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Abstract

Ruddlesden-Popper oxide Sr,Mn, ,Sn, 0, was synthesized by solid state method by calcining at different
temperatures between 1200 and 1500 °C. The phase evolution during thermal treatments was investigated and
it was shown that the powder calcined at 1500 °C and ceramics sintered at 1500 °C have single phase structure.
Rietveld refinement of the XRD data confirmed tetragonal crystal structure having a = b = 3.9425A and ¢ =
12.1230A lattice parameters and 14/mmm space group symmetry. Permittivity (), impedance (Z*), dissipation
factor (tan §) and AC conductivity (o ac) of the samples were studied in the frequency range 1 kHz—2 MHz and
temperature range 60—600 °C. An equivalent circuit comprising two parallel R-L elements and one constant
phase element (CPE) model fitted the impedance data very well. Components of the equivalent circuit were
correlated with compositional micro inhomogeneities in the sintered sample. Resonance-like feature observed
in the dissipation factor at a particular temperature is attributed to the cancellation of capacitive and inductive
reactants. Negative permittivity and loss of the sintered sample were compared with other ceramic oxides
showing negative permittivity.
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I. Introduction sible which hinders application of metacomposites in
form of coatings, thin films and even lower-dimension
systems [15,16]. To overcome this problem significant
efforts have been made to discover and develop single-
phase homogeneous materials showing negative permit-
tivity. Thus, recently few single-phase ceramics, like
PrMnO; and La, Sr,MnO,, showing negative permit-
tivity have been reported in the literature [17,18]. The
negative permittivity in these ceramics is attributed to
their metal-like characteristics. Negative permittivity of
these ceramic oxides could be tuned by compositional
modifications, temperature and frequency.

Common dielectrics have positive values of permit-
tivity and are used for storage applications (as a capac-
itor). Recently, negative permittivity materials (meta-
materials) have attracted attention in comparison to the
conventional positive dielectric constant materials ow-
ing to the advances of metacomposites and their multi-
functional applications. Materials showing negative per-
mittivity became promising candidates for high-power
microwave filters [1], coil-free electrical inductors [2],
novel capacitors [3-5], electromagnetic shielding [6,7].

In metamaterials, the modulation of negative permit- Compound Sr,MnO, belongs to the Ruddlesden-
tivity is often based on metal building blocks with a Popper (RP) fainily tvhich has chemical formula
complexity controlled by their geometry and configura- A,.,B,X,, ., and was for the first time synthesized and

tions [8,9]. Tuning of the negative permittivity by com- 510 cterized by Baltz and Plieth [19]. They reported
pos1t19nal and mlcrostrugtural modifications is poss1ble that Sr,MnO, is iso-structural to K,NiF, and its lattice
only in “natural” materials. To meet the requirement parameters are @ = b = 3.79 A andc = 12.438A. Syn-

of natural materials with negative permittivity, ceramic . . . .
matrix composites (CMC) [10-12] and polymer ma- thesis of pure SrZMr}O4 phase us1ng.convent10r.1al solid
. . state method in ambient atmosphere is not possible. Af-
trix composites (PMC) [13,14] were developed. How- . . . .
. . . . ter a rigorous exercise of changing processing parameter
ever, in these metacomposites realization of negative . . .
ittivity at molecul d atomic level ; : (cooling rate) we had successfully synthesised a single
permitiivity at molecufar and atomic 1evel 15 NOt pos= 1 a4e Sr,MnO, by quenching in air from 1500 °C [20].
Synthesis of ceramic oxides by quenching is not a
practical approach because it induces thermal stress
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which could be a threat to long-term stability. It was
reported that partial replacement of Sr by La and Mn
by Ti makes synthesis cost effective (by lowering tem-
perature) and practical [21-23]. It was also reported
that when amount of La in the Sr, . L.a MnO, system is
x > 0.25 the single phase ceramics can be obtained [24].
In addition, it was shown that La, ,Sr MnO, has nega-
tive permittivity which was attributed to their metal-like
characteristics.

