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ABSTRACT

In this work, the conduction mechanism in BacSr, (CrMoOs (0 <x<0.3) double perovskite has been investigated using different
techniques, such as universal dynamic response (UDR) and modulus spectroscopy. AC impedance spectroscopy has been studied in the fre-
quency range of 0.3 Hz-5MHz in a wide range of temperatures. It has been found that the conduction mechanism is thermally activated
and frequency-dependent. The impedance fitting response to the microstructure reveals that grain boundaries are more resistive and capaci-
tive than grains. Analysis of the complex modulus indicates that both short- and long-range charge carrier transport is responsible for con-
duction with non-Debye-type response in these oxides. The permittivity analysis indicates the existence of both universalities, near constant
loss and UDR. Furthermore, from the Almond West power law, hopping frequency (@.) and activation energy E; have been calculated. The
relaxation time and DC conductivity are found to obey Barton Nakajima and Namikawa’s relation. In addition, the Kramers-Kronig relation

and conductivity scaling are discussed to validate the impedance data and provide insight into the conduction processes in this mixed ionic

electronic conductor.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141080

I. INTRODUCTION

Mixed ionic electronic conductors (MIECs) are state-of-the-art
materials with the ability to conduct both matter (atoms/ions) and
electronic charges (electrons/holes). MIECs have been used for
various applications such as in batteries, sensors, catalysis, solid
oxide fuel cells (SOFCs), etc.'™* SOFCs are electrochemical conver-
sion devices that convert chemical energy directly to electrical
energy with minimum environmental impact. They consist of
mainly three components: a dense ion-conducting electrolyte and a
set of porous electronic—ionic conducting anode and cathode. The
ability of SOFCs to internal reforming of hydrocarbon-based fuels
such as syngas, biomass, and municipal biowaste along with hydro-
gen makes it more adaptable as hydrogen generally comes from
natural gas steam reforming and coal gasification.”® MIEC elec-
trodes, especially the anode, play a critical role in the internal fuel
reforming process at the anode side by providing electronic and
ionic conductivities while enhancing the catalytic surface available
for anode reactions.”

These electrodes are often composed of double perovskite
oxides.” These transition metal double perovskite oxides have the
chemical formula of A,BB'Oq, where A-atom can be alkali-earth
metals (A =Sr, Cr, Ba, La, etc.) and B and B’ are transition metals.”
The bigger A-cations are coordinated by 12 oxygen ions, and the
B/B’-atom contains oxygen octahedra (BO; or B'O; octahedra) which
can be distorted.'” There has been tremendous development in the
class of double perovskite oxide for various applications, including
electronics and magnetism.1 =" Moreover, A,BB'Og-based double
perovskites are among the most promising SOFC electrode candidates
owing to their high electronic and ionic conductivity, contamination
tolerance, catalytic activity, and stability at higher temperatures.” For
example, Lag 755195CrosMng503_s (LSCM) is one of the best-known
anode materials with excellent stability in various fuels and the ability
for methane oxidation which is comparable to the state-of-the-art
Ni/YSZ cermet. However, it has low electronic conductivity and poor
tolerance for a H,S environment.”™"” Similarly, Sr;NiMoOs_s double
perovskite has shown to be a promising SOFC anode material with a
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power density of 8199mWcm™ in a H, environment. With

LagoSrg1GagsMgp20s  (LSGM)  as  the  electrolyte  and
Bay 5S10.5C00 sFep 203 (BSCF) as the cathode and without any buffer
layer, the system did not undergo any unfavorable chemical reac-
tions."® Furthermore, rare-earth doping (La) has been shown to
enhance the conductivity and stability of the material in reducing the
atmosphere.”” But the conductivity and tolerance for sulfur and other
contaminants are still inappropriate for SOFC electrode employment.
Among the double perovskites, Mo-based materials have proven to be
highly catalytically active along with enhanced conductivity due to the
presence of Mo’*/Mo®* pairs."” Doping of Mo in PrgsBagsMnOs_s
has been shown to improve the oxygen vacancy concentration with
improved catalytic activity for H, and CH,.”

