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Abstract

Multifunctionalities of double perovskites depend strictly on the 3d/4d/5d-transition metals that can be purposefully tuned by
doping effect at the transition metal-site. In the present study, the effects of Ni doping at the Co-site on the dielectric, magne-
todielectric, complex impedance, complex modulus and ac-conductivity are investigated in detail for the La,Co,_,Ni,MnOq
(x=0, 0.1, 0.5) double perovskites. At room temperature, all the compounds exhibited monoclinic crystal symmetry (space
group P2,/n). No structural phase transition and/or impurity phases were observed after doping. The dielectric behavior is
investigated over a wide frequency (100-1 MHz) and temperature (100-300 K) ranges, revealing an enhancement in the
dielectric constant for the doped samples compared to parent La,CoMnO,. The magnetodielectric effect is also observed for
x=0and x=0.1 samples under 3 T magnetic field. The contributions of grain and grain boundaries at high and low frequen-
cies become evident from the complex impedance spectroscopic and modulus studies. The corresponding carrier activation
energies for all the samples are estimated from the Arrhenius fittings. The Nyquist plots are fitted well with an equivalent
circuit consisting of two parallel resistance—capacitance elements connected in series, representing the grain and grain bound-
ary effects. The behaviour of the temperature-dependent unitless exponent function predicts the Overlapping Large Polaron
Tunneling mechanism in the parent system, while the non-overlapping Small Polaron Tunneling model best describes the
doped x=0.5 system. We confirmed by dc-conductivity study that the samples exhibited semiconductor-like nature in a wide
temperature range. By revealing the dielectric, impedance and conductivity behaviours of Ni-doped La,CoMnOg, our study
broadens the scope of further research on the doping effect at transition metal-sites in perovskites.
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1 Introduction occur close to room temperature [1, 2]. Furthermore, these

materials become more attractive when such effects are pur-

Dielectric materials, whose dielectric properties depend on
poor conductivity and electrical polarization, are suitable
for practical device applications, when dielectric effects
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posefully tuned by external stimuli, such as electric/mag-
netic fields or doping. However, these materials are rare in
practice [3, 4]. Among these existing rare materials, double
perovskite (DP) systems are promising candidates to fulfil
the deficiency in this research area.

Moreover, DPs have been the subject of significant
research interest for nearly three decades. These are min-
eral oxide systems with the formula A,BB'Og, where A
is a lanthanide (A =La, Sm, Gd) element and B and B’
are 3d/4d/5d transition metal (B/B’ = Co, Cr, Mn, Ni) ele-
ments. Recent years have seen an enormous rise in the
investigation of numerous exciting and stimulating physi-
cal properties of various such three-dimensional (3D) DPs
[5-8]. Such systems have proven to be desirable candi-
dates for applications related to piezoelectric actuators,
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transducers, sensors, half-metallics and photocatalytic
activity, thus demanding significant research attention
[9-12].

Extensive literature has been published on Ln,CoMnOg
DPs based on the lanthanide series (Ln=Sm, La, Y, Gd) [13,
14]. One such interesting DPs from this family, La,CoMnOg
(LCMO), has significant technological contributions; and
has been extensively studied by researchers due to its low
cost and unique electric dipolar orderings, electrical and
magnetic properties [6, 14—17]. It has been reported that the
LCMO system has, in addition to its insulating behaviour,
a ferromagnetic ordering temperature of ~225 K [18]. This
system exhibits suitable dielectric and magnetodielectric
properties in several structures, such as thin films, single
crystals and polycrystalline forms [19, 20]. The dielectric
behaviour of LCMO was in focus of several research groups
due to its high scientific and technological importance [21].

In addition, numerous researchers have focused on
exploring the dielectric, magneto-dielectric, complex
impedance spectroscopic, and ac-conductivity behavior of
3d transition metals (Mn, Fe, Co, Ni, Cr) doped at the B site
of single and double perovskite systems [22, 23]. Attempts
have been made to modulate the B-site cation ordering and
thus tune the physical properties of LCMO. Among the mag-
netic metals, Ni is a crucial dopant which, when doped at
the B-site, may aid in tuning the bond angles (B—O—B’) and
bond lengths (B—O, B'—0) so that it may help to achieve
unique spontaneous magnetic and electric dipolar properties
due to changes in the band structure [24, 25]. Doping-driven
B-site disorder may also help to modulate the grain and grain
boundary effects. Different relaxation processes have been
observed in perovskite ceramics, resulting from the various
defects/oxygen vacancies due to doping effects [26, 27]. An
extensive literature survey shows that no systematic research
has been carried out to date that investigated Ni-doping at
the Co site of LCMO. We chose Ni doping at the Co site,
because individually, they exhibit interesting dielectric prop-
erties when interacting with Mn ions [5, 14, 15]. Therefore,
it is important to study partial doping effect by Ni at Co site
on dielectric properties in such DPs.