In this work our attempt was to synthesize single-
phase Sr,Mn,, ;Sn;;0, powder and corresponding ce-
ramics. Selection of Sn** was made because difference
in the ionic radii of dopant Sn** (0.69 A) and host Mn**
(0.53 A) in six-fold coordination is, according to the
Hume-Rothery rule, appropriate for the solid solution
formation. Recently we carried out dielectric measure-
ment at high temperature (RT-600 °C) of the compound
Sr,MnO, and found negative permittivity behaviour in
Sr,MnO,. We observed that this compound shows neg-
ative dielectric constant but above 500 °C [25] and also
in Nb substituted Sr,MnO, [26]. Thus, in this work we
study the effect of Sn doping on structure and elec-
tric/dielectric properties of Sr,MnO, ceramics.

II. Experimental

Stoichiometric amounts of strontium oxide (SrCO;)
manganese oxide (MnO,) and tin oxide (SnO,), pur-
chased from Alfa Aser, China with purity >99.9%, were
ball milled (PM-200, Retsch, Germany) for 8h using
acetone as mixing medium. Thereafter, the mixture was
calcined at 1200 °C for 12h in a high-temperature fur-
nace (HTRH-70/150, Carbolite Gero, UK). The resul-
tant powder was ground and re-calcined at 1300°C
for 12h; the same process was repeated at 1400 and
1500 °C. The obtained powders were uniaxially pressed
with a hydraulic press under SkN and circular disc of
diameter ~10 mm and thickness 2 mm were obtained.
These circular discs were sintered at 1500 °C for 12h in
a muffle furnace and normally cooled to room tempe-
rature.

—1200°C
~——1300°C

1400°C
—— 1500°C

a)

Intensity (a.u.)

SroSn0Oy4
= SroMnOy4

L1 ”I | 1
30
26 (deg.)

I -SF7MH4015
T T

25 35 40 315

X-ray diffraction (XRD) patterns of the calcined pow-
ders and sintered pellets were recorded on X-ray diffrac-
tometer (Rigaku Miniflex II Desktop, Japan) in 26 range
from 20° to 80° and at a step size of 0.02°. For mi-
crostructural studies, the sintered pellets were polished
using emery papers of various grades, followed by vel-
vet cloth polishing using a diamond paste till mirror
finish. The pellets were then washed with isopropanol
several times to remove particles of SiC and diamond.
Thereafter, the pellets were chemically etched to reveal
the grains and grain boundaries and coated with Au
(by Au sputtering). A field emission scanning electron
microscope (Nova Nano SEM 450, USA) was used to
record images of polished surfaces of the sintered pel-
lets. For dielectric measurements, flat surfaces of the
pellets were polished and high-temperature silver paste
was applied, followed by heating at 700 °C for 10 min.
Capacitance (C) and conductance (G) were measured in
wide frequency and temperature ranges using an LCR
meter (Agilent E-4980, USA).

IT1. Results and discussion

3.1. Phase evolution and crystal structure

To gain clear insight into sequences of the used solid-
state reaction the mixture was calcined at different tem-
peratures for 12 h. XRD pattern of the mixture obtained
after each step of heat treatment was recorded and anal-
ysed. The X-ray diffraction (XRD) patterns of the pow-
ders after calcination at different temperatures along
with the standard patterns of Sr,MnO,, Sr,SnO, and
Sr;Mn, O, are shown in Fig. 1a.

The XRD pattern of the powder calcined at 1200 °C
(Fig. 1a) contains mainly peaks of Sr,MnO, and in-
termediate Sr,Mn,O,, phase. For the in-depth analy-
sis, we have plotted the highest intensity peak of (103)
plane on magnified scale and shown in the frame of Fig.
la. Magnified view of the highest intensity peak (103)
has revealed an asymmetry in the shape of the peak to-
wards the lower angle side. The wideness and asym-
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Figure 1. XRD of powders calcined at different temperatures (a) and Rietveld refinement of XRD pattern of powder calcined
at 1500 °C (b)
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metry of this peak indicate the presence of Sr,SnO,
phase in the calcined powder beside Sr,MnO, and
Sr,Mn, O, phases. It is reported that single-phase pow-
der by solid state reaction method of Sr,SnO, can be
synthesized at 1200 °C whereas by the same method for-
mation of the Sr,MnQO, phase is possible at >1500°C
[20,27]. The presence of Sr,MnO, phase in powder
calcined at 1200 °C indicates that Sr,SnO, has acted
as seed-particles and reduced the formation tempera-
ture of phase Sr,MnO, (at 1200 °C) by the process of
induced nucleation. It is not surprising because both
Sr,SnO, and Sr,MnQO, phases have tetragonal structure
and space group 14/mmm [20,27].