In the search for rare-earth free and cost-effective SOFC elec-
trode material, herein we report the conductivity mechanism of
chromium-based Sr,CrMoOg (SCM) double perovskite. As a versa-
tile material, SCM exhibits a wide range of properties such as giant
linear magnetoresistance, an electrocatalyst for rechargeable
lithium-air batteries, and SOFC electrodes.'”'**'*** Bonilla et al.
were the first to perform density functional theory (DFT) calcula-
tions to analyze its electronic structure and they showed the half-
metallic behavior of SCM.” In the current study, Ba-doped SCM,
Ba,Sr, yCrMoQOg with different compositions (0 <x<0.3) were
synthesized using the solid-state reaction method. Its microstruc-
tural and electrical properties have been investigated using x-ray
diffraction (XRD) analysis, field emission scanning electron micros-
copy (FESEM), and electrochemical impedance spectroscopy (EIS).
EIS is an excellent non-destructive technique to examine the fre-
quency and temperature dependence of the conductivity of poly-
crystalline ceramics, polymers, glasses, etc.”*”?° In this study, it has
been used to compare the polarization resistance and performance
of electrode materials. Furthermore, in order to gain insight into
the charge transport mechanism of these double perovskites, we
adopted various techniques such as AC conductivity analysis using
the Almond-West (AW) power law,”” complex permittivity,” and
complex modulus formalism.”’ Likewise, the Barton,”’ Nakajima,31
and Namikawa®> (BNN) relation and Kramers Kronig transforma-
tion” (KKT) were examined to verify the analysis of impedance
data. The scaling behavior was further analyzed with the time-
temperature superposition principle (TTSP) of ac conductivity.”*

Il. EXPERIMENTAL PROCEDURE

Polycrystalline samples were synthesized via a conventional
solid-state reaction route. Starting reagents SrCO; (Sigma
Aldrich > 99.9%), MoO; (Sigma Aldrich >99.9%), Cr,O; (Sigma
Aldrich > 99.9%), and BaCO; (Sigma Aldrich >99.9%) were taken.
Stochiometric amounts of raw reagents were mixed using ball milling
with zirconia balls. The obtained power was calcined at 1673 K for
10h in the H, atmosphere. Again, calcined powders were ball milled
in an alcohol medium using zirconia balls in a planetary micromill
(Fritsch”, PULVERISETTE 7 premium Line, Germany). Cylindrical
samples (~1.5x 15 mm?) were prepared by uniaxial pressing and
then compacted pellets were sintered at 1773K for 16h in the H, envi-
ronment. Room temperature x-ray diffraction (XRD) was used for
phase analysis using the PANalytical XPert diffractometer.
Furthermore, background correction, thermal parameters, and
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pseudo-Voigt profiles were performed on XRD data by Rietveld
refinement using Fullprof software.” A microstructure study was per-
formed using FESEM (Carl Zeiss NTS GmbH, EV050, Germany).
Finally, AC impedance measurement was performed via an imped-
ance analyzer (Solartron 1260 A, UK) with a 1286 Solartron electro-
chemical system. Complex impedance was studied from 0.3 Hz to
5 MHz with an applied AC amplitude of 500 mV in an 85% H, and a
15% N, environment. Electrochemical testing was performed in a ver-
tical furnace where the samples were placed between spring-loaded
alumina plates. A platinum plate was used as the electrode for current
collection with every 50 °C temperature difference during the cooling
cycle. Before testing, the samples were coated with a platinum paste
and baked at 900 °C for 1h in the H, environment. The samples were
named SCM, 1BSCM, and 3BSCM for the composition
Ba,Sr,_xCrMoQOg, where x=0, 0.1, and 0.3, which correspond to
Sr, CrMoOg, Bag 1Sr1.9 CrMoOg, and Bag 3Sr; ; CrMoOg, respectively.

The AC response of the samples was studied in a complex
impedance plot. These responses can be further formulated in four
fundamental parameters, which are complex admittance (Y*),
complex impedance (Z*), complex modulus (M*), and complex
permittivity (€°). They are expressed as’>*’

« (A\ . A 1 *
Y:(H)G =30 +0") =7 =joCe, M

7 =7 +jz", (2)
M* = () =juCyZ =M +jM’, 3)

g =¢ +je’, (4)

where Z' and Z" are the real and imaginary parts of complex
impedance, respectively. Similarly, M’, M, &/, and &” are the real
and imaginary parts of complex modulus and complex permittivity,
respectively. ® is the angular frequency in rad/s, Cy (=g9%) is
vacuum capacitance, €9 = 8.854 x 1072 F/m, andj = v—=1. A and
d represent the area and thickness of the sample, respectively.

I1l. RESULT AND DISCUSSION
A. Structural and microstructure analysis
1. X-ray diffraction analysis

After sintering the samples, XRD was employed to confirm
phase purity and crystal structure. Figure 1 shows the XRD pattern
of samples wherein no impurity peak was found for IBSCM and
3BSCM. However, a small impurity phase around 40.8° was
observed for pure SCM, which may be due to the Sr,CrO, phase.
The absence of a secondary phase indicates the formation of a
single-phase solid solution of Ba-doped Sr,CrMoOs double perov-
skite, as shown schematically in Fig. 1(a). Moreover, Rietveld
refinement was performed to ascertain crystallographic informa-
tion, such as lattice parameters and space groups of different
samples. All the XRD data were fitted with Pm3m space group with
a very low y? value showing excellent fitting, as shown in Table 1.
The pure SCM sample shows the least lattice parameter of 3.92 A.
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FIG. 1. (a) Schematic showing the crystallographic projection of Ba, Sr,_, CrMoOg double perovskite, (b) XRD of Ba, Sr,_x CrMoOg (x=0.0, 0.1 and 0.3), and (c)

Rietveld refinement fitted XRD pattern of Bag 1Sr1 ¢ CrMoOg sample.

