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Abstract. Double perovskite polycrystalline single phase and dense Sr,SbMnOg (SSM) ceramics, fabricated using
the nanocrystalline powders synthesized by molten salt method, exhibited high dielectric constant with low dielectric
loss as compared to that of SSM ceramics obtained from the powders prepared by solid-state synthesis method. The
dielectric data obtained over a wide frequency (100 Hz—-1 MHz) and temperature (190 K-300 K) ranges exhibited
distinct relaxations owing to both the grain and grain boundary. The dielectric dispersion was modeled using the
Cole-Cole equation consisting of two separate relaxation terms corresponding to the grain and grain boundary. The
grain and grain boundary relaxations observed in the Nyquist plots (Z’ and Z”) were modeled by an equivalent
circuit consisting of two parallel RC circuits connected in series with each other. A careful analysis of both the
impedance (Z” vs ®) and modulus (M” vs w) behaviour corroborated the conclusions drawn from the dielectric data.
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1. Introduction

There has been renewed interest on the materials that exhibit
high (10*-10°) dielectric constant especially at the desired
frequencies and temperatures. The incidence of high dielec-
tric constant has been reported in different systems that
include ferroelectric oxides (Yu et al 2005), certain transition
metal oxides (Jana et al 2007; Thongbai et al 2008) and com-
plex perovskite oxides (Keith et al 2004; Majhi et al 2007,
Zhao et al 2007; Meher and Varma 2009). Recently, struc-
tural and magnetic characteristics of a double perovskite,
Sr,SbMnOg (SSM), which is described by a general formula,
A>B’B” Og, in which B’ and B” cations are ordered in the
octahedral sites, are reported (Foster ef al 1997; Cheah et al
2006; Majhi et al 2007; Mandal et al 2008; Ivanov et al
2009). Structural investigations into SSM prepared under di-
fferent annealing conditions have been carried out by vari-
ous groups. The crystal structure of SSM has been reported
to be tetragonal associated with I4/mcm space group and
there was a further documentation of the occurrence of Jahn
Teller distortion due to the presence of Mn>* that contributes
to the octahedral tilting (Cheah et al 2006; Mandal et al
2008; Ivanov et al 2009). A dielectric anomaly occurring at
450°C in SSM ceramics as a possible ferroelectric to para-
electric phase transition has been reported in the literature
though the ferroelectric nature of SSM is yet to be established
(Foster et al 1997). Further, the Colossal dielectric behaviour
of SSM has been investigated in detail and it has been
attributed to the Maxwell Wagner relaxation mechanism
(Majhi et al 2007). In all the above reports, the data were on
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SSM that was prepared based on powders prepared by solid-
state reaction route. The conventional solid-state synthesis
of SSM powders from their component carbonate/oxides
usually requires extensive mechanical mixing followed by
prolonged heating at 135°C/48 h with a few intermedi-
ate grinding/heating cycles to achieve maximum possible
homogenization. In this method, it is difficult to exercise a
strict control over the microstructure, grain size etc of the
resulting polycrystalline SSM powders. Therefore, there is a
need to synthesize SSM by alternate low temperature routes.
Further, since the temperatures involved in sintering the pel-
lets obtained by compacting these powders are higher, there
is always a possibility of cations especially Sb and Mn
existing in mixed oxidation states leading to oxygen non-
stoichiometry which may give rise to high dielectric loss.

This article reports the dielectric relaxation characteristics
in a wide temperature and frequency range of SSM cera-
mics prepared using nanocrystalline powders obtained by the
molten salt synthesis. The impedance and electric modulus
formalisms are applied to the dielectric data which revealed
the existence of electrical inhomogeneity in SSM ceramics.
This approach is demonstrated to be an effective and simple
method to unravel the dielectric relaxation characteristics of
this type of compounds in general.

2. Experimental

2.1 Synthesis

Polycrystalline powders of Sr,SbMnOg were prepared by
low temperature molten-salt synthesis route. For this, a
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stoichiometric mixture of AR grade SrCOs;, Sb,O; and
MnO, were thoroughly mixed with the eutectic composition
of 0-635 Li,S04-0-365 Na,SO4 (30 mol % salts to oxide
ratio) using a planetary ball mill for 4 h in the propanol
medium. The melting point of this eutectic composition is
594°C. The mixed slurry was dried at 120°C for 4 h for com-
plete removal of propanol. The temperature of mixture of the
slurry was raised to 900°C and maintained at this temperature
for 10 h. Subsequently, the salts were ultrasonically washed
using hot distilled water for several times to ensure that the
filtrate was free from sulphate ions as confirmed by barium
nitrate test. The obtained powders were fully dried at 120°C
for 5 h. The full details pertaining to the synthesis of SSM
nanocrystalline powders are reported elsewhere (Baral and
Varma 2009).