On increasing calcination temperature to 1300 °C no
obvious change in XRD pattern was observed except
reduction in asymmetry and shifting of the (103) peak
towards the lower angle side. The peak corresponding
to (103) plane was further moved towards lower an-
gle side and became more symmetric after the increase
in temperature to 1400 °C. In addition, it is observed
that as calcination temperature increases height of the

Table 1. Structural parameters and reliability factors
obtained by the Retiveld refinement

Lattice/cell parameters a = b = 3.860 A, c=12530A

Cell volume 188.653 A3
Sr (4e) (0,0,0.355)
Mn/Sn (2a) (0,0,0)
Ol (4c) (0,0.5,0)
02 (4e) (0,0,0.161)
Mn/Sn-O1 1.940A
Mn/Sn-02 2.027A
Sr—01 2.653A
Sr—-02 2426A
Mn-O1/Mn-02 0.96 A
R, 14.8
Rup 10.8
Rexp 9.7
% 1.99

peaks (intensity) corresponding to Sr;Mn,O,; phase de-
creases. The XRD pattern of the powder calcined at
1500 °C matches exactly with the standard XRD pattern
of Sr,MnQO, phase. No peaks corresponding to impurity
phase Sr;Mn,O, 5 are present in the XRD pattern of the
powder calcined at 1500 °C. On increasing calcination
temperature, gradual shifting of position towards lower
angle side and reduction in an asymmetry of (103) peak
is strong evidence for the formation of solid solution
between Sr,SnO, and Sr,MnO,. The position of (103)
peak in the XRD pattern of powder calcined at 1500 °C
lies between the position of the same peak for the end
members Sr,SnO, and Sr,MnO,. The ionic radius of
Sn** (0.69 A) is slightly larger than the ionic radius of
Mn** (0.53 A). Thus, when Sn** replaces Mn** ion in
Sr,MnO, expansion of cell volume takes place (lattice
parameters increase) and Bragg’s angle decreases. The
shifting of (103) peak towards lower angle side on in-
creasing calcination temperature (1200 to 1500 °C) con-
firms the formation of solid solution Sr,Mn,, ,Sn,,0,.
The Rietveld refinement of the XRD pattern of powder
calcined at 1500 °C was carried out to determine struc-
tural parameters. In Fig. 1b experimentally recorded
pattern, calculated XRD pattern and their difference are
shown. The structural parameters along with reliability
factors are presented in Table 1.

3.2. Microstructural studies

SEM image of the pellet sintered at 1500 °C is shown
in Fig. 2a. The micrograph exhibits well-defined grains
of cuboidal shape and distribution in the grain size. A
histogram of the distribution of grain size was obtained
using the ImagelJ software package. By fitting the Gaus-
sian function to these histograms (Fig. 2b) average grain
size of the sample was calculated to be 1.55 pm.

3.3. Negative dielectric behaviour

Variations of real (¢)) and imaginary (g)’) compo-
nents of the dielectric constant (g,) and dielectric loss
(tan ¢) with temperature at a few representative frequen-
cies are shown in Figs. 3a, 3b and 3c, respectively. It is
observed that as the temperature increases the value of
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Figure 2. SEM image of the sintered pellet (a) and histograms showing the distribution of grain sizes in the sample (b)
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Figure 3. Variation of (a) real part of permittivity, £, (b) imaginary part of permittivity, £ and (c) dissipation factor, tan §
with the temperature at selected frequencies

g, decreases and at a particular temperature (210 °C at
1kHz) its value becomes negative. Further, it is noted
that the temperature at and above which & attains nega-
tive values increases (approximately 210 °C) on increas-
ing frequency from 1 kHz to 2 MHz.