The addition of a larger Ba atom (ionic radius = 1.61 A) compared
to Sr (ionic radius = 1.44 A) resulted in an increased lattice parame-
ter as compared to pure SCM.

2. Field emission scanning electron microscopy
(FESEM)

Figure 2 shows the FESEM image of BaySr,_xCrMoOg
samples of different compositions. The microstructure obtained
had good porosity for x=0.0, 0.1, and 0.3. The grains were pre-
dominantly spherical in shape, and the average grain size was cal-
culated using ImageJ software.”® The averaged grain size for SCM,
1BSCM, and 3BSCM were found to be 1.19, 1.05, and 1.03 um,
respectively. It can be seen that Ba-doping led to a decrease in the
grain size of SCM.

B. Complex electrochemical impedance spectroscopy
(EIS)

Impedance spectroscopy is a non-destructive electrochemical
technique that is generally employed to understand the electrical

properties of ceramics, polymers, batteries, corrosion behavior,
etc.”” EIS utilizes a low-amplitude AC signal over a frequency range
and measures its electrical response in a wide frequency spectrum.

Electrochemical systems are studies in analogs to an electrical ¢

circuit in which resistors, capacitors, inductors, etc., are designated
to understand the underlying mechanisms.

Figure 3(d) represents the Nyquist plot at 773 K for all samples
for which EIS Spectrum Analyser software was used for fitting the
impedance data.’” The Nyquist data were divided into three regions
in which the high-frequency (>10°Hz), medium-frequency
(<10° Hz), and low-frequency (<10° Hz) responses were assigned as
a contribution from grain, grain boundary, and electrode polariza-
tion.”” The data were fitted with the (L)-(Rg, CPE,)-(Rg,, CPEgp)

model, where L, Ry, and Ry, represent inductor, grain, and grain |

boundary resistance, respectively. CPE stands for constant phase ele-
ments and represents non-ideal capacitors which account for non-

homogeneity in the system. Capacitance (Cy and Cg,) from CPE is -

calculated using C = (R'™" x Q)U", where Q and n are parameters
of the CPE elements.”’ The grain boundaries (~107'°F) are found
to be more capacitive than grains (~107"' F) for every compositions

TABLE I. Lattice parameter and x? value from Rietveld refinement and the average grain size of Ba,Sr,_,CrMoOg (x = 0.0, 0.1, and 0.3) samples.

Compositions Lattice parameter (A) R, Rup Rexp R¢ x? Avg. grain size (um)
Sr,CrMoOQOg 3.9213 26.3 26.6 18.96 10.9 1.97 1.19
Bag,; St oCrMoOg 3.9337 21.2 21.8 16.02 9.06 1.84 1.05
Bay 351, ,CrMoOg 3.9336 18.7 20.7 15.48 8.74 1.78 1.03
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FIG. 2. Microstructure of the fracture surface of Ba,Sr,_xCrMoOg (BSCM) double perovskite for (a) x =0, (b) x=0.1, and (c) x = 0.3 compositions, respectively.
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FIG. 3. Arrhenius plot of conductivity vs 1000/T for (a) SCM, (b) 1BSCM, and (c) 3BSCM; (d) electrochemical impedance data fitting at 773 K of BSCM samples.

J. Appl. Phys. 133, 164104 (2023); doi: 10.1063/5.0141080 133, 164104-4
Published under an exclusive license by AIP Publishing


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

ARTICLE scitation.org/journalljap

TABLE II. Obtained grain and grain boundary conductivities for different samples at 773 K.

SCM (x10> mSem™)

1BSCM (x10>mScm™})

3BSCM (x10™> mS cm™)

Oy Ogb Og

Ogb Og Ogb

7.04£0.14 3.09 +£0.06 104.17 +2.08

7194+ 14 33.33 £0.66 4.4+0.088

at all temperatures under investigation. It was found that with
increasing temperature, the arc of the Nyquist plot decreases,
showing an increase in conductivity. The relation between imped-
ance, capacitance, and resistance can be given as

R, Rg

T 1+ (@RC)? | 1+ (@RwCy)®

4

©)

wR,C Ry, C,
7" =Ry [—5E ) 4Ry —2E ) (6)
1+ (0R,C,) 1+ (@RwCep)

The conductivity of grain boundaries was found to be lower
than grains for all the compositions. Moreover, the doping of
Ba-cation enhanced the grain and grain boundary conductivity by 15

and 23 folds at 773K, respectively. The 1BSCM sample showed
maximum conductivity at all temperature ranges, but further doping
resulted in a decrease in conductivity, as shown in Table II. The
enhanced electrical conductivity for 1BSCM composition can be
attributed to increased charge carrier’s mobility. The maximum grain
and grain boundary conductivity for IBSCM at 773 K was found to
be 0.10 and 0.071mScm™, respectively. However, further doping
lowers electrical conductivity, which might be attributed to enhanced
strain and polarization in the materials due to the size difference
between Sr** and Ba*? ions. This could lead to an increased barrier,
which may inhibit the conduction path and lead to the accumulation
of charge carriers in the grain and grain boundary region."' It has
been discussed in the later section in terms of Koop’s theory.