In this work, we have focused on the effects of the sub-
stitution of Ni ions (10% and 50%) at the 100% Co ion site
on the structural, dielectric, magnetodielectric, modulus, ac-
conductivity, and complex impedance properties in LCMO
and their comparative analysis over broad temperature and
frequency ranges. The dielectric and impedance proper-
ties show improvement with Ni doping compared to parent
LCMO. We discuss the essential role played by the doping
in the form of disorder/defects in interrelating these dielec-
tric properties. We confirmed that grain and grain boundary
effects also play a crucial role for these diverse properties.
This offers an interesting way to engineer dielectric systems
for better performance.

@ Springer

2 Experimental details

The polycrystalline La,Co;_ Ni MnOg (x=0 (LCMO),
x=0.1 (LCNMO_0.1, 0.9), x=0.5 (LCNMO_0.5, 0.5))
samples are synthesized by the standard sol-gel syn-
thesis method from stoichiometric mixture, where high
purity chemical reagents La,O5 (Sigma-Aldrich, >99.9%)
Co(NO;),.6H,0 (Merck, >98.0%), Ni(NO;),.6H,O
(Loba, > 98.0%) and (CH;COO),Mn«4H,0
(Merck, > 99.5%) were used as the primary raw materials
[14]. A stoichiometric amount of La,05 is dissolved in
HNO;, forming La(NO;); with the subsequent dissolution
of other stoichiometric compounds in deionized water to
get clear solutions. Next, all the solutions are mixed by
continuous stirring and citric acid C4gHgO+H,O is added
as a chelating agent to ensure that the total volume of
solution ratio results in 1:1.5, making a viscous solution.
Finally, this clear solution is heated at a temperature of
150 °C for 72 h with the help of a microprocessor-con-
trolled hot plate. The obtained precursor is then calcinated
at 1200 °C for 10 h to reach bulk polycrystalline powder.
This calcined powder is then pelletized utilizing a hydrau-
lic pressure and is sintered at 1250 °C for 6 h.

We performed the phase analysis of the samples with a
Bruker powder X-ray Diffractometer (XRD) with Cu-Ka
radiation (4 =1.542 z&), and a Merlin FESEM microscope
was used to estimate the grain size. Dielectric, magnetodi-
electric and impedance measurements are carried out with
a Hioki LCR HiTester 3532-50 impedance analyser meter
for a temperature range of 100-300 K at various frequen-
cies mentioned below.

3 Results and discussion
3.1 Structural characterization

In Fig. la—c, we show the room temperature X-ray dif-
fraction (HR-XRD) data of the LCMO, LCNMO_0.1,0.9,
and LCNMO_0.5,0.5 samples, which clearly show the
perovskite type structure and polycrystalline nature of the
samples. The observed XRD peaks are sharp, suggesting
that our systems are polycrystalline bulk [28]. For the
structural information, Rietveld refinements are performed
with FULLPROF software, which affirms a single pure
phase for all our synthesized samples. The X-ray diffrac-
tion peaks of all the samples correspond to the monoclinic
crystal structure, and the refinement data appropriately
fits the P2,/n space group. This observation is in agree-
ment with the results published earlier [14]. The refined
structural parameters, such as cell parameters and unit
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Fig. 1 Rietveld refinement of XRD data collected at RT for a LCMO,
b LCNMO_0.1, 0.9 and ¢ LCNMO_0.5, 0.5 samples and the insets
of the respective figures illustrates the local unit cell of correspond-

Table 1 Refined structural parameters after Rietveld refinement for
HRXRD data for La,Co; Ni MnOg (x=0.0, 0.1, 0.5) double perovs-
kite systems at room temperature

ing crystal structure. The SEM micrograph images and the insets
show histograms of grain size obtained from SEM micrographs for d
LCMO, e LCNMO_0.1, 0.9 and f LCNMO_0.5, 0.5 samples

Table 2 Bond distances and bond angles for La,Co, ,Ni MnO¢ (x=0,
0.1, 0.5) double perovskite systems at room temperature

X 0 0.1 0.5

Phase (space Monoclinic Monoclinic Monoclinic
group) (P2,/n) (P2,/n) (P2,/n)

t 0.833 0.830 0.822

a(d) 5.498 (9) 5.504 (9) 5.497 (4)

b(A) 5.494 (4) 5.485 (4) 5.477 (2)

c(A) 7.789 (2) 7.795 (3) 7.783 (6)

pe 89.66(8) 89.70 (9) 89.70 (6)

V (A% 235.33 (6) 23539 (2) 234.36 (8)