Variation of the imaginary part of permittivity €/ as a
function of temperature at selected frequencies is shown
in Fig. 3b. It is observed that &/ increases continuously
with the temperature at all the measured frequencies.
The slope of the increment decreases with increasing
frequency. However, its values remain positive at all
measured frequencies and temperatures.

The plot of dissipation factor (tand) vs. tempera-
ture at a few repetitive frequencies is shown in Fig. 3c.
Initially, tan ¢ increases as temperature increases up to
210°C, after that dielectric loss sharply drops to the
lowest value (negative sign). On further increase in the
temperature, values of tan ¢ increase but remain negative
up to the highest measured temperature, i.e. 600 °C. A
similar trend was observed at all the frequencies, but the
temperature at which resonance-like (sudden drop) be-
haviour is obtained slightly increases whereas the height
of the resonance peak decreases with increasing fre-
quency. At a given frequency, the temperature at which

resonance in tand vs. temperature plots is observed is
the same at which &, becomes negative (it is 210 °C at
10kHz frequency). Decrease in the absolute value of
tan§ (magnitude of resonance on both sides) with in-
creasing frequency is because &’ = opc/ey - w. At a
given temperature o p¢ remains constant hence with in-
creasing frequency &, decreases. Since tand = &’ /e,,
due to the decrease in the value of &, the value of tan §
also decreases with increasing frequency.

Study of the negative permittivity behaviour of com-
posites has become a hot topic for researchers. Compos-
ites have limitations when they are used in the form of
coating/thin film or any other low dimension structures
because of the presence of two components (ceramics
and metals). Furthermore, a percolating conducting path
is required for showing negative permittivity. Hence, for
the use of negative permittivity materials in low dimen-
sion form efforts to discover and develop single-phase
homogeneous materials showing negative permittivity
are necessary. This task is challenging, but recently few
single-phase ceramic oxides and polymers showing neg-
ative permittivity have been reported in the literature.
Recently a review has been published on the negative
epsilon materials [28]. For a comparative study, we have
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Table 2. List of some single-phase ceramics showing negative permittivity and their parameters

Material g g/ tan o Frequency Temperature Reference
PrMnO, -0.75x 103 - 5% 108 10Hz 503K [17]
La, Sr, ;MnO; 2x10° 10° - 10Hz RT [18]
La, 4Sr, ,MnO, 0.5x10° 10* - 10Hz RT [18]
La, ;Sr, ;MnO, 225x10° 104 - 10Hz RT (18]
La, (Sr, ,MnO; -1.5%x10° 104 - 10Hz RT [18]
La, sSr, sMnO; -0.75 x 10° 104 - 10Hz RT [18]
La, 5Sr, sMnO, -9x10° - >10 10Hz 90°C [28]
La, ¢Sr, ,MnO, -2x10° - - 1 MHz - [29]
La, sSr, sMnO; -8x 10° - - 1 MHz RT [29]
La, ,Sr, ;MnO; -1.5x% 10* - - 10MHz RT [29]
La, ;Cop ;6B 04 TiO5 =75 - 8 x 10° 10MHz RT (30]
TiN 2% 10 - 10° 10 MHz RT [31]
Sn6,Sbg 0603 -0.5% 10° - 7% 10* 10Hz RT [32]
Sng 9,Sby 4505 -2.0x 10° - 12 x 10* 10Hz RT (32]
Sn, 4Sb, 0, -2.25x% 10° - 8 x 10* 10Hz RT [32]
In, ¢,Sn, 50, -1x 10* - 0.75x 10*  10MHz RT [33]
BisFe, ,Mn,Ti;Oq -6 x 10* - 2500 1 kHz 520K [34]
BisFe, sMn, sTi;O,q —-1x 10 - 3000 1 kHz 433K [34]
Bi, ;Eu, ,Sr,CaCu, O 5 -1.5%x10° - 10° 1 Hz 433K [35]
Sr,MnO, -2x 103 - - 1kHz 600 °C [22]
LaFeO, —400 600 - 0.8 GHz RT [36]
La, Sr NiO, -1x10°  2x10° - 500kHz 300K [37]
GdFeO, -900 1500 - 1 GHz RT [38]
Cu,sTiysBa,Ca,(Cu,Sn)0, s  —1x107  2x 10’ =25 100kHz 78K [39]
La, ¢sBa, ;,C00, -55x10*  15%x10° - 100kHz RT [40]