The activation energy of the grain and grain boundary was
obtained by linearly fitting the conductivity data with temperature

b c)i
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FIG. 4. Spectroscopic plot for variation in [(a)-(c)] the real part () and [(d)—(f)] imaginary part of impedance (Z”) with frequency in the temperature range of 473-773K,

respectively.
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using the Arrhenius equation, which can be given as

—E,
o = 0y exp %T)

Here, o and o are the conductivity and pre-exponential compo-
nents, E, is the activation energy, Kp is the Boltzmann constant
(8617x10°eVK™), and T is the absolute temperature.
Figures 3(a)-3(c) show the grain (Eg) and grain boundary (Eg,)
resistance of various samples using the Arrhenius plot. The grain
boundary activation energy was found to be higher than the grain
activation energy for all compositions. SCM and 3BSCM showed
maximum activation energy for the grain of about 0.307 and
0.298 eV and grain boundary of about 0.335 and 0.310 eV, respec-
tively. 1BSCM showed the minimum activation energy for the
grain and grain boundary ~0.178 and 0.195 eV, respectively.

To closely understand the relaxation process in materials,
complex impedance data were further studied carefully with fre-
quency and temperature dependence. Figures 4(a)-4(c) show the
frequency-dependent Z' in the temperature range of 473-773 K.
The Z' value was found to be decreasing after the addition of Ba. A
constant plateau trend was observed for the Z' vs frequency plot,
which shifted toward a higher frequency with increasing tempera-
ture for all cases. The plateau was found to widen with increasing
temperature, which is most prominent in x=0 and 0.3 composi-
tions. Plateau regions signify a frequency-independent pure resistive
part of the samples. The decrease in Z' with the frequency, which
eventually merges to a common line at higher frequencies, suggests
diminishing space-charge polarization at higher frequencies.””**
Moreover, Z' on the low-frequency region decreases with an
increase in temperature, showing a semiconductor-like behavior in
oxide ceramics due to the loss of oxygen or oxygen vacancy

@)

-6
m SCM
® 1BSCM
81 v 3BSCM
— Fitted
-10 4
0
N
;E 12 4
144
-16
v T v T T T T T v
1.2 1.4 1.6 1.8 2.0 2.2

1000/T (K™)

FIG. 5. Arrhenius plot for the relaxation time,=* vs 1000/T for the temperature
range of 473-773 K.
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formation in the lattice.”’ Figures 4(d)-4(f) present the frequency-
dependent Z" plot for all the samples at various temperatures. The
peaks in Z" vs frequency spectra represent a relaxation process. At
lower temperatures, the spectrum showed a single peak in the low-
frequency region, which shifted toward a higher frequency with the
rise in temperature. With the temperature rise, two peaks corre-
sponding to two relaxation processes in high- and low-frequency
regions were observed, which was most prominent in the 3BSCM
composition. Polaron formation in these double perovskite oxides
is expected since transition metals present in the system exhibit
multiple oxidation states such as Cr’*, Cr®", Mo’*, and Mo®".**
Therefore, the peak on the high-frequency side may indicate the
characterized response from localized hopping of polarons in the
grain interior between lattice sites having a characteristic timescale.
As the temperature rises, the peak moves away from the low-
frequency region, indicating a temperature-dependent phenome-
non. The response in the low-frequency range can be triggered by
the grain boundaries and electrode polarization.”> At low tempera-
tures, the grain boundary characteristic peaks are either out of the
experimental window or small enough not to be observed dis-
tinctly. In the Z” vs frequency plot, we obtained the characteristic
peak frequency or relaxation frequency f? for charge carriers
hopping. Furthermore, the relaxation time was calculated using
fie o
temperature.”’ As the relaxation phenomena of charge carriers
hopping are thermally activated, it satisfies the Arrhenius equation,
which is given as

T = rgexp%. (8)

Here, 1 is a pre-exponential constant, T is absolute temperature, ;

Kg is the Boltzmann constant, and E? is the activation energy for

the relaxation mechanism. The obtained slope from fitting the plot ¢

between 7° as a function of the inverse of temperature (1000/T)
provides the EZ value, as shown in Fig. 5.