X’ 1.27 1.40 1.46

X 0 0.1 0.5
Mn-O1(A) 1.951 1.844 2.145
Mn-02(A) 1.790 1.863 1.918
Mn-03(A) 1.923 1.872 1.936
Ni/Co-O1(A) 1.994 2.115 1.811
Ni/Co-02(A) 2.138 2.085 2.063
Ni/Co-03(A) 2.009 2.065 1.888
Mn-O1-Co/Ni 160.159° 157.724° 157.221°
Mn-02-Co/Ni 163.158° 159.375° 154.044°
Mn-03-Co/Ni 164.003° 163.659° 158.891°

cell volumes, obtained for all studied samples, are listed
in Table 1. Interestingly, it is observed that the unit cell
volume of LCNMO_0.1, 0.9 is higher than the unit cell
volume of LCMO and LCNMO_0.5,0.5. Since, Ni%* ions
have smaller ionic radii than Co?* ions, it is normal for
the unit cell volume to decrease with doping. However,
this is not the case for our LCNMO_0.1,0.9 sample. This
increase in unit cell volume may be attributed to the pres-
ence of oxygen vacancies in the LCNMO_O0.1, 0.9 sample
[29]. From Table 2, it is observed that the Mn-O1 and
Mn-03 bond lengths first decrease and then increase with

Ni doping, whereas the Mn—O2 bond length increases with
doping. The Ni/Co-O1, Ni/Co—02 and Ni/Co-0O3 bond
lengths follow a reverse trend. The values of the bond
angles (Mn—O—Co/Ni) also decrease with Ni doping. With
the help of the software Visualization of Electronic and
Structural Analysis (VESTA), the structural parameters
of the local environment of the octahedral coordination
of Co(Ni)/Mn ions with oxygen, bond angles and bond
lengths are obtained and are shown in Table 2. No sys-
tematic changes are obtained in the doped DPs, suggesting
that partial disorder is achieved after Ni doping. The local
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crystal structures of the respective samples are shown in
the insets of Fig. la—c, where two LaBOj; (i.e., La(Co/
Ni)O; and LaMnO;) perovskite structures are periodically
arranged uniformly to form a DP unit cell, and the (Co/Ni)
O¢ and MnOg octahedra alternate at the corners of this unit
cell. The Rietveld analysis concludes that the 3d transi-
tion metals ((Co/Ni)/Mn) can occupy specific positions,
i.e., Co/Ni occupies 2c¢ (0, ¥2, 0) and Mn occupies 2d (Y2,
0, 0) positions along all the crystallographic axis in our
samples. In addition, the literature review suggested that,
if Goldschmidt tolerance factor (¢) < 0.97, the compound
becomes either monoclinic (P2,/n) or orthorhombic [30]
and deviation from this designated value also indicates
disorder in the samples [31]. The ¢ values calculated from
formula [32]:

2(rA + rO)

r= ,
V2(rg + 1y +2r0)

are 0.833, 0.830 and 0.822 for LCMO, LCNMO_0.1,0.9 and
LCNMO_0.5,0.5 systems (where r,_rg and ry, are the ionic
radius of the A, B and B'-site cations, respectively, and rq
is the ionic radius of the anion), respectively. Therefore, all
the structural information confirms the presence of disorder
in our investigated systems.

The FESEM micrographs, as shown in Fig. 1d—f, depict
the non-uniform distribution of grains separated by grain
boundaries. As evaluated from the histograms, the average
grain size range for all of our prepared samples is between
500 and 650 nm, indicating their bulk nature.

3.2 Dielectric study

To investigate the dielectric behaviour and frequency-
dependent dielectric relaxations of the systems, the real
part of the dielectric constant (¢') is measured in the fre-
quency range of 100 Hz—1 MHz at different temperatures
from 100 K to 240 K and the plots are shown in Fig. 2a—c.
It is well-known that any dielectric material comprises
highly conducting grains and relatively poor conducting
grain-boundaries [33]. Here, the €’ value is large at low-
frequency regime. Such a large value is observed because
of the build-up of charges under the ac electric field, which
results in an interfacial polarization [34, 35]. Moreover, the
electric charges do not follow the electric field oscillations
at higher frequencies, producing decreased €' values in the

Table3 Activation  energies and  relaxation times  for

La,Co,_Ni MnO, (x=0.0, 0.1, 0.5)

X 0 0.1 0.5

E, (eV) 0.060 0.101 0.105

7, (s) 8.832x 1077 8.694x1078 7.072% 1078
5

10*
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Fig.2 Frequency-dependent &’ at different temperatures for a LCMO, b LCNMO_0.1, 0.9 and ¢ LCNMO_0.5, 0.5 samples. The frequency vari-
ation of tan § loss of d LCMO, e LCNMO_0.1, 0.9 and fLCNMO_0.5, 0.5 samples
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high-frequency range [36]. Besides, the mid-frequency and
high-frequency plateau regions in €' curves indicate that
the studied systems are electrically inhomogeneous [37]. In
addition, it suggests that only intrinsic effects are respon-
sible for the dielectric relaxation in the higher frequency
region, and the extrinsic origin of grain-boundary or Max-
well-Wagner interfacial polarization contributes to the lower
frequency regime, as suggested in refs. [38, 39]. However, in
the low-frequency regime, the €’ value rises with increasing
temperature and eventually decreases and merges at higher
frequencies.