2.2 Characterization

The phase analysis of the resultant powder was carried out
by X-ray powder diffraction (XRD) using Cu Ko radiation
(Philips PW1050/37). SSM powders obtained using MSS
was pressed into the pellets of 6 mm in diameter and 2 mm in
thickness. The pellets were sintered at 1075°C/16 h. Rietveld
refinement of XRD pattern was performed using FULLPROF
program. The density of the sintered samples was around
96% of its theoretical value as confirmed by the Archimedes
method using xylene as the medium. The grain size and
its morphology were investigated using scanning electron
microscope (SEM) (Quanta ESEM). To make electrical pro-
perty measurements, gold electrodes were sputtered on both
sides of the sintered pellets and copper wires were glued on
to the gold coated surfaces using silver epoxy. Capacitance
and dielectric loss measurements were carried out in 100 Hz—
10 MHz frequency range with a signal strength of 0-5 Vi
at various temperatures (190-300 K) using the impedance
gain phase analyser (HP 4194A) in conjunction with a home-
built cooling system. Based on these capacitance data, the
dielectric constant, ¢;, was evaluated by taking the electrode
geometry of the sample into account using the formula

e, = C.t/eoA,

where ¢ is the thickness of the sample and A the area of
the electroded sample and &, the permittivity of free space,
g0 =8-854 x 10~!2 F/m. The complex impedance (Z*) and
complex electric modulus (M*) were evaluated using the
following relations

Z*zz/_jz//: (1)

ja)C()S* ’
where w is the angular frequency (w = 2nf) and Cy =
g0A/t is the empty cell capacitance where A is the sample
area and ¢ the sample thickness. The complex modulus could
be obtained using the equation
1
M =M+ jM" = — = joCyZ". 2)
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Figure 1. X-ray diffraction pattern of SSM Rietveld refined to
space group /4/mcm. The inset shows the scanning electron micro-
graph of SrpSbMnOg ceramics sintered in air at 1075°C/16 h.

3. Results and discussion

3.1 XRD studies

Figure 1 represents the X-ray powder diffraction (XRD) pat-
tern of SSM (sintered at 1075°C/16 h) recorded at room tem-
perature. The Rietveld refinement of the XRD pattern yielded
alowest Ry, factor of 8% for the 14/mcm (tetragonal) among
other space group models such as /4/m, [4mm etc. The lat-
tice parameters obtained from the refinement are a =5-53(4)
A, c=8-12(3) A. A typical SEM micrograph of SSM pellet
sintered in air at 1075°C/16 h is shown in the inset of figure 1.
The microstructure reveals the well sintered nature of the pel-
lets with grain sizes in 6-9 um range. The faceted nature of
the grains is evident by the triple junctions observed in the
microstructure.

3.2 Dielectric studies

Figures 2(a) and (b) illustrate the dielectric constant (g])
and dielectric loss (D) of SSM in the 190-300 K tem-
perature range at various frequencies (100 Hz—1 MHz). At
260 K, the low frequency (100 Hz) dielectric constant is &
~ 8.6 x 10%, whereas at the high frequency (1 MHz) dielec-
tric constant, &/ is ~180. On decreasing the temperature
from 300 K, step like decrease in the dielectric constant ver-
sus temperature behaviour is observed (denoted as I and Il in
figure 2(a) at 1 kHz). This relaxation shifts to higher tempera-
tures with increasing frequency. The corresponding dielec-
tric loss peaks are marked as Pp; and Ppy, respectively in
figure 2(b) at 1 kHz. These dielectric relaxations I and II
are the characteristic thermal relaxation steps very similar to
that observed in the other high dielectric constant materials
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Figure 2. Temperature dependence of (a) dielectric constant (e])
and (b) dielectric loss (D) for Sr,SbMnOg ceramics measured at
different frequencies.

such as CaCu;Ti4O;, (CCTO) and other high dielectric con-
stant materials (Sinclair et al 2002; Lunkenheimer et al 2004;
Liu et al 2005; Zhang et al 2005; Shao et al 2006; Krohns
et al 2008). Dielectric loss (D) exihibits a broad peak at the
temperature around which the dielectric constant undergoes
a thermal relaxation. At 300 K, the dielectric constant val-
ues attained are in the range of 5-9 x 10* to 400 in the fre-
quency range of 1-100 kHz, respectively. However, the loss
values shot up due to increased conductivity at 300 K. At
190 K, the dielectric constant falls in the range of ~700-100
for the same frequency range with D values being less as the
conductivity is lower at this temperature.