C. Electric modulus formalism

The formalization of electric modulus spectroscopy was ini-
tially suggested by Macedo et al., which is defined as the inverse of
complex dielectric permittivity, "’

e/l(a))
£2%(w) + £%(w)

-~ B £ () )
M) === £%(w) + £€%(w) ti

= M (o) + iM (o).

&)

This approach is convenient for analyzing different relaxation
mechanisms in a polycrystalline material. When using M* (M" vs
frequency), the peak values are proportional to the reciprocal of
capacitance; therefore, low capacitance processes are accentuated.
Consequently, the grain effects in the polycrystalline materials are
magnified in the modulus plot, as we have shown in Sec. III B that
grain boundaries are more capacitive than grains. On the other
hand, in impedance formalism (Z” vs frequency), greater resistive
processes are amplified, which means that the grain boundary
effects are accentuated.”® Therefore, the impedance spectra of the

which was found to be decreasing with increasing :

1pd080L71L0°S™ L #0L+91/59Z¥60.1/080L1L0°G/E901 01/10p/spd-sjonie/del/die/bio-diesqndj/:dny woy pepeojumoq

J. Appl. Phys. 133, 164104 (2023); doi: 10.1063/5.0141080
Published under an exclusive license by AIP Publishing

133, 164104-6


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

1.75

ARTICLE scitation.org/journalljap

1BSCM
b) 4, 38SCM (c)
1.25 4
1.00
0.75 -
0.50 |
0.25 -
. 0.00 i " T g
10° 10' 10* 10° 10* 10° 10° 10° 10' 10? 10° 10* 10° 10° 10° 10' 10° 10° 10* 10° 10°
o (rad/s) o (rad/s) o (rad/s)
2.5
Temp (K) (d) SCM 064 1BSCM
= 473 2]
e 523 A
204 A
v
*
154 <«
H >
=
1.0 4
0.5
0.0 T - f t ' 1 T T T T T T T
10° 10' 10° 10° 10* 10° 10° 10° 10’ 10* 10° 10* 10° 10° 10° 10’ 10* 10° 10* 10° 10°
o (rad/s) o (rad/s) o (rad/s)

FIG. 6. The variation of [(a)—(c)] the real and [(d)—(f)] imaginary parts of the electric modulus with frequency for the temperature range of 473-773 K.

polycrystalline materials reveal the non-localized long-range con-
duction activity, whereas the modulus spectra reveal the localized
relaxation process.”® Consequently, the combination of impedance
and modulus formalisms is vastly used to distinguish the grain and
grain boundary effects and to analyze the various microscopic pro-
cesses occurring inside a polycrystalline material.””>***" In terms of
the resistance and capacitance of the grain and grain boundaries,
the real and imaginary modulus can be written as

C R,C,)* C R Cop)?

_ G (‘"gig)z el (“’Lﬂ’)z — G2, (10)
Co |1+ (@R,Cp)* | Cgy |14 (@R, Cy)

n_ G &82 Co chbz — iwCyZ. (11)
Co |14 @R, C)?| " Cov |1+ (@R,Cy)

Figure (6) represents frequency-dependent complex modulus
spectra for temperatures range of 473-773 K. The M" formalism is
an excellent tool for polycrystalline ceramic materials to probe the
electrical charge transport phenomena such as charge carriers or
ions’ hopping mechanisms.”” Figures 6(a)-6(c) show the variation
of M’ with frequency and temperature, which shows that in

low-frequency regions, the M’ value becomes very small and cons-
tant. The M’ value increases with an increase in frequency, and it
decreases with a temperature rise. While increasing with frequency,
a dispersive region can be observed, which becomes nearly asymp-
totic or saturates at high frequencies with the value of M
(Mo = 1/£s)."” The dispersion phenomena seen on the high-
frequency side of the spectrum suggest the presence of charge carri-
ers with a limited range of mobility due to rapidly changing electric
fields, which could take place in the grain or bulk of the material.
In Figs. 6(d)-6(f), strong peaks of M” were observed in the
experimental temperature range, which shifted toward higher fre-
quencies with temperature rise. We assigned these peaks to grain
relaxation peaks with smaller capacitance. Simultaneously, grain
boundary relaxation peaks with much greater capacitance were sup-
pressed, which are, in general, anticipated to be much weaker in
peak strength than grain. The nature of M” spectra was found to be
asymmetric about the peak for all temperature ranges, and the
response can be categorized into two parts: high- and low-
frequency response. The low-frequency response region, which
comes before the peak maxima, indicates the presence of long-
range mobility of charge carriers. In comparison, the high-
frequency response region, which comes after the peak maxima,
demonstrates that the charge carriers are rather confined in a
potential well, and the mobility is restricted to a short range. The
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FIG. 7. (a)-(c) The normalized Z” and M” vs frequency plot for BSCM double perovskite.

peak area represents the transition from long-range to short-range
charge carrier transport.S()

So far, it has been established that there is a presence of both
long- and short-range motion of charge carriers with departure
from the Debye-type mechanism. Furthermore, the normalized Z”
and M" plots are employed to confirm these arguments, as shown
in Figs. 7(a)-7(c). The peaks of Z"/Z"\jox and M"/M" 1., do not
coincide, suggesting that the behavior is the non-Debye type and
that both long- and short-range transport of charge carriers are
contributing to the conduction process.”” In addition, both peaks

tend to come closer with the temperature rise, suggesting that with
increasing temperature, the long-range motion of the charge carrier
dominates. This is expected as additional thermal energy to the
lattice will promote the mobilization or hopping of charge carriers.