Figure 2a-c reveals that LCNMO_0.1, 0.9 and
LCNMO_0.5, 0.5 samples show an improvement in the
value (~5653 and ~ 5000 at a frequency of 1 kHz, respec-
tively) of €' as compared to LCMO (~4222) at 240 K. This
increase in €’ may occur due to Ni-doping at the Co site,
resulting in inhomogeneity between the grain and grain
boundary regions and/or disorder in the crystal structure and/
or vacancies. The loss tangent factor is also measured for all
the systems and it is observed to decrease with increasing
frequency, as shown in Fig. 2d—f. The loss is higher in the
doped samples than in the parent compound, indicating oxy-
gen vacancy concentration increased by doping.

The real parts of the temperature-dependent dielectric
permittivity €' and loss tangent factor for different fre-
quencies (500 Hz—1 MHz) are shown in Fig. 3a—f. All the
samples show a very large value of €’ in the temperature

range of 250-300 K at lower frequencies. Interestingly, near
room temperature, LCNMO_0.1, 0.9 and LCNMO_0.5, 0.5
exhibit a large dielectric value of ~ 5826 and ~ 5821, respec-
tively, compared to parent compound LCMO (~4595) at
1 kHz. However, with decreasing temperature, the €' values
decrease and then experience a frequency-dependent sharp
drop. Again, at very low temperatures (i.e., below 50 K
for LCMO and LCNMO_0.1, 0.9), the values of &' show
evidence of saturation with no dispersion regardless of the
applied frequency. This observed behaviour is intrinsic to the
systems. The &’ value increases with increasing temperature
due to Maxwell-Wagner-type contribution to the permittiv-
ity originating from enhanced conductivity and consistent
with the frequency dependent €' [34, 40]. The high values
of ¢’ at high temperature regime and low frequencies in
LCNMO_0.1, 0.9 and LCNMO_0.5, 0.5 systems compared
to LCMO may be associated with the influence of disor-
der on the local potential fluctuations and accumulation of
more charges at the grain boundaries giving rise to higher
space charge polarization [41]. Furthermore, the tan d loss
curves (Fig. 3d—f) show broad peaks that move to higher
temperatures with frequency increase. This shift suggests a
thermally activated relaxor-like behaviour in our samples,
which may be a contribution of relaxation time crossover
associated with the grains and grain boundaries [42, 43].
In addition, the low-frequency dielectric loss in the doped
samples is little higher as compared to the parent compound.
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Fig.3 Variation of &’ with temperature at different frequencies for a LCMO, b LCNMO_0.1, 0.9 and ¢ LCNMO_0.5, 0.5 samples. Variation of
tan 6 loss with temperature at different frequencies for d LCMO, e LCNMO_0.1, 0.9 and f LCNMO_0.5, 0.5 samples
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The imaginary part of dielectric constant (¢”') has been plot-
ted as a function of temperature for all the three samples at
different frequencies (Fig. 4a—c). LCMO and LCNMO_0.1,
0.9 samples show relaxor-like behaviour around 150 K. The
relaxation peak position shifts to higher temperatures as fre-
quency increases. However, no prominent relaxation peak is
spotted for LCNMO_0.5, 0.5 sample for the given tempera-
ture range. A large separation in temperature is observed
between the tan 6 and €" peaks in Fig. 4d, e for LCMO and
LCNMO_0.1, 0.9 samples. Hence, we can say that no per-
manent dipoles exist in both the samples. This may be due
to the relaxation time crossover concerning the grain and
grain boundaries [44]. The Arrhenius relation for relaxation
mechanism is given by [45]
EE

£ £ a

€t = roexpkB—T,
where E? is the activation energy for the relaxation process
and 7 is the pre-exponential factor. By fitting In ©° vs. 1/T
plots (shown in insets of Fig. 4a, b), the obtained activa-
tion energies and relaxation times are 0.132 eV, 0.091 eV
and 1.943x107'% s, 1.674x 107® s for the LCMO and
LCNMO_0.1, 0.9 samples, respectively.

The Magnetodielectric (MD) effect, which depends on
the external magnetic field, holds considerable attention for
device applications using a particular material. Therefore,

the MD effect was measured in the samples under study. The
temperature-dependent MD effect measurements under 3 T
field are shown in Fig. Sa—c. They show improved magneto-
dielectricity above 200 K in doped samples compared to par-
ent. Moreover, a clear anomaly is observed for both LCMO
and LCNMO_0.1, 0.9 at~210 K and ~242 K at a frequency
of 100 kHz. These temperatures are close to the magnetic
ordering temperatures suggested in Ref. [46] and they give
evidence of the MD behavior in our systems. Such behaviour
may be attributed to the intrinsic magnetoelectric coupling
in multiferroics [5, 47]. Surprisingly, no such anomaly is
observed for the LCNMO_0.5, 0.5 sample, since the data
recorded in the presence of 3 T falls precisely on the O T
curve. This result may be the consequence of the applied
magnetic field not being sufficiently large enough to produce
the required MD effect.