Sr,Mn, ,Sn, 0, -14x10*  1x108 -0.7 1kHz 600 °C This work

presented dielectric parameters of the single-phase ce-
ramic oxides which have exhibited negative permittivity
behaviour in Table 2.

The negative values of the permittivity and dissi-
pation factor in the measured frequency and tempera-
ture ranges of the composites have been attributed to a
change in the electrical character of the sample, from
capacitive to inductive one [41]. To confirm this obser-
vation for the sample Sr,Mn, ,Sn, ;0,, we have studied
the real and imaginary parts of the impedance with fre-
quency and the results are described in the next section.

3.4. Impedance and equivalent circuit analysis

Figures 4a and 4b show the variation of real (Z”) and
imaginary (Z”) parts of the impedance (Z*) with angu-
lar frequency (w) at a few representative temperatures.
The real component of the impedance (Z’) curve re-
mains constant up to a particular frequency and above
that it depends on w at all temperatures. At tempera-
tures <210°C, Z’ remains almost frequency indepen-
dent up to a particular angular frequency (wg), and
above wy, it starts decreasing with increasing frequency
(Fig. 4a). The trend in Fig. 4a shows that the conduction
is localized (via hopping mechanism). For temperatures
>210°C, Z’ remains constant up to a certain frequency
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thereafter it starts increasing with increasing frequency.
The increasing part of the Z’ vs. w plot at higher tem-
peratures (>210 °C) indicates the metal-like conduction
behaviour according to the skin effect. The decreasing
value of Z’ (plateau of the curves) with temperature
indicates an increase in the value of DC conductivity
(opc) due to the generation of a large number of ther-
mally activated charge carriers at high temperatures.

At a few selected temperatures, Z” vs. w plot is
shown in Fig. 4b. At all temperatures up to a certain fre-
quency Z” remains constant. At temperatures <210 °C,
as frequency increases the value of Z” decreases sharply
and attains the lowest negative value. On the other hand,
at temperatures >210 °C, values of Z” at all frequencies
remain positive. As it is known for an alternating elec-
tric field, the change in the sign of Z” from negative to
positive with angular frequency (w) can be attributed to
the switching of the reactive elements from capacitive
to inductive. We tried to fit experimental data by con-
sidering different equivalent circuits and found that the
experimental results are in good agreement with data
generated for the equivalent circuit shown in Fig. 4c.
In Figs. 4a and 4b, the symbols are experimental data
points and lines are theoretical curves for the equivalent
circuit shown in Fig. 4c.
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Figure 4. Variation of real part of impedance Z’ (a), imaginary part of impedance Z” (b) and equivalent circuit to fit
experimental data (c)

It is discussed above that with increasing temperature
Z" changes its sign in the same manner as observed for
g, and tan ¢. It is well documented in the literature that
the permittivity of a material is strongly affected by the
reactance. The change in sign of permittivity (positive
to negative) is because of the change of the reactive el-
ement from capacitive to inductive nature. This result
confirms that the negative permittivity can be credited
to the dominance of the inductive element above a par-
ticular temperature (above 210 °C). The inductive char-
acteristic of the sample is not surprising as transition
metal Mn is present in the sample. The inductive nature
of the reactive element may arise on account of time-
varying electric field/electric current. Also, the observed
resonance-like behaviour in tand vs. temperature plots
(Fig. 4c) is a consequence of changing the reactance
from capacitive to inductive.