D. Permittivity formalism

The complex dielectric study has often been used to study ioni-
cally conducting and disordered materials, e.g,, polymers, melts, amor-
phous semiconductors, and doped crystals.”' > The complex dielectric
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FIG. 8. The frequency-dependent [(a)—(c)] real and [(d)—(f)] imaginary parts of permittivity spectra for the temperature range of 473-773 K.
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can be written as Eq. (4), and the loss tangent is given as

/!

£
tand = —.
8’

(12)
The real (¢/) and imaginary (¢”) parts of complex permittivity
are related to impedance values as

1 z" 1 7!
- (Z, . Z,,) »” (Z, Z Z,,) (13)

Figures 8(a)-8(c) and 8(d)-8(f) show the frequency-dependent real
and imaginary dielectric spectra at different temperatures. It was observed
that at a temperature below 623K, £” and &' become very small and
weakly dependent on frequency. It can be visualized as if the dielectric
loss £” becomes nearly constant over the entire frequency range on given
temperatures. This behavior is often found in ionic melts, crystals, and
glasses, where it is referred to as the “near constant loss” (NCL).****" In
addition, the NCL is regarded as the “universal response” of material
next to the “universal dielectric response” (URD).” The genesis of NCL
is generally regarded as a particle moving in asymmetric double-well
potentials.”® The motion involved in such relaxations is highly localized,
as opposed to the dominating hopping process.

It is found that both £” and &’ increase monotonically with the rise
in temperature and decrease with the increase in frequency. Similar

ARTICLE scitation.org/journalljap

behavior has been widely reported.”>”” The phenomenon of the depen-
dence of dielectric permittivity on frequency can be explained by Koop’s
theory for inhomogeneous systems.” This model suggests that the inho-
mogeneous system consists of two Maxwell-Wagner-type layers in which
the conducting regions are separated by non-conducting layers that repre-
sent grains and grain boundaries, respectively. The ions and electrons
approach the grain boundary by hopping through the grain, and if the
resistance of the grain boundary is high enough, they start accumulating
on the grain boundary. This gives rise to polarization in the region, and
the grain boundary becomes even more resistive and capacitive.”
Consequently, both £” and &' increases manifold with the rise in temper-
ature at low frequencies. However, as the frequency increases, £” and &’
decreases, which can be explained as that the charge carriers move more
rapidly about their equilibrium position as opposed to traveling greater
distances. This reduces their probability of reaching the grain boundary,
resulting in a fall in dielectric permittivity and loss.”

E. AC conductivity study
The conductivity of samples was obtained from impedance
data using Eq. (14),
’ & Z/ d Z/
o= 2 . 14
T (14)

Z 7" T 7"
The conductivity in ceramics is dependent on the nature of
the grain and grain boundary. We also found in this study that the
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FIG. 9. (a)—(c) The Almond West fitting of ac conductivity data and (d)-(f) the Arrhenius plot between conductivity relaxation and inverse of temperature.

1pd080L71L0°S™ L #0L+91/59Z¥60.1/080L1L0°G/E901 01/10p/spd-sjonie/del/die/bio-diesqndj/:dny woy pepeojumoq

J. Appl. Phys. 133, 164104 (2023); doi: 10.1063/5.0141080
Published under an exclusive license by AIP Publishing

133, 164104-9


https://aip.scitation.org/journal/jap

Journal of

Applied Physics ARTICLE

scitation.org/journall/jap

TABLE lll. Obtained relaxation frequency and numerical constant p from fitting conductivity data with the AW power law.