3.3 Complex impedance spectroscopic study

Examining complex plane experimental data is a pow-
erful approach to interpret the contributions of grain,
grain-boundary, and sample-electrode interface towards
the dielectric properties in electronically inhomogeneous
materials [48]. It is known that impedance can be written
as Z*¥=7'—jZ", where Z' (Z'=R/[1 + (@RC)?]) and Z"
(Z"' = ®R2C/[1 + (®RC)?]) are the real and imaginary parts
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Fig.4 Variation of ¢ with temperature at different frequencies for a LCMO, b LCNMO_0.1, 0.9 and ¢ LCNMO_0.5, 0.5 samples
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of impedances, respectively. In case where long-range con-
duction processes are present, Z* is more convenient for
the resistive and/or conductive analysis. Figure 6a—f shows
the variations of Z' and Z'" with respect to frequency for
LCMO, LCNMO_0.1, 0.9 and LCNMO_0.5, 0.5 at dif-
ferent temperatures. It is observed that, with increasing
frequency, the magnitude of Z' decreases. This decrease
is a direct indication of increased ac conductivity and
lower resistances of grains and grain boundaries in these
samples [49]. In addition, the decrease in Z' with increas-
ing temperature in the lower frequency regime signifies
negative temperature coefficient of resistance behavior, as

suggested in Ref. [50]. The Z' values merge in the high-
frequency region (> 100 kHz) regardless of the tempera-
ture change. This nature may be attributed to the discharge
of space charges. In addition, it is observed that the Z'
plateau shifts with increasing frequency and temperature.
This nature in Z' curves, along with the enhancement in
the ac conductivity with increasing temperature and fre-
quency, support single relaxation mechanism in these
samples. The Z’ value is lower in case of LCNMO_0.5,
0.5 compared to the other samples which indicate that the
conductivity is higher in this sample compared to LCMO
and LCNMO_0.1, 0.9.
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The peak positions in Z" curves shift to higher frequen-
cies with an increase in temperature (Fig. 6d-f), indicat-
ing the existence and change of the relaxation process in
all three samples [50]. The broadening of the peaks with
temperature indicates the temperature-dependent relaxa-
tion, and the relaxation time distribution depends on dif-
ferent relaxation processes. A possible explanation for
such an effect in the materials can be defects or vacancies
arising due to the space charges at higher temperatures,
whereas electrons or immobile species—at low tempera-
tures. However, the asymmetric broadening of these peaks
indicates the deviation from the ideal Debye behaviour and
increased relaxation time. Moreover, the magnitude of Z"
decreases with the peak shift towards the higher frequen-
cies that, in turn, merges in the high-frequency region.
This behaviour demonstrates that space charge polariza-
tion is strongly active at lower frequencies and less active
at higher frequencies [50]. Furthermore, the Z'" values
of the LCNMO_0.5, 0.5 sample is higher than the other
samples indicating higher energy storage capacity for this
sample compared to others.

The most probable relaxation time 7 (= 1/2nf,) in such
systems can be calculated from the positions of the peaks
in the Z" vs. log(f) plots. Here, f, is the relaxation fre-
quency, i.e., the frequency at which Z'"" is found to be
maximum. It follows Arrhenius’ law as

T= TOekaB_aT’

where 7, is the pre-exponential factor, E, the activation
energy, kg the Boltzmann constant and 7 is the absolute tem-
perature. The grain and grain boundary activation energies
for all the studied samples are estimated from the slopes
of the log(t) vs. 1/T curves, as shown in Fig. 7a—c. The E,
values related to grain boundary for LCMO, LCNMO_0.1,
0.9 and LCNMO_0.5, 0.5 are found out to be 0.060, 0.101
and 0.105 eV, respectively (Fig. 7a—c). The relaxation times
are also calculated, and those are 8.832x 1077, 8.694 x 1078,
and 7.072x 1073 s, respectively (Table 3). Again, the E,
values linked with grain for LCMO, LCNMO_0.1, 0.9 and
LCNMO_0.5, 0.5 are estimated as equal to 0.060, 0.154 and
0.105 eV. The relaxation times, in this case, are 8.832x 107,
7.803x 107'2, and 4.617x107'% s, respectively. It is known
that E,>1 eV is assigned to the ionic conduction and <1 eV
to small polaronic hopping [51]. Here, the obtained activa-
tion energies have a good resemblance to the polaron activa-
tion energies and correspond to the n-type polaron hopping
found in similar perovskite compounds [52, 53]. Moreover,
the relaxation times associated with the grain boundary are
almost four orders higher than that of grain for LCNMO_0.1,
0.9 and two orders higher for LCNMO_0.5, 0.5, suggest-
ing that the charge carriers at the grain boundaries have
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Table4 Grain and grain boundary resistance and capacitance for La,Co, NiMnOg (x=0.0, 0.1, 0.5). The fitted parameters for LCMO,
LCNMO_0.1, 0.9, LCNMO_0.5, 0.5 samples are shown below in sequence