The presence of different components shown in the
equivalent circuit (Fig. 4c) can be justified by corre-
lating it with the composition of the sample. It is al-
ready mentioned that, in the sample, concentration of
secondary phase Sr;Mn,O,; decreases with increasing
calcination temperature and disappears only when the
powder is calcined at 1500 °C. Therefore, it is possi-
ble that the secondary phase Sr;Mn,O,; was decom-
posed and grew on the surface of the desired phase
Sr,Mn, ;Sn,, ,O,, resulting in a compositional gradient.
Particles of the synthesized sample may have two lay-
ers with different concentrations of Mn, Mn-rich and
Mn deficient (Sr,Mn, ,Sn,, ;0,). Herein, the Mn-rich re-
gion is assigned to the R, and L; (low resistive and in-
ductive) elements while the Mn-deficient to R, and L,
(high resistive inductive) elements. Constant phase ele-

186

ment (CPE) is due to the pile up of the charge carriers
at the interphase of these layers.

3.5. AC conductivity behaviour

Variations of o4¢ with 1000/T at a few selected fre-
quencies are shown in Fig. 5. Effect of frequency on
o4c conductivity is visible only at low temperatures
(below 100 °C) and high temperatures (above 400 °C).
It was observed that at low temperatures conductiv-
ity increases whereas at high temperatures it decreases
with increasing frequency. This indicates a change in the
electrical behaviour of the sample from semiconducting
to metallic.

Variation of logoc with 1000/T at intermediate
temperatures is found to be linear at all frequencies. Lin-

—s—990.70 Hz
—e— 5736.63 Hz
10301.4 Hz
—v— 49075 Hz
107113 Hz
—<— 510281 Hz
—»— 1113760 Hz

|Og Oac (Q'1 m-1 )

1 2
1000/T (K-1)

Figure 5. Variation of the logarithm of AC conductivity (o 4¢)
with the inverse of temperature at few selected frequencies
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ear behaviour in the intermediate temperature region in-
dicates that o4¢ obeys the Arrhenius relation given by:

E,

O'AC—O'oexp( kB-T) 1
where, o is the pre-exponential factor, E, is the acti-
vation energy, and kp is the Boltzmann’s constant. Ac-
tivation energy is estimated by the linear fitting of the
experimental data and its estimated value was 0.21 eV.
The bandgap of Sr,MnO, estimated experimentally us-
ing UV absorption data is 1.15eV [20]. The calculated
activation energy of electrical conduction (0.21eV) is
around 5™ (much lower) of the bandgap of material
suggesting that the conduction in the synthesized sam-
ple is not due to the excitation of electrons from the va-
lence band to the conduction band, but from the exci-
tation of an electron from energy levels created due to
defects.

IV. Conclusions

The reaction processes for the formation of
Sr,Mn, ;Sn,, ,O, were investigated by calcining a mix-
ture of the reactants between 1200-1500°C using
XRD. The reaction process for the formation of
Sr,Mn,, ;Sn,, ;O, has progressed in three stages: i) for-
mation of Sr,SnO,, Sr,MnO, and intermediate phase
Sr,Mn,O,,, ii) inter mixing of Sr,SnO, and Sr,MnO,
to form Sr,Mn;,Sn;,0, and iii) decomposition of
Sr,Mn,O, phase and dissolution into Sr,Mn,,Sn,, O,
phase. An equivalent circuit comprising two parallel
R-L elements and one constant phase element (CPE)
model fitted the impedance data very well. Analysis of
the real and imaginary parts of the impedance (Z*) has
confirmed that negative permittivity and resonance in
the tan ¢ vs. temperature plots at all frequencies are due
to changes of the reactive element’s nature from capaci-
tive to inductive. The presence of more than two compo-
nents in the equivalent circuit has confirmed composi-
tional micro inhomogeneities in the synthesized sample.
Negative permittivity and loss of the synthesized sam-
ple are comparable with other ceramic oxides showing
negative permittivity. It is concluded that very few ce-
ramic oxide systems have been investigated for negative
dielectric behaviour.
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