SCM 1BSCM 3BSCM

Temp. w,x 10° 0px107° w.x10° oo x 1077 w,x10° oo x107°
(K) (rad/s) P (S/cm) (rad/s) P (S/cm) (rad/s) P (S/cm)
473 6.34+0.14 0.95+0.004 2.55%0.0 178+ 0.0 0.79+0.004 4.67+0.0 0.819+£0.0 0.83£0.0007 3.85+0.0
523 20.4 £0.691 0.92 £0.007 11+£0.0 526 0.0 0.77+0.009 16.7+0.1 10.5+£0.47 0.82 +£0.003 39.2+1.0
573 66.3+3.653 091+0.009 414+1.0 1000+ 0.0 0.73+0.01 41.3+0.15 18.2 £0.40 0.79 £ 0.003 71.7 £ 0.65
623 242 +£8.658 0.81+£0.01 248 +£2.69 1280+0.0 0.84+0.02 53.6 £0.31 67+0.96 0.81+0.004 235+ 1.0
673 405+9.577  0.79 £0.008 439+2.70 2340+£0.0 0.72+0 98 +£0.22 207 +4.57 0.78+0.014 674 +3.74
723 894 +3.574 0.8 £0.003 832+0.82 4460+0.0 0.63+0.01 200 +£0.57 470 +7.06 0.77 £0.015 1350 £ 4.87
773 2470 £30.568 0.8 £0.01 2100+3.93 8690+0.0 0.72+0.009 400+ 0.65 1590 £35.84 0.75+0.02 4090 £ 19.1

grain boundaries are more resistive than grains and they work as
an insulating barrier around grains. The study of ac conductivity is
a well-established method for investigating the charge transport
mechanism. It generally shows a dispersive conductivity behavior,
i.e.,, frequency-dependent conductivity. The universal power law for
dielectric materials, also known as the universal dielectric response
(UDR),°*! is the equation that best represents the frequency
dependence of conductivity, as given in Eq. (15),

o(w) = o(0) + Aw". (15)

Here, o(0) = lin}) o(w) is called DC conductivity, A is a
w—

temperature-dependent constant, and if # lies between 0 <n <1, it
is regarded as a UDR region, as proposed by Jonscher.”’ The
second term, Aw", represents the dispersion region. As a conse-
quence of Eq. (16), the dielectric loss can be written as

" = [o(@) — 6(0)] /gp0. (16) 6
Clearly, the power law becomes invalid as » — 0.”° Almond H SCM
and West (AW) derived a more convenient formalism that not just 84 : 1BSCM
describes UDR behavior but also incorporates hopping frequency 3_BSCM
.. The relation®>®” is given by Eq. (20), Fitted
10 -
o\ ™
o(w) = o(0)[1 + (w7)’] = o(0) [1 + (—) }, (17) )
e £ 12
where 7. is called the conductivity relaxation time, with the
assumption that . = 7!, and p is a numerical constant of order 14
one.
TABLE IV. Activation energy obtained from different formalisms. =465

Composition/activation

Figures 9(a)-9(c) show the frequency-dependent conductivity
for the temperature range of 473-773 K. The obtained curve can be
divided into three regions. First is the plateau in the low-frequency
region representing DC conductivity which is thermally activated
and increases with temperature. The origin of o(0) is mainly by the
long-distance mobility of ionic particles. The second region repre-
sents dispersion with onset at the crossover frequency o..
Eventually, the curve becomes linear, indicating the third region.
The ac conductivity data have fitted with the AW power law in
which the value of ¢(0), exponent p, and hopping or crossover fre-
quency o, were extracted. o(0) and p were found to increase with
temperature rise. The obtained values of ¢(0), p, and @, are listed
in Table III. As DC conductivity is thermally activated, at higher
temperatures, it becomes dominant, suggesting the delocalization
of charge carriers in the grain and grain boundary region.” @, was
observed to increase monotonically with temperature, ie., o,

T
-20

energy (eV) SCM 1BSCM 3BSCM
& Inc,, (S/cm)
AW formalism 0.617+0.02 0.378+0.02 0.742+0.04
NyqulsF fitting 0.617£0.02  0.373£0.02 0.633+0.02 FIG. 10. The plot between In(z) and In oy that shows the BNN relation for
Relaxation phenomena  0.724£0.03 0.443£0.03 0.663 +0.03 various samples.
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FIG. 11. The conductivity time-temperature superposition (TTSP) scaling behavior of (a) SCM, (b) 1BSCM, and (c) 3BSCM.

(. = 1/w.) is temperature-dependent. The temperature-dependent
relaxation time can be given by the following Arrhenius Eq. (18):

E
T = Toexp (ﬁ)

Figures 9(d)-9(f) show the plot between In(z.) and 1000/T.
Their slope gives the activation energy, E¢.

Conductivity is found to increase with Ba-doping in SCM
composition and a decrease in activation energy is simultaneously
observed. The activation energy obtained for IBSCM was found to
be lower than SCM and 3BSCM for all formalisms. However, for
the SCM and 3BSCM composition, the activation energy was
found to be nearly the same. The error in values can originate from
errors in fitting, overestimating, or underestimating the activation
energy. Nevertheless, the activation energy obtained from AW for-
malism [Eq. (18)], relaxation of the hopping mechanism [Eq. (8)],
and Nyquist fitting [Eq. (7)] are close to each other, which suggests

(18)

that the same charge carriers are responsible for the relaxation and
conduction mechanism in the material."' Table IV shows the
obtained values of activation energy from these formalisms.