T (K) R,(Q) Ry, % 10° (Q) C,x 107 (F) Cypx 107 (F)
150 11,190.0 41.785 4.435 1.896
160 8043.1 31.600 4.593 1.920
170 568.6 23.559 4.838 1.947
180 315.1 19.420 5.573 2.000
190 225.4 16.180 6.279 2.046
200 139.3 12.580 7.847 2.111
230 82.8 8.800 10.350 2219
250 27.3 5.537 3.910 2.342
270 13.4 3.485 7.320%107° 2436
300 10.5 2.645 9.439% 10710 2.473
T (K) R, (Q) Ry, x10° (Q) C,x 107 (F) Cypx 107 (F)
150 4676.0 58.920 2.527 4.034
170 1637.0 24.240 2477 4.115
200 553.2 9.544 1.003x 1077 4.101
220 300.9 4.642 6.674x 107 4.142
250 118.4 2.241 6.562x107° 3.372
270 142.5 2.799 2.799x107° 2.861
300 64.7 1.214 1.624x107° 4308
T (K) R,(Q) Ry, % 10° (Q) C,x 107 (F) Cy,x 107 (F)
150 7723.0 75.210 1.606 3.460
160 3029.0 23.530 3.314 5.422
180 7425 12.670 3.804 3.744
190 1027.0 10.070 2.880 5.407
200 490.7 7.183 4.900% 1078 5.435
220 300.8 3.460 4.610x1078 5.489
230 205.4 2.160 9.893x107° 6.331
260 74.6 1.445 1.660x107° 5.400

lower mobility than that of grains. The decreasing values of
7 with increasing temperature indicate semiconductor-like
behaviour as a result of oxygen vacancies in our studied
bulk samples.

Figure 7d—f shows the variations of Z' and Z" plot (i.e.,
Nyquist plot) in a complex impedance plane for LCMO,
LCNMO_0.1, 0.9, and LCNMO_0.5, 0.5 systems from 150
to 300 K within a frequency range of 100 Hz to 1 MHz.
It is observed that, as the temperature rises, the values of
impedance decrease sharply. These decreasing values sig-
nify a sharp increase in conductivity with an increase in
temperature, thus indicating that the systems have semicon-
ducting properties at high temperatures. The incomplete
semi-circular arcs are observed at very low temperatures,
which start to build up as the temperature increases. Two
semi-circular arcs are seen at temperatures between 130 and
170 K in all the samples. A large semi-circular arc at low
frequencies indicates the contributions of grain boundaries,

and the small high-frequency arc refers to grains. However,
at higher (> 170 K) temperatures, the grain boundary effect
dominates as indicated by single semi-circular arcs. There
is a slight depression present in the semicircles, which is
evidence of the non-Debye type of relaxation effect in our
investigated systems. The shift from ideal behaviour can be
due to several factors, such as grain size distribution, grain
boundary effect, and grain orientation.

With the help of commercially available software
ZSIMPWIN Version 3.2.1, the Nyquist plots are fitted
with an equivalent circuit consisting of two parallel resist-
ance—capacitance (RC) elements connected in series rep-
resenting the grain and grain boundary effects (Fig. 7d—f).
The grain and grain boundary resistances and capacitances,
as estimated from the fitted data, are shown in Table 4. The
values of both the grain boundary and grain resistances
decrease with an increase in temperature in all our investi-
gated systems, confirming semiconducting behaviour.
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Table5 Activation energies calculated from the ac-conductivity
measurements for La,Co, ,Ni,MnOg (x=0.0, 0.1, 0.5)

X 1 kHz SkHz 10 kHz 100 kHz
0.0 0.065 eV 0.060 eV 0.107 eV 0.090 eV
0.1 0.106 eV 0.092 eV 0.089 eV -

0.5 0.084 eV 0.081 eV 0.069 eV 0.054 eV

3.4 Complex modulus study

The complex modulus analysis is a powerful tool to inves-
tigate the dynamical aspects of electric transport phenom-
ena, in particular conductivity and relaxation process of
the dielectric materials. It confirms the ambiguity arising
from the grain or grain boundary effects at high tempera-
tures, which may not be identified from complex imped-
ance measurements. The complex modulus (M*) is suited
to comprehend the influence of the localized relaxations in
the samples. It is the inverse of the complex permittivity
and can be expressed as follows [54]:

/ "
w=to 1 i 45 £
£ e —je [5'2+5"2] [52+5’2]

where M" and M" are real and imaginary parts of M*,
respectively. Figure 8a—f depicts the frequency-dependent M’
and M" parts of M* (=M'+jM" =jwe Z* =joe,Z'-ne Z"")

at various temperatures [54]. At low temperatures, relaxa-
tion peaks are observed in both the high- and low-frequency
ranges in the M" curves, indicating the effect of both grain
and grain boundaries. At higher temperatures, a single peak
in the low-frequency region indicates grain boundary con-
tribution only. In all samples, the grain peak intensities in
the M" spectra are greater than the grain boundary peaks.
This suggests that the capacitance of the grains (C,) is less
than the grain boundary capacitance (Cy,) (as shown in
Table 4). We can also see that the Cg of LCNMO_0.1, 0.9
and LCNMO_0.5, 0.5 is lower than that of parent material
LCMO. This is due to the larger intensity of grain peaks in
the modulus spectra of doped systems.

The plots of M" and Z" vs. scanned frequency, when
combined, provide an understanding of the nature of the
movements (long-range or short-range) of the charge car-
riers. Supplementary Fig. la shows the combined plots
for the LCMO sample at 180 K. The relaxation at high
frequencies, which corresponds to the low value of Z'" and
high value of M", is attributed to the grain contribution.
The high value of the Z'" peak and low value of the M"’
peak at higher frequencies is assigned to the grain bound-
ary contribution. Similar plots are obtained for the samples
LCNMO_0.1, 0.9 and LCNMO_0.5, 0.5 (not shown here).
The insets of Fig. 8d—f show the variation of the normal-
ized complex electrical modulus (M"/M"’,,) with nor-
malized frequency (f/f,,,,), Where f, ., is the correspond-
ing frequency of the peak position of M"" at M"’ The
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Fig.8 Temperature-dependent real part of modulus M’ for a LCMO,
b LCNMO_0.1, 0.9 and ¢ LCNMO_0.5, 0.5 samples. The tem-
perature-dependent imaginary part of modulus M" for d LCMO,
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modulus spectra at various temperatures overlap and scale
into a single master curve. This portrays the presence of
similar relaxation mechanisms at different temperatures in
all our investigated systems. However, a wide gap between
M"/M" .« and Z"/Z" .. peak (shown only for LCMO in
Supplementary Fig. 1c) portrays the non-Debye type of
behaviour. In the entire range of observed temperature, the
M"/M" .« and Z"/Z" . relaxation peaks are resolved and
separated, indicating that both the long-range conductiv-
ity and localized relaxation components are contributing
partners in these systems [55]. Furthermore, the relaxation
frequencies of M" and Z'"' follow the sequence of scal-
ing of magnitude of relaxation frequencies, i.e., f7» < fy
Therefore, we can safely assume that our plots follow the
result 7. > 7,0 > 7y [56]

Figure 9a—c represents the frequency-dependent elec-
trical modulus plane plots (M"" vs. M') at different tem-
peratures of LCMO, LCNMO_0.1, 0.9, and LCNMO_0.5,
0.5, respectively. The capacitance of the grain or grain
boundary is given by the intercept on the real axis. Two
semicircular arcs are observed at low temperatures, imply-
ing the contributions of both grain (high-frequency arc)
and grain boundary (low-frequency arc). However, when

temperatures, the grain contribution becomes negligible
and the grain boundary contribution dominates. Note that
the combined plots for the Z'", M", Z2"/Z" .., and M""/
M" ..« Vs. frequency plots are providing the knowledge of
the nature of movements (short-range or long-range) of
charge carriers (See supplementary Fig. 1).

3.5 AC-conductivity

Here, we measured the change in electrical conductivity
with frequency to understand the ac and dc contribution of
conductivity. Figure 10a—c shows the change in ac conduc-
tivity (o,.) as a function of frequency at different tempera-
tures for the LCMO, LCNMO_0.1, 0.9 and LCNMO_0.5,
0.5 samples. There is a linear increase of o,, with frequency
in the higher frequency region for all samples. However,
o, 1s nearly independent of frequency at lower frequencies,
which could be associated with the dc contribution. The fre-
quency at which o, starts to increase is called the hopping
frequency (w,) [58]. The following equation usually explains
the phenomenon of the conductivity dispersion as [57],

2.2
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where o, is the conductivity at low frequencies, o, is an
estimate of conductivity at high frequencies, 7 represents the
characteristic relaxation time; A is a temperature-depend-
ent constant, and @ =2xf is the angular frequency. The o,
curves for the studied samples are fitted to the Jonscher's
power law [58], expressed as,