The dielectric relaxations I and II can be more systema-
tically analysed from the frequency response of the dielec-
tric constant (¢/) and dielectric loss (D). Figures 3(a)—(c)
show the variation of ¢ and D with frequency at various
temperatures in the temperature range 190-300 K. The
dielectric dispersion at various temperatures (190-300 K)

10° 10° 10
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Figure 3. Variation of dielectric constant with frequency in (a)
190-220 K and (b) 240-300 K temperature range. Solid lines are
the best theoretical fits according to (6) and (8) and (c¢) variation of
dielectric loss with frequency at different temperatures.

has been analysed using Cole—Cole formalism. At 190-
220 K, dielectric constant exhibits a single relaxation step (I)
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with the corresponding loss peak (Ppy) observed in the loss
spectra (figures 3(a) and 3(c)). However, with the increase in
temperature above 240 K, there are two relaxations (which
are marked as I and II) in figure 3(b) accompanied by the
corresponding dielectric loss peaks (denoted as Ppy peak and
Ppr peak, respectively as shown in figure 3(c)).

To begin with, an attempt has been made to rationa-
lize the nature of dielectric relaxation in SSM by using the
Cole—Cole equation (Cole and Cole 1941). The experimen-
tal dielectric permittivity curves for 190 K < 7 < 220 K in
figure 3(a) can be described by

e, = Refel, + () — eL)/[1 + (iwD)’]}, 3

where ¢ is the static dielectric constant, &/, the dielectric
constant at higher frequency and w=2xf is the angular
frequency, (¢, — €.,) the dielectric relaxation strength, t
is the relaxation time and B a constant, which varies from
0to 1 (B = 1 for an ideal Debye relaxation involving a
single characteristic relaxation time). From (3), &/ can be
rewritten as

e = ¢l + (¢72)
x {1 —sinh(Bz)/[cosh(Bz) + cos (Br/2)]},  (4)

where z = In(wT). To fit the experimental curves for 240 K <
T <300K, the entire frequency range can be modelled by
including an extra relaxation term in (3) in order to account
for the additional relaxation, which is given by

. / - sink (B1z1)
e = e+ (e /2){1 [cosh(ﬂlm)“‘cos(ﬁln/z)]}
/ - sinf (B222)
+ (8 /2) {] [cosh (Baz2) + cos (Brr /2)] } ’

(&)

where z; =In(wt) and 2o =In(wn). €|, &, 11, T, are the
dielectric relaxation strengths and relaxation times associ-
ated with dielectric relaxations I and II (marked in fig-
ure 3(b)). B and B, are the corresponding dispersion con-
stants whose values can vary from O to 1. The ¢/ value con-
sidered in each case is ~110 which is the dielectric constant
obtained at a frequency of 1 MHz at 190 K. By fitting the
experimental data that were obtained above 252 K to (5), the
parameters €}, €5, 81, B2. 71, T» could be obtained as func-
tions of temperature. The solid lines in figures 3(a) and (b)
are the mathematical fit of the experimental results according
to (4) (for T <240K) and (5) (for T > 240 K), respectively.
The values obtained for t; and 7, at 260 K are 11-14 x 1077 s
and 19-54 x 1073 s, respectively.

As the relaxation process is thermally activated, the rela-
xation time follows the Arrhenius law, t = toexp(E,/KgT),
where T is the pre-exponential factor (or the relaxation time
at infinite temperature), E, denotes the activation energy of
the relaxation process, T the absolute temperature, and Kp
the Boltzmann constant. The relaxation parameters, £ and

Tp, can be deduced from the slope and the intercept of the
Arrhenius plots. Figures 4(a) and (b) show the Arrhenius
plots corresponding to two dielectric relaxations observed
in the dielectric data. The relaxation parameters, Ey = 0-35
(2) eV, Ton =32 x 107195, for the Ppy peak (figure 4(a)),
and E;=0-26 (2) eV, 1y =4-01 x 107! s for the Pp; peak
(figure 4(b)) are obtained. The activation energy of 0-26 eV
has been reported to be equivalent to the activation energy
required for the thermal motion of Mn3* cations within the
oxygen octahedra (Iguchi and Lee 1993).