F. BNN relation

Barton,”’ Nakajima,”' and Namikawa’* (BNN) gave an empir-
ical relation between DC conductivity ¢(0) and hopping frequency
o, which is given by Eq. (19),

0(0) = peoyAcw. = o(0) o< w,, (19)
where Ae = &) — €« is the relaxation strength. Equation (19) is
regarded as the BNN relation.”” It suggests that the hopping fre-
quency is proportional to the DC conductivity and has the same
activation energy.”* When working with disordered substances
with high carrier concentrations, the BNN relation might be useful.
This relation follows in most disordered solids where migrating
charge carriers dominate than dipolar loss, which is also of interest
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FIG. 12. Kramers—Kronig analysis of BSCM double perovskites at (a) 473 and (b) 623 K.
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here.”” Figure 10 shows the BNN plot between In(z) and In 4, the
straight line indicates that this relation is followed, and migration
type charge transport is dominated in the materials.

G. Scaling of AC conductivity and time-temperature
superposition theorem (TTSP)

Scaling of acquired distinct physical data sets by a certain
parameter is an effective method for separating diverse common
processes by collapsing them into a single master curve, indepen-
dent of their composition or any short- or long-range interac-
tions.””*® As demonstrated in AC conductivity analysis, the
crossover frequency increases or shifts to a higher frequency as the
temperature rises, completely separating the DC and dispersion
regions. It shows that it is possible to scale the conductivity with
DC conductivity and the crossover frequency. There have been
several approaches reported on the scaling of conductivity. For
example, Roling et al. have proposed the scaling of conductivity by
using o4 T as a scaling factor.”” He also incorporated the mole
fraction, x, into the scaling factor ¢4 T/x when dealing with various
compositions. Later, Sidebottom et al. showed the fallacy of the
earlier approach and proposed a modified scaling factor og/gpAe.”
Ghosh and Pan et al. have presented a rigorous discussion on con-
ductivity scaling in ionic solids.”* They have demonstrated that
scaling with a crossover frequency of the frequency axis is a better
approach as the crossover frequency is not restricted to a composi-
tion range or types of material. Therefore, the scaling of conductiv-
ity across the non-NCL region can be given as

()

— =F(—),

Odc ¢
where F is a temperature-independent scaling function. ¢’ is the
real part of complex conductivity 6" and o is the DC conductiv-
ity. w and @, are the angular frequency and crossover frequency,
respectively. It was observed that the scaling of conductivity in the
low-frequency region lies nearly on a single curve, as shown in
Fig. 11. However, a dispersion can also be observed toward the
higher frequency that deviates from collapsing to a single curve. As
the form of the curve does not change but merely shifts with tem-
perature, it justifies the time-temperature superposition
theorem.” %

(20)

H. Kramers Kronig transformation (KKT)

As discussed earlier, £ and €” decrease rapidly with a lower-
ing in temperature and becomes nearly constant at lower tempera-
tures, i.e., from the UDR to NCL, behavior begins to dominate.
From the Kramers Kronig formalism, £’ is related to the real part
of conductivity o’ by the relation £'f = Bf™.

Therefore, it can be rewritten as”’"®’

g =B, (21)
where f represents frequency and B is a constant. The exponent m
is obtained from the slope between the log-log plot of £'f and f.
Figures 12(a) and 2(b) show the KKT plot at low temperature
(473 K) and high temperature (623 K), respectively. The graphs
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obtained are nearly linear at both temperatures. Interestingly, it was
found that the value of m obeys a decreasing trend with tempera-
ture rise. The valuable of m lies between 0.84 and 0.90 at a lower
temperature which decreases to 0.70-0.82 at a higher temperature.
It confirms our earlier observations that the behavior at low tem-
peratures is of the NCL type, which transforms to URD with the
temperature rise.

IV. CONCLUSION

In summary, we investigated the charge transport mechanism
in Ba-doped Sr,CrMoOs double perovskites using impedance,
dielectric, and modulus spectroscopy. The impedance analysis
revealed an increase in the conductivity of SCM after Ba-doping.
Furthermore, the Nyquist fitting showed that the grain and grain
boundary resistivity decreased with increasing temperature. The
maximum grain and grain boundary conductivity obtained was 0.1
and 0.07mScm™' at 773K, respectively, for Ba,Sr, ,CrMoOg
(x=0.1) composition. The conductivity data were examined with
the AW power law which suggests the presence of the hopping
mechanism of charge carriers and relaxation follows the
temperature-dependent Arrhenius behavior. Furthermore, both
long- and short-range charge carrier transport contributed to the
conduction process. The normalized Z” and M” spectra revealed a
non-Debye-type relaxation. The scaling behavior of conductivity
was examined, which lies on a single master curve and obeys TTSP.
The Kramers-Kronig analysis further validated the impedance
data.
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