Ouc = O4c + st’

where B is a temperature-dependent pre-factor, s is a unit-
less exponent function of temperature, and o is related to
direct conduction. This law describes the universal dielec-
tric response of any material. It is observed that in case
of LCMO, the o, curves in the higher temperature range
are well fitted with the power-law in the entire frequency
range, while the curves <200 K are fitted well only below
100 kHz. For the sample LCNMO_0.1, 0.9, proper fitting
to the power-law is only possible at high temperatures. At
low temperatures, step-like features are observed above
10 kHz. This suggests that the universal dielectric response
behaviour exists in a very small region, and hence, o, curves
cannot be fitted well for the LCNMO_0.1, 0.9 sample at
low temperatures. For the sample LCNMO_0.5, 0.5, all the
curves are fitted well with the power-law at all temperatures.
For temperatures below 230 K, the power-law fits well below
100 kHz. The exponent s obtained from the fitting parameter
of In o, vs. f for all samples is plotted and shown in the
insets of Fig. 10a, c.

There are several proposed mechanisms to understand the
relaxation processes in any dielectric material, e.g., Quan-
tum Mechanical Tunneling model (QMT) (s is temperature-
independent), Correlated Barrier Hopping model (CBH) (s
decreases with increasing temperature), Overlapping Large
Polaron Tunneling mechanism (OLPT) (decrease of s with
temperature, followed by a minimum; then increase in s with
rising temperature), and the Non-overlapping Small Polaron
Tunneling (NSPT) model (s increases with increase in tem-
perature) [59-62]. In these dielectric systems, in particu-
lar, the LCMO system appears to follow the OLPT mecha-
nism, in which the large polaron wells overlap at two sites
by reducing the polaron hopping energy. According to this
model, the ac conductivity is given by the equation [63]:

7t (kyT)*[(N(Ep)* @R ,*
12Qak,T + ¥ ’

HOTp
)

where kg is the Boltzmann constant, T is the temperature,
N(Ep) is the density of states at the Fermi level, R, is the tun-
neling distance and a is the spatial extent of polarons. The
frequency exponent s is given by the expression:
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radius, R is the intersite separation and Wy, = 4; —. The
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LCNMO_0.5, 0.5 system probably follows the NSPT mecha-
nism as understood from the s vs. T plot. In this mechanism
the ac-conductivity and the exponent s are expressed as [64,
65]

72 (kyT) [N (E;) 'R

%ac = 12a ’
4k, T
s=1+ B s
Wy — kgTLn(wt,)
where

() ()

The o, values extracted from the power-law fitting
are shown in Fig. 10d. The increase in dc-conductivity
with temperature further confirms the semiconductor-like
nature of our samples.

The plots of In 6,. vs. 1/T for the samples LCMO,
LCNMO_0.1, 0.9 and LCNMO_0.5, 0.5 show a semi-
conducting nature (not shown). The activation energies of
the samples are calculated from the slope of the straight
line, using the Arrhenius relation:

Ea
Oac = 00€Xp kT ’
B

where ¢ is the pre-factor and E, is the activation energy.
The calculated E, values of all the samples at different fre-
quencies are given in Table 5. For LCNMO_0.1, 0.9 and
LCNMO_0.5, 0.5 samples, the activation energies decrease
with increasing frequency.

4 Conclusions

High purity double perovskite compounds La,Co,; ,Ni MnOg
(x=0,0.1,0.5) have been successfully synthesized by the
sol-gel method, whereby it is confirmed that the samples
crystallize into a monoclinic structure with a space group
of P2,/n. The substitution of Ni at the Co site of parent
La,CoMnOy leads to higher structural disorder, giving rise
to interesting physical properties. An improvement in the
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dielectric properties compared to the parent compound is
noticed in the x=0.1 and x=0.5 Ni-doped samples where
e'~5653 and ~ 5000 at a frequency of 1 kHz and tempera-
ture at 240 K, respectively. All the samples follow the Max-
well-Wagner-type contribution to the variation in permittiv-
ity. For samples x=0 and x=0.1, a significant temperature
difference between the tan 6 and €'' peaks are observed,
indicating the absence of permanent dipoles. The samples
x=0 and x=0.1 clearly show MD behaviour under 3 T
field. All samples exhibit a negative temperature coefficient
of resistance. The obtained activation energies related to
grain boundary and grain for LCMO, LCNMO_0.1, 0.9 and
LCNMO_0.5, 0.5 indicate semiconducting-like behaviour.
The Nyquist plots confirm non-Debye type relaxation and
follows (RC)(RQC) equivalent circuit diagram. It is con-
firmed that a similar relaxation mechanism can explain all
the relaxation processes at different temperatures. Overlap-
ping Large Polaron Tunneling and Non-overlapping Small
Polaron Tunneling models are found to successfully explain
the mechanism of charge transport in the parent compound
and the x=0.5 system, respectively. We discuss how doping
at the 34 transition metal ion site in double perovskites plays
a crucial role on these interesting properties.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00339-022-05489-x.
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