion hopping)

and sy (characterizes the high-frequency region,
indicating the existence of well localized relax-
ation/reorientational process) are temperature as
well as frequency dependent parameters. Further,
it may be inferred that the slope s; is associated
with grain-boundary conductivity, whereas s, de-
pends on grain conductivity. The conductivity in
the low-frequency region is associated with suc-
cessful hops. Beyond the low-frequency region,
many hops are unsuccessful, and as the frequency
increases, more hops are unsuccessful. The change
in the ratio of successful to unsuccessful hops re-
sults in dispersive conductivity and different activa-
tion energies are associated with unsuccessful and
successful hopping processes. In the perovskite-
type oxide materials, presence of charge traps in
the band gap of the insulator is expected. The fre-
quency and temperature dependence of ac conduc-
tivity supports the hopping-type conduction in the
test material. The values of the indexes s; and s,
can, respectively, be obtained from the slopes of
the plots log o’ vs. logw in the low and high fre-
quency regions. The temperature-dependent vari-
ations of the exponents, s; and sy, are shown in
the inset of Fig. 15. From the plots, it is man-
ifested that values of both s; and s, decrease
with the rise in temperature and the values of
s; always remain less than 1. Also, the value of
s; — 0 at higher temperatures indicating that dc
conductivity dominates at higher temperatures in
the low frequency region and follows Jonscher
power law. The model based on correlated hop-
ping of electrons over barrier [34] predicts a de-
crease in the value of the index with the increase
in temperature and the theoretical results are thus
found to be consistent with the experimental re-
sults. Therefore, the electrical conduction in the
system could be considered due to the short-range
translational type hopping of charge carriers [34,
35]. This indicates that the conduction process is a
thermally activated process. The imaginary part of
the ac conductivity decreases with decreasing fre-
quency. Therefore, the conductivity representation
supports the electronic conduction.

Based on CBH model the ac conductivity data
have been used to evaluate the density of states at
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Fig. 15. Variation of ac conductivity with frequency
at different temperatures of (Agy,Al;2)TiO3
nanoceramics. Inset: Temperature dependence
of low- and high-frequency hopping parame-
ters (s; and s»).
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Fig. 16. Frequency dependence of N(Ep) of

(Ag1/2Al;2)TiO3 nanoceramics at different
temperatures.

Fermi level N(Ey) using the relation [36]: o’(w) =
(1/3)e?wkg T{N(E¢) }? o« {In(f,/w)}*, where f,
the photon frequency and « is the localized wave
function, assuming f, = 10" Hz, the polarizabil-
ity o« = 10'© m~! at various operating frequen-
cies and temperatures. Fig. 16 illustrates the fre-
quency dependence of N(Ef) at different temper-
atures. It can be seen that the value of N(Ef) de-
creases with the increase in the operating frequency

for all temperatures and it simply increases with
the increase in temperature for all the frequencies.
Therefore, at low frequencies the electrical conduc-
tion in the system is affected by both frequency as
well as temperature, whereas at higher frequencies
the charge carriers are localized and being affected
by thermal excitations. The reasonably high values
of N(E¢) suggest that the hopping between the pairs
of sites dominates the mechanism of charge trans-
port in AAT-nc.
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Fig. 17. Frequency dependence of Ry, of
(Ag1/2Al2)TiO3 nanoceramics at different
temperatures.

The minimum hopping length, Rpyip

was estimated using the relation [37]:

Ruin = 26/ 7eeoWp, where Wy, = 6kgT/(1 —s)
is the binding energy. Fig. 17 shows the variation
of Rpin with frequency at various temperatures. It
is characterized by a very low value (~107'" m) of
Rpmin in the lower frequency region, a continuous
dispersion with the increase in frequency, having
a tendency to saturate at a maximum asymptotic
value in the higher frequency region. Such ob-
servations may possibly be related to a lack of
restoring force governing the mobility of charge
carriers under the action of an induced electric
field. This behavior supports the long-range
mobility of charge carriers. Further, a sigmoidal
increase in the value of Ry, with the frequency
approaching ultimately to a saturation value may
be attributed to the conduction phenomenon due to
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the short-range mobility of charge carriers. Further,
it can be seen that the values of Ry, decrease with
a rise in temperature.

4. Conclusions

In summary, the present soft-chemical method
is truly a green cost-effective approach, capable of
synthesizing (Ag; »Al; /) TiO3 nanoceramic pow-
der. AAT nanoceramic powder was found to have a
perovskite-type monoclinic structure with the par-
ticle sizes of 2 to 7.5 nm. EDX and FT-IR stud-
ies confirmed the formation of pure AAT. Heat of
combustion, heat of dissociation of tartaric acid and
combustion of organics present in the gel along
with the evolution of gases during calcination cre-
ated the ambiance for reaction to occur more eas-
ily to form AAT-nc. UV-Vis study exhibited the
surface plasmon resonance at 296 nm. The dielec-
tric relaxation was found to be of non-Debye type.
Electric modulus studies supported the hopping
type of conduction in AAT-nc. The ac conductiv-
ity was found to obey the universal power law. The
pair approximation type correlated barrier hopping
model was found to successfully explain the mech-
anism of charge transport in AAT-nc. Further, a low
value of dielectric constant (= 153), loss tangent
(=0.043) at 1 kHz and alow T¢c (< £15 %) in the
working temperature range (up to 150 °C) makes
this material suitable for capacitor application and
may be designated as ‘Z7R’ Class I material as
per the specifications of the Electronic Industries
Association.
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