High dielectric constant associated with SSM ceramics
has its origin in the extrinsic mechanism such as interfa-
cial polarization arising at the grain/grain boundary inter-
face. The dielectric behaviour of SSM ceramics prepared by
solid-state reaction route exhibits a dielectric loss as high as
~10 around its characteristic relaxation frequency at room
temperature (Majhi et al 2007). This has been attributed to
the hopping electronic conduction among the multiple valen-
cies of Mn cation which occurs due to the loss of oxygen
at very high sintering temperatures. By considerably reduc-
ing the sintering temperature by MSS method, the maximum
dielectric loss has been significantly brought down without
compromising its high dielectric constant behaviour. Table 1
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Figure 4. Relaxation time as a function of 1/7T for the two dielec-
tric relaxation peaks (a) Pqp and (b) Pg; observed in the dielectric
loss spectra. The solid lines represent the linear fit.
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Table 1.

Ilustrates the dielectric data at selected frequencies at 300 K obtained for the

present ceramics along with that of ceramics fabricated from the powders prepared by solid

state reaction route.

SSM (solid-state reaction route)

SSM (molten salt synthesized)

Frequency (kHz) el D &l D
0-1 ~1.3 x 10 30 84,500 0-55
1 ~12x10° 373 51,000 0715
10 74,000 2-5 7900 1-49

illustrates the dielectric data at selected frequencies obtained
for the present ceramics along with that of ceramics fabri-
cated from the powders prepared by solid state reaction route.
Further, one can look at the dielectric dispersion data in terms
of impedance and electric modulus simultaneously in order
to ascertain the cause for such a distinct dielectric behaviour.

3.3 Impedance spectroscopy

The complex impedance Z* can be calculated from e&*
according to (1). Figure 5 shows the frequency dependence
of the imaginary part of impedance in the temperature range
190-300 K. At 190 K, a peak is observed in Z"(w) (denoted
as Pyzp) that shifts to high frequency range with increasing
temperature. Above 250 K, another relaxation peak (denoted
as Pzp) emerges at the lower frequency side of Z”(w), which
shifts to higher frequency with further increase in tempe-
rature. The two peaks Pz and Py actually corresponds to
the two relaxation peaks Pp; and Ppy that were observed
in the dielectric loss spectra within the measured frequency
range.

Frequency (Hz)

Figure 5. Frequency dependence of the imaginary part of Z*
obtained at various temperatures. The solid lines are the guidance
to eyes indicating the shift in the relaxation peaks with increasing
temperature.

Cole—Cole representation is more convenient to distin-
guish between the bulk and grain boundary effects exhi-
bited by certain paraelectric/ferroelectric compounds (Irvine
et al 1990; Donald 2005). The complex impedance plane plot
(Z" vs Z'), also called Nyquist plot, where real Z’ represents
the resistive part and the Z” values represent the capacitive
part, is generally used. When more than one dielectric rela-
xation is involved, this complex representation of the dielec-
tric data is used to evaluate the resistance (R) and capacitance
(C) values associated with each of them.

Figures 6(a) and (b) present the impedance spectra of
the SSM ceramic measured at various temperatures. Above
240 K, the two well resolved semicircular arcs and a short
spike are attributed to the grain, grain boundary, and the
interface between the sample and electrode, respectively.
This behaviour could be best modelled using Maxwell
Wagner type of relaxation by invoking an equivalent circuit
consisting of a series of two constant phase elements (CPEs)
(non-ideal capacitor behaviour) connected in parallel to the
corresponding resistors as shown in the inset of figure 6(c).
This type of behaviour could be explained by the Cole—Cole
complex impedance equation (Sinclair et al 2002) viz.

/ .7l Rl R2
7z —j7"' = . + - , (6)
L+ A1 (o)’ R 1+ Ay (jw)’ Ry
where A; and A, are constants that are independent of
frequency, w is the angular frequency and 8 (0 < 8 <
1) represents the departure from the ideal Debye response.
The impedance associated with CPE could be described as
Zipp = 1/[A (jw)P]. The CPE can be treated as an ideal
capacitor (C = A) for § = 1. The observed Z* behaviour
is modelled to (6) using the impedance analysis software Z-
VIEW (demo version, 1990). A series resistor (Rs) is added
to the circuit to account for the nonzero intercept on the real
axis of the impedance plot. The fit parameters obtained for
the impedance data at 250 K (figure 6(c)) such as (Rg, Rgp),
(Ag, Agp) and (Bg, Bgp) representing the resistive and capa-
citive elements associated with the high and low frequency
grain and grain boundary dielectric response, are listed in
table 2. The A, value is characteristic of other bulk ferro-
electrics and the Ag, value reveals that the sample is well
sintered, with narrow intergranular regions (Iguchi and Lee
1993). The calculated A; and Ag, values are also consistent
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Figure 6. Impedance complex plot, Z* (—Z" vs Z') (a) 200-240 K, the inset in the figure shows

a magnified view of the high frequency data, (b) 260-300 K and (c) at 250 K where the solid line
indicates the best mathematical fit. Inset is the equivalent circuit used to model the impedance spectra.

with the measured values in dielectric spectroscopy. There-
fore, we attribute the two relaxation processes to the bulk and
the grain boundary effects.

The electrical conductivity (o) of the sintered samples
could be calculated from the R values associated with grain

Table 2. Estimated fit parameters of the equivalent circuit at
250 K for SSM.

and grain boundary relaxations observed in the impedance
spectra. Table 3 lists the grain and grain boundary conduc-
tivity values obtained at 200 K and 300 K, where the grain
conductivity is higher than that of the grain boundary indi-
cating an electrical heterogeneity associated with the sample.

Table 3. Typical conductivity values of grain and grain boundary

Fit parameters Values Fit parameters Values observed at 200 K and 300 K.

Ry 62-95 (2) Rgp 19 x 10° () Temperature (K) Grain (S/m) Grain boundary (S/m)
Re 2:5 x 10* (Q) Agp 1:6 x 1077 ()

Ag 7% 1071 (F) Beb 0-84 200 0-91 x 10~* 0-02 x 1073

Be 0-98 300 0-19 x 1072 0-85 x 1073
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Figure 7 shows separate Arrhenius plots (log o vs 1000/T")
for these two relaxations. The activation energy calculated
from the Arrhenius plots are 0-28 (2) eV and 0-33 (2) eV
for the grain and the grain boundary, respectively. This is in
close agreement with the activation energies calculated from
the dielectric loss spectra.

3.4 Electric modulus studies

The electric modulus (M *) is another physical representa-
tion of the dielectric relaxation process. The real (M’) and
imaginary (M") parts of M* in terms of the resistances and

& B o, E=028(2)eV
(] Wy E=0.33(2) eV
— -10- linear fit
£
o
L2
o -124
£
14-
-16 T T ' T X T y T v T X T T T
32 34 36 38 40 42 44 46

1000/T (K™)

Figure 7. Grain and grain boundary conductivity as a function
of the inverse of temperature. Solid lines are the linear fit to the
experimental data.
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Frequency (Hz)

Figure 8. Frequency dependence of the imaginary part of the
dielectric modulus measured at various temperatures.

capacitances associated with grain and grain boundary are
expressed as

C
M’:—O[

el ], o0f ol ]

Co| 1+ (a)RgCg)2 Coo | 14+ (cuRgngb)2
7
and
M” _ 9 ngCg & ngngb
Cel14 (a)RgCg)2 Cov | 1+ (ngngb)z
3

Figure 8 shows the frequency dependence of M” at vari-
ous temperatures. According to (7) and (8), the relaxation
peaks occur at frequencies 1/(2m RyC,) and 1/(27 Rgp Cop),
respectively. Since peak values are proportional to the reci-
procal of the associated capacitances, the relaxation asso-
ciated with smaller capacitance gives maximum intensity
peak in the electric modulus plots. Therefore, peak associ-
ated with the grains is of higher intensity than that of the
grain boundaries. The broadening of M” peaks compared
to an ideal Debye peak indicates heterogeneity associated
with the microstructure of the material which leads to a spa-
tial distribution of local conductivity and electrical response
times (Gerhardt 1994). At low temperatures, a single rela-
xation peak observed in M” vs frequency corresponds to
the grain response (marked as I in figure 8). With increas-
ing temperature, the peaks corresponding to the grain rela-
xation shifts towards higher frequencies and another closely
occurring shoulder (marked as II in figure 8) correspond-
ing to grain boundary response occurs at the low frequency
side. The modulus plots in general do not give any signa-
ture of the capacitance arising due to the interfacial electrode
polarization.

4. Conclusions

In conclusion, Sr,SbMnOg ceramics prepared by MSS
method exhibited better dielectric behaviour with high
dielectric constant and a significant decrease in the dielec-
tric loss. The temperature and frequency dependence of the
dielectric spectra, impedance and electric modulus have been
investigated in detail. An excellent fit between the experi-
mental and calculated dielectric relaxation was obtained over
a wide frequency and temperature domain using the modi-
fied Cole—Cole equation. The overall dielectric behaviour
is attributed to the grain and grain boundary effects distin-
guished based on the values of capacitance, resistance and
relaxation times. The colossal dielectric behaviour has its ori-
gin in the Maxwell Wagner type relaxation mechanism that
arises due to the conducting grain separated by resistive grain
boundaries (Rg, » Ry and Cgp, *10Cy